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1.0 Introduction

The purpose of this paper is to report on recent developments in the new Tanner crab stock assessment
model code (now “TCSAMO02”, formerly “TCSAMZ2015”) and provide a direct comparison between
equivalent models run with the new code and models run with the code used for the 2016 assessment
(“TCSAM2013”; Stockhausen, 2016). Like TCSAMZ2013, TCSAMO2 provides a size-structured
integrated assessment environment based on AD Model Builder (Fournier et al., 2012), a suite of C++
libraries for developing models fit to data using automatic differentiation methods. TCSAMO02, under
development for the past two years, provides a much more flexible environment to TCSAM2013 for
defining alternative models based on a set of model configuration files. TCSAMO2 can fit new data types
not available in TCSAM2013: molt increment (growth) and male chela height (maturity) data. It also
provides the option to calculate the OFL and associated quantities directly within the model, thus results
retain full model uncertainty when calculated using MCMC (using TCSAM2013, the OFL is calculated in
a separate projection model and incorporates uncertainty only in recruitment and end-year mature
biomass).

Although a number of options for configuring the assessment model have been incorporated into the
TCSAM2013 model code over the past few years (see the 2014, 2015, and 2016 Tanner crab SAFE
chapters), many features in the code remain “hard-wired” and cannot be changed without substantially re-
writing it—in particular, the number and type of fisheries and surveys incorporated in the model, the
likelihood components defined in the model, the time periods defined for model parameters, and the
alternative functions used to describe selectivity. Using TCSAMO2, the number of fisheries and surveys,
as well as their associated data types and likelihood components, is specified in the configuration files, as
are the time periods assigned to different model processes and parameters. A variety of alternative prior
probability functions can also be assigned to any model parameter using the configuration files. Similarly,
a number of alternative selectivity functions can be assigned to any fishery or survey, different selectivity
functions can be assigned in different time periods, and the same selectivity parameter can be assigned to
different functions.

As noted previously, the purpose of this paper is to report on recent developments in TCSAMO02 and to
provide a direct comparison between equivalent models run with the 2016 assessment data using
TCSAMO02 and TCSAM2013, with the expectation that this comparison will provide sufficient rationale
for adopting TCSAMO2 for the 2017 stock assessment and discontinuing further use of TCSAMZ2013. In
order to achieve this direct comparison, it was necessary to add several additional options to TCSAM2013
and run the resulting TCSAM2013 model with these options turned “on”. The resulting “directly-
comparable” model will be proposed at the May CPT meeting as the “base model” for the 2017
assessment.

In Section 2, | provide an overview of the TCSAMO02 model code and features. A more detailed
discussion of the model code is provided in Appendix A. In Section 3, | discuss the changes made to the
TCSAM2013 code to achieve a direct comparison with TCSAMO2 and provide results from a series of
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TCSAM2013 models which document the incremental changes used to obtain the directly-comparable
TCSAM2013 model from the 2016 assessment model. In Section 4, 1 discuss results from the “directly-
comparable” TCSAMO02 and TCSAM2013 models using fixed parameter values. In Section 5, | discuss
results from the “directly-comparable” TCSAMO02 and TCSAM2013 models when parameter estimation
is turned “on”. Finally, I discuss recommendations for continued work in Section 6.

2. An overview of differences between TCSAMO02 and TCSAM2013

The TCSAMO02 model code is available on GitHub; the current development version is on the
“AddingNewDataTypes” branch (committed on Jan. 10, 2017%). A detailed description of the model
equations is provided in Appendix A. The equations used in the model to calculate the equilibrium size
distribution, the basis for calculating the OFL, are provided in Appendix B. The TCSAM2013 model
code is also available on GitHub; the 2016 assessment model is on the “2016AssessmentModel” branch?
while a version more “directly-comparable” to TCSAMO2 is on the “After2016AssessmentA” branch®. A
detailed description of the 2016 assessment model is provided in Appendix C.

The key features that make TCSAMO02 an improvement on the current TCSAMZ2013 code are: 1) the
ability to specify multiple time blocks for any model parameter in control files; 2) the ability to assign
prior probabilities to any model parameter for each associated time block; 3) the ability to specify
multiple fleets and associated data in control files; 4) the ability to specify data likelihood functions in
control files, 5) the integration of growth (molt increment) and maturity (chela height) data into the model
fitting process; 6) more selectivity function options; 7) numerous prior probability function options, 8) a
more numerically-stable approach to growth, and 9) implementation of OFL calculations directly within
the model.

It is possible to configure a TCSAMO02 model to reproduce results from a TCSAM2013 model run by
using an equivalent model configuration (selectivity functions, prior probability functions, likelihood
types, etc.) and judiciously fixing parameter values (see Section 4). However, it also appears that current
differences in the parameterization of several model processes result in the convergence of otherwise-
equivalent TCSAMO02 and TCSAM2013 models to different states (see Section5). As such, | focus here
on describing model processes that have different parameterizations in TCSAM2013 and TCSAMO02,
including natural mortality, growth, survey catchability, and directed fishery selectivity prior to 1991.

Natural mortality
In TCSAM2013, the natural mortality rate on crab of sex x in maturity state m in yeary (M,, x n,
independent of shell condition and size) is given by:
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where M?%is the (fixed) base rate (= 0.23), 8M, ,,, is a sex- and maturity state-specific multiplier, and
SM vz 1 a sex-specific multiplier on mature crab during the “enhanced mortality” period from 1980 to
1984. In addition, the two values of §M,, ,,, for immature crab are constrained to be identical. Priors on the
O0M,. ,, are applied assuming N(1,0.05) distributions.
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In TCSAMO2, In-scale natural mortality rate on crab of sex x in maturity state m in yeary (InM,, , ,) is
described by five parameters (the u’s) using
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where 1° is the base (In-scale) rate for all crab, u? is a constant offset for all crab for time block t, uMAT

is a constant offset for all mature crab, =M is a constant offset for all female crab, and 4" E™ is a

constant offset for all female crab. Here, t may refer to different time blocks for different parameters.
Parameterization on the In-scale was chosen to ensure that the corresponding arithmetic-scale rate was
positive. While it is possible to find sets of parameter values that duplicate the natural mortality rates in
TCSAM2013 using this parameterization, it does not allow one to specify priors that are exactly
equivalent to those used in TCSAM2013.

Growth
In both TCSAMO02 and TCSAM2013, mean post-molt size z,, . , is modeled as a power function of size z,
with sex-specific parameters a, and b, using
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where time blocks can be assigned to a, and b, in TCSAMO2 to incorporate time-varying growth. Sex-
specific normal priors are defined for the parameters in TCSAM2013; these can be duplicated in
TCSAMO2.

The sex-specific growth transition matrix, @ r, iIn TCSAM2013 is given by
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where B, is a fixed (not-estimated) scale factor. TCSAMO2 includes this growth model as an option
(mainly to match TCSAM2013 for testing), but its preferred growth model is similar to the one used in
GMACS:
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where the integral represents the cumulative gamma distribution across the z’ size bin. The TCSAM2013
approach was intended as an approximation to the TCSAMO2 approach; the latter may be more stable
numerically from a convergence perspective.

Survey catchability
In TCSAM2013, fully-selected survey catchability for the annual NMFS EBS bottom trawl survey is
parameterized by sex in two time periods
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Priors are placed on the parameters g using normal distributions.

In TCSAMO2, fully-selected catchability g, ,, , ,,, for survey v in year y € t is parameterized on the In-
scale using
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where pLnQ, is the baseline In-scale capture rate (for mature males), pLnDQT,, . is an additive modifier
for time block t, pLnDQM,, , is an additive modifier for immature crab, pLnDQX,,, is an additive

modifier for females, and pLnDQXM,, . is an additive modifier for immature females. As with natural
mortality, the In-scale was chosen to provide positive-definite estimates of survey catchability. In contrast
to natural mortality, however, it is possible to provide priors identical to those used in TCSAM2013 as
well as achieve equivalent values.

Directed fishery selectivity prior to 1991

In TCSAM2013, total catch selectivity for males in the directed fishery is characterized as logistic across
three time periods: before 1991, from 1991 to 1996, and after 1996. The logistic functions in each period
are defined by two values: 1) 5, a parameter characterizing the slope of the function and 2) zs, the size at
50% selected. Two values of £, are estimated: one applying to the fishery before 1997, the other applying
to the fishery after 1996. After 1990, zso is estimated annually and is parameterized using
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where pLnZs, is the In-scale mean parameter and the (SZsoy are annual In-scale “devs”. Prior to 1991, zso
is set to the average zs y from 1991 to 1996.

In TCSAMO2, a similar approach can be taken, except that the value for zs prior to 1991 cannot be
calculated as an average over some time period; instead, it must be estimated (or fixed) as a parameter.



3. Changes to TCSAM2013 to achieve comparability with TCSAMO02

Changes from the 2016 assessment model to achieve a version of TCSAMZ2013 that can be compared
directly with TCSAMO2 are provided in this section. The 2016 assessment model is referred to in the
discussion below as “AM”.

All models discussed in this section were evaluated using 200 runs with “jittered” parameter values to
provide a range of initial starting locations for the objective function minimizing procedure. The run
resulting in the smallest objective function value and smallest maximum parameter gradient value was
taken to be the global minimum solution. This jittering approach has been found to reduce the possibility
that the minimum found by the minimization procedure is only a local minimum on the multidimensional
surface of the objective function, not the global minimum.

Model AMa: Fitting to ““uncorrected” survey size composition data

Old shell male crab observed in the NMFS trawl survey have been classified as “mature” based on the
dual assumptions that: 1) the “old shell” classification indicates that a crab has not molted in the year
prior to observation and 2) immature crab molt every year. Thus, old shell male crab must have
undergone their terminal molt and can be classified as “mature”. However, there is some chance that
immature crab that molt annually may be mistakenly classified as “old shell”. To address this concern,
prior to fitting the survey size compositions, the 2016 assessment model applied a size-specific correction
for the fraction of old shell crab (Fig. 1) that were mature vs. immature to observed survey size
compositions for male crab classified as mature old shell. This correction was also performed in the 2012-
2015 assessments.

The effect of the correction is to increase the number of male crab classified as “immature” relative to
those classified as “mature” in any given size bin, but its impact for a size bin depends on both the size-
specific correction and the relative number of mature crab classified as new shell vs. old shell. Because
most old shell male crab in the survey are larger than 90 mm CW, the effects are rather small (Fig. 2).
This correction is not applied in TCSAMO02, so the 2016 assessment model (“AM™) was re-run without it
(“AMa”).

Compared with AMa, estimated natural mortality rates for mature males were somewhat higher during
the “enhanced mortality” period of 1980-1984 for AM (Fig. 3), the estimated size-specific probability of
terminal molt for males was slightly smaller for AM (Fig. 4), as was the estimated mean post-molt size
for males (Fig. 5). Results for females were practically identical for the two models. Estimated
recruitment trends exhibited very small differences between the two models (Fig. 6), as did population
abundance trends by sex and maturity state (Fig. 7)—although mature male abundance was somewhat
larger for AMa across all years relative to AM. Mature male biomass (Fig. 8) was slightly larger for AMa,
relative to AM, across all years (~80,000 t for AMa vs. ~72,000 t for AM in 2015). Estimated trawl
survey biomass (Fig. 9) was almost identical across all years, with slightly higher estimates for both sexes
in AMa during the early 1970s (before observed data) while estimated retained catch biomass in the
directed fishery was essentially identical between the two models (Fig. 10). Estimated total catch biomass
in the directed fishery (Fig. 11) was slightly higher for AMa than AM for both sexes during 1978 and
1979, but was otherwise similar for the two models. Very small differences existed between the two
models for estimated total by catch biomass in the snow crab (Fig. 12), groundfish (Fig. 13), and BBRKC
(Fig. 14) fisheries. A more comprehensive set of model comparisons, summarized here, can be found in
the accompanying online document “ModelComparisons.AM-AMa.pdf”.

Changes to the likelihood components for the converged models (Table 1) were small except for those
components involving the survey size compositions: the change to AMa resulted in a better fit to the size
compositions for immature males (31.7 likelihood units) but worse fits for mature males (-26.7 likelihood
units) and immature females (-5.5).



Model AMb: AMa + fitting to fishery size compositions as total capture size compositions

TCSAMO2 fits fishery capture size compositions to the observed capture size compositions, based on at-
sea observer data, in the likelihood whereas the 2016 assessment model fits predicted fishery mortality
size compositions to (supposed) fishery mortality size compositions derived from the observed total
capture size compositions. These two approaches are equivalent for the bycatch fisheries because the
“observed” fishery mortality size compositions are simply scaled (by discard mortality) versions of the
capture size compositions. However, this is not the case for male size compositions in the directed fishery
because retention mortality is size-specific. In fact, the 2016 assessment model fit predicted size
compositions for total male mortality in the directed fishery to observed size compositions for total male
capture because the retained and discarded components of the at-sea observer size composition data can
not be disaggregated to apply discard mortality correctly for the directed fishery. This approach was used
in previous assessments as well, but no alternative existed for those assessments because those models
directly estimated fishery selectivity functions associated with fishing mortality, whereas the 2016
assessment model estimated fishery selectivity functions associated with total capture and subsequently
derived total mortality size compositions based on aggregating size-specific retained and discard mortality
predicted separately. In retrospect for 2016, this was not the best use of the observed fishery size
composition data, which reflected total capture size compositions. Consequently, an option aws added to
TCSAM2013 to fit predicted total capture size compositions to observed total capture size
compositions—consistent with TCSAMO02. Model “AMb” implemented this option, but was otherwise
identical to AMa.

The effect of the change from fitting predicted total mortality size comps to observed total catch (i.e.,
capture) size comps (AMa) to the more consistent practice of fitting predicted total catch size comps to
observed total catch size comps (AMDb) is apparent in Fig.s 15 and 16. The predicted total mortality size
comps in AMa are slightly right-shifted to larger sizes than the predicted total catch size comps in AMb
(Fig. 15) while the corresponding predicted total catch size comps in AMa are slightly left-shifted to
smaller sizes relative to AMb (Fig. 16). This resulted in large changes in the likelihood components for
retained catch and total male catch size compositions in the directed fishery (Table 1). The total objective
function was substantially reduced in AMDb relative to AMa (151.5 likelihood units), reflecting much
better fits to the size compositions for retained males (55.6 units) and captured males (102.1 units) in the
directed fishery for AMb (Table 1). Somewhat offsetting these improvements, AMb exhibited poorer fits
to survey size compositions for mature crab (males: -10.2 units, females: -8.4 units).

Compared with AMa, estimated natural mortality rates for mature males were somewhat higher during
the “enhanced mortality” period of 1980-1984 for AMb (Fig. 17) while the estimated size-specific
probability of terminal molt for males was slightly smaller for AMb (Fig. 18). Results for females were
practically identical for the two models, as were estimated mean post-molt sizes for both sexes (Fig. 19).
Estimated recruitment in AMb was slightly smaller than in AMa prior to 1988, but essentially identical
afterwards (Fig. 20), as were population abundance trends by sex and maturity state (Fig. 21) and mature
biomass (Fig. 22). Estimated trawl survey biomass (Fig. 23) was smaller in AMb than AMa before 1980
for both sexes, but again was almost identical in the two models afterwards. Estimated retained catch
biomass in the directed fishery was essentially identical in all years for the two models (Fig. 24).
Estimated total catch (capture) biomass in the directed fishery (Fig. 25) was somewhat higher in AMa
than AMb for both sexes from 1965 to 1980 (although the absolute difference was much smaller for
females), but was otherwise similar for the two models. Very small (absolute) differences exist between
the two models for estimated total by catch biomass in the snow crab (Fig. 26), groundfish (Fig. 27), and
BBRKC (Fig. 28) fisheries. A comprehensive set of model comparisons, summarized here, can be found
in the accompanying online document “ModelComparisons.AMa-AMb.pdf”.



Model AMc: AMb + fitting to fishery biomass time series as total capture biomass time series
TCSAMO2 fits time series of predicted total capture biomass in the fisheries to time series of observed
(based on at-sea and dockside observer data) total capture biomass, whereas the 2016 assessment model
fit time series of predicted total biomass mortality in the fisheries to time series of observed (based on at-
sea and dockside-based observer data) total biomass mortality. Consequently, an option was added to
TCSAM2013 to fit time series of predicted total capture biomass in the fisheries to time series of
observed total capture biomass. Model “AMc” implemented this option, but was otherwise identical to
AMb.

Estimated natural mortality rates (Fig. 29), terminal molt probabilities (Fig. 30), and mean growth
increments (Fig. 31) were almost identical for the two models. Estimated annual recruitment (Fig. 32),
population abundance trends (Fig. 33), mature biomass-at-mating (Fig. 34), and survey biomass (Fig. 35)
were also very similar for the two models. Estimated retained catch biomass (Fig. 36) was practically
identical in the two models prior to 1993, but estimates were slightly higher for AMC relative to AMb
from 1993-2010 while they were slightly lower in 2014 and 2015.

Estimated captured biomass for males in the directed fishery (Fig. 37) was smaller for AMc relative to
AMDb across all years, by ~25,000 t in 1979, the year of largest catch, but differences were generally much
smaller. Estimated captured (bycatch) biomass for females in the directed fishery (Fig. 37) was larger
prior to 1985 for AMc relative to AMb (by ~4,000 t in 1979, the year of largest catch), but slightly
smaller in years after 1985 (differences < 1,000 t). Estimated captured biomass in the snow crab fishery
(Fig. 38) was similar in the two models across all years for males, but smaller across all years for females
in AMc, while estimated captured biomass in the groundfish fisheries (Fig. 39) was almost identical
across all years. The two models exhibited large relative, and opposite, differences in captured biomass
for males and females in the BBRKC fishery (Fig. 40). Fig.s 41-44 illustrate the equivalent plots for
estimated total catch mortality (in terms of biomass), as well as the “observed” total catch mortality
obtained by applying handling mortality to observed discard biomass (used in the model fitting process in
AMb but not AMc). The figures suggest that the “observed” catch mortality biomass is matched as well
using AMc as AMDb (in which it was directly fit), if not better (Fig. 44 for BBRKC). A comprehensive set
of model comparisons, summarized here, can be found in the accompanying online document
“ModelComparisons. AMb-AMc.pdf”.

The total objective function was substantially larger for AMc than for AMb (by 146.8 likelihood units;
Table 1), but the likelihoods for fishery catch biomass are not comparable from a model selection
perspective because the data being fit is different in the two models. However, as illustrated in Fig.s 41-
44, the fishery catch mortality biomass data used to fit AMDb is actually better fit by the equivalent
estimated time series from AMc, even though AMc was fit using observed total fishery captured biomass.

Model AMd: AMc + applying natural mortality after molt-to-maturity

Finally, TCSAMO2 applies natural mortality rates for mature crab to immature crab immediately
following their molt to maturity whereas the 2016 assessment model continued to apply natural mortality
rates for previously immature crab after their terminal molt (now new shell mature crab) until the end of
the year in which the terminal molt occurred. Consequently, an option was added to TCSAMZ2013 to
apply natural mortality rates for mature crab to immature crab immediately following their molt to
maturity, consistent with TCSAMO02. Model “AMd” implemented this option, but was otherwise identical
to AMc.

Estimated natural mortality rates (Fig. 45) were very slightly lower for immature crab in AMd, compared
with AMc, while rates for mature crab were very slightly higher during 1980-1984 (the enhanced

mortality period) but otherwise identical. The probabilities for undergoing terminal molt (Fig. 46) and the
mean molt increment (Fig. 47) were essentially identical in the two models. Estimated annual recruitment



(Fig. 48) was slightly smaller in AMd, compared with AMc, as was the annual abundance of sex- and
maturity-state population components (Fig. 49). Estimated annual mature biomass-at-mating (Fig. 50)
was also slightly smaller in AMd relative to AMc. The two models also exhibited almost identical results
for estimated survey biomass (Fig. 51), retained catch biomass (Fig. 52), and total catch biomass in the
directed and bycatch fisheries (Fig.s 53-56). A more comprehensive set of model comparisons,
summarized here, can be found in the accompanying online document “ModelComparisons.AMc-
AMd.pdf”.

Fits to survey size compositions were better for immature males crab (by 20.3 likelihood units; Table 1),
but worse for mature crab (by -20.7 units), for AMd relative to AMc. The fit to mature survey catch
biomass was improved in AMd relative to AMc (by 8 likelihood units; Table 1).

4. TCSAMO02 vs. TCSAM2013: Directly-comparable model results with fixed parameters

To directly compare TCSAMO02 to TCSAM2013 model results, with the expectation that the results
would be (almost) identical, parameter values were taken from TCSAM2013 model AMd and used to
create equivalent initial parameter values for a TCSAMO02 model (T02a) using identical biological
constants (weights-at-size, etc.), survey and fishery data, equivalent likelihood component weights, and
model configuration (size bins, etc.). Because TCSAMO02 and TCSAMZ2013 differ in model
parameterization for some processes (e.g., natural mortality), T02a was run with parameter estimation
turned off in order to compare results directly with those from AMd.

As expected, values for model processes (e.g., natural mortality rates), population quantities (e.qg.,
recruitment and population abundance trends) and survey and fishery quantities (e.g., catch abundance
trends) are essentially identical for the two models (Fig.s 57-62). A more comprehensive set of
comparison plots for the model results are available in the accompanying online document
“ModelComparisons. AMd-T02a.pdf”.

Although some small differences can be found between the likelihood components for the two models
(Table 2), these are attributed to small differences in parameter values between the two models arising
from truncation of the printed parameter values from AMd that were used to set the values for those in
T02a.

5. TCSAMO2 vs. TCSAM2013: Fitting equivalent models

The previous section showed that TCSAMO2 can reproduce TCSAM?2013 results when equivalent model
configurations and fixed parameter values are used. With this test passed, | turned “on” parameter
estimation in the TCSAMO2 model (referred to here as “T02” to distinguish the results with estimated
parameters from the results with fixed parameters). The “converged” model for T02 was obtained by
evaluating 200 model runs with jittered initial parameter values and selecting the run with the smallest
objective function and maximum parameter gradient values. One issue that quickly became apparent was
that the TCSAM2013 growth model (ported to TCSAMO02) was unstable for unknown reasons: no model
run successfully converged. Model convergence was only achieved when the growth model was switched
to the TCSAMO2 growth model (based on the GMACS growth formulation).

When parameters were estimated, natural mortality rates from the two models (Fig. 63) were fairly
different (Fig.s 63) for all sex and maturity state combinations, as well as in the 1980-1984 “enhanced
mortality” time period. The estimated size-specific probabilities of terminal molt (Fig. 64) were fairly
similar, but the probability of undergoing terminal molt at intermediate post-molt sizes was larger for both
males and females in T02, compared with AMd. Mean growth curves (Fig. 65) for both sexes were
identical for females and almost identical for males for the two models, but the use of different functions
for the growth probabilities resulted in slightly different growth transition matrices (e.g., Fig. 66).
Estimated annual recruitment (Fig. 67) was up to 2.5 times as large in TO2 as in AMd, driving substantial



differences in annual abundance of various population components (Fig. 68) and mature biomass-at-
mating (Fig. 69). Differences between the two models for these quantities were greatest in the period prior
to 1990, but were somewhat smaller after 1990. This was somewhat due to differences between the two
models in survey catchability (Fig. 70) and selectivity (Fig. 71).

Estimated retained catch biomass (Fig. 73) was the same in both models—not surprising given the weight
placed on this component in the model likelihood—while estimated captured biomass in the directed
fishery (Fig. 74) was up to 3 time larger in TO2 than AMd prior to 1991 for males; the reverse was true
for females during 1976-1979. This behavior in estimated catch biomass is due, in part, to differences
between the two models in estimated fishery catchability (Fig. 75) and, for males, capture selectivity (Fig.
76) prior to 1990, as well as differences in population abundance. Differences in fishery catchability
between the two models for females, with no differences in selectivity functions, would suggest AMd
would exhibit estimated female captured biomasses up to 4 times that of TO2 during the late 1970s. The
higher female population abundance trends in T02 during this time period ameliorate this difference
somewhat. For males, the patterns in fishery catchability are similar to those for females, but differences
in captured selectivity curves prior to 1991, as well as differences in estimated abundance levels, leads to
higher captured biomass estimates for males in TO2 during the entire period prior to 1991.

Estimated captured biomass in the snow crab fishery (Fig. 77) was similar for both sexes in both models,
except during 1978-1982, when T02 estimated somewhat more females and fewer males than in AMd.
Estimated captured biomass in the groundfish fisheries (Fig. 78) was also similar in both models after
1972. Estimated captured biomass in the BBRKC fishery (Fig. 79) was similar in both models after 1986;
before 1986, somewhat larger captured biomasses for both sexes were estimated in TO2 compared to
AMd. A more comprehensive set of comparison plots for the model results are available in the
accompanying online document “ModelComparisons. AMd-T02.pdf”.

It thus appears that equivalent model configurations in the two model codes do not result in identical
results when parameter estimation is turned on. This is likely due to differences between TCSAMO02 and
TCSAM2013 in the way several model processes are parameterized (including fishery capture selectivity
in the directed fishery pre-1991). Resolving this issue will require more work.

7. Recommendations

Although it is possible to reproduce results from a TCAM2013 model using TCSAMO2 by selecting
equivalent selectivity function options, prior probability function options, likelihood component options,
likelihood weights, and other model configuration details, as well as judiciously fixing parameter values,
differences between TCSAMO02 and TCSAM2013 in the details of the parameterization of several
population processes (e.g., natural mortality) appear to lead to different solutions when parameter
estimation is turned on (see Section 5). As such, it may be worth adding parameterization options in
TCSAMO2 that more closely reflect those in TCSAM2013 for the processes that currently are
parameterized differently. Additionally, it appears that the manner in which the fishery capture selectivity
function for males in the directed fishery prior to 1991 is problematic, but can probably be dealt with by
“sharing” the mean (or median) size-at-50%-selected parameter from the post-1991 period. Addressing
these issues will provide the opportunity to move forward with adopting TCSAMO2 for future
assessments and the transition to GMACS while ensuring compatibility with the current assessment.
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Tables

Table 1. Comparison of objective function components and model differences for all TCSAM2013
models. Green highlighting indicates differences in objective function component values > 5 units, red
highlighting indicates differences < -5 units.

Model AM AMa AMb AMc AMd AM-AMa AMa-AMb AMb-AMc AMc-AMd AM-AMd | description
0.12 0.12 0.11 0.11 0.12] 0.00 0.00 0.00 0.00 0.00| recruitment penalty
48.35 48.37 48.42 48.47 48.47 -0.02 -0.05 -0.05 -0.01 -0.13| historic recruitment penalty
-1.49 -1.48 -1.63 -1.48 -2.05] -0.01 0.15 -0.15 0.58 0.57| natural mortality penalty (immatures)
3.54 137 2.59 4.37 3.48 2.17 -1.22 -1.79 0.90 0.06| natural mortality penalty (mature males)
34.34 34.39 33.12 34.10 36.00 -0.05 1.27 -0.98 -1.90 -1.66| natural mortality penalty (mature females)
8 2.33 231 2.27 2.07 2.18] 0.02 0.05 0.20 -0.10 0.16| maturity curve smoothness (females)
E 0.79 0.76 0.81 0.81 0.81] 0.03 -0.05 0.00 0.00 -0.02| maturity curve smoothness (males)
8 0.00 0.00 0.00 0.00 0.00] 0.00 0.00 0.00 0.00 0.00| z50 devs for male selectivity in TCF (AR1)
126.61 12831 12592 12946  127.83 -1.70 2.40 -3.54 1.62 -1.22| penalty on F-devs in directed fishery
29.53 29.52 29.14 32.09 32.06) 0.01 0.38 -2.95 0.03 -2.54] penalty on F-devs in snow crab fishery
132.46 132.44 132.41 147.25 147.28 0.02 0.03 -14.84 -0.03 -14.83| penalty on F-devs in BBRKC fishery
52.49 52.43 52.37 53.33 53.34] 0.07 0.06 -0.97 0.00 -0.85| penalty on F-devs in groundfish fishery
0.00 0.00 0.00 0.00 0.00] 0.00 0.00 0.00 0.00 0.00| z50 devs for male selectivity in TCF (norm?2)
2.90 4.05 4.22 4.74 3.07 -1.15 -0.17 -0.52 1.67 -0.17| survey q penalty
27.03 28.06 28.67 31.24 27.49] -1.03 -0.61 -2.57 3.75 -0.46| female survey g penalty
g -0.48 -0.48 -0.48 -0.48 -0.48] 0.00 0.00 0.00 0.00 0.00| female growth parameter a
s -2.13 -2.13 -2.11 -2.07 -2.12 0.00 -0.01 -0.05 0.05 -0.01) female growth parameter b
-2.54 -2.22 -2.33 -2.26 -2.24 -0.32 0.11 -0.07 -0.02 -0.30| male growth parameter a
-1.35 -1.35 -1.35 -1.35 -1.35 -0.01 0.00 0.00 0.00 -0.01| male growth parameter b
308.98 309.53  253.89 261.28  260.89 -0.55 55.64 -7.38 0.39 48.09| fishery: TCF retained males
184.30  183.25 81.13 91.83 91.82 1.05 102.12 -10.70 0.01 92.48| fishery: TCF total males
9.70 9.76 9.27 9.05 8.98 -0.06 0.49 0.22 0.07 0.72| fishery: TCF discarded females
§ 52.63 52.58 52.88 53.39 53.31 0.05 -0.31 -0.51 0.08 -0.68| fishery: SCF males
.-E 12.49 12.43 12.34 12.37 12.44) 0.06 0.10 -0.04 -0.06 0.05| fishery: SCF females
E 26.69 26.25 27.59 34.38 34.57 0.44 -1.34 -6.80 -0.19 -7.88| fishery: RKC males
a 2.25 2.24 2.19 2.01 2.02 0.01 0.05 0.18 -0.01 0.24 fishery: RKC females
g 463.33 46445  469.84  479.07  474.28 -1.12 -5.39 -9.23 4.79 -10.96| fishery: GTF males+females
g 269.49  237.83 23044 23586  220.16] 31.65 7.40 -5.43 15.70 49.32| survey: immature males
g 250.07 276.82 287.03 289.05 297.95| -26.76 -10.21 -2.02 -8.90 -47.88| survey: mature males
281.23 286.70 283.21 290.61 285.96 -5.47 3.49 -7.40 4.64 -4.74] survey: immature females
128.52 132.18 140.56 137.77 149.59 -3.66 -8.38 2.80 -11.82 -21.07| survey: mature females
199.10 198.63 198.43 197.96 189.76) 0.47 0.19 0.47 8.20 9.34| survey: mature crab
a 18.47 18.37 15.63 41.44 41.46| 0.10 2.74 -25.80 -0.02 -22.99| fishery: TCF retained males
E é 11.54 11.35 9.45 14.21 14.25 0.19 1.90 -4.76 -0.04 -2.71 fishery: TCF male total catch biomass
'_g _g 5.11 5.13 4.84 33.90 34.08] -0.02 0.30 -29.07 -0.18 -28.97| fishery: TCF female catch biomass
§ E 6.21 6.01 5.94 24.68 25.03] 0.21 0.06 -18.73 -0.35 -18.82| fishery: SCF total catch biomass
L 12.81 12.69 12.40 7.15 7.19] 0.12 0.29 5.25 -0.03 5.63| fishery: RKF total catch biomass
2.43 2.30 2.26 1.82 1.84] 0.14 0.04 0.44 -0.02 0.59| fishery: GTF total catch biomass
total 2,697.82 2,702.96 2,551.44 2,698.23 2,679.45 -5.14 151.52 -146.79 18.79 18.37|total




Table 2. Comparison of objective function components for TCSAM2013 model AMd and TCSAMO02

model T02a.

type fleet data stock component Objective function values
T02a AMd  AMd-TO2a
survey biomass all 192.72 189.76 -2.96
NMES immature females 285.88 285.96 0.08
index survey |size composition mature females 149.67 149.59 -0.08
immature males 220.01 220.16 0.15
mature males 298.07 297.95 -0.12
retained TCE biomass all 42.04 41.46 -0.58
catch size composition all 259.85 260.89 1.04
GTF biomass all 1.90 1.84 -0.06
size composition all 474.20 474.28 0.08
RKE b_iomass - all 6.37 7.19 0.82
Total catch size composition all 36.58 36.59 0.00
SCF biomass all 25.03 25.03 0.00
size composition all 65.74 65.74 0.00
TCE biomass all 48.54 48.33 -0.21
size composition all 101.51 100.80 -0.71




Table 3. Comparison of objective function components for TCSAM2013 model AMd and TCSAMO02

model T02.

type fleet data stock component Objective function vales
T02a AMd AMd-T02
survey biomass all 170.07 189.76 19.69
_ NMES immature females 304.08 285.96 -18.12
index suvey |size composition mature females 141.44 149.59 8.15
immature males 204.55 220.16 15.61
mature males 245.07 297.95 52.88
retained TCE biomass all 45.15 41.46 -3.69
catch size composition all 242.50 260.89 18.39
GTE biomass all 1.66 1.84 0.18
size composition all 451.45 474.28 22.83
RKE biomass all 4.83 7.19 2.36
Total catch size composition all 33.00 36.59 3.59
SCF biomass all 29.05 25.03 -4.02
size composition all 66.73 65.74 -0.98
TCF biomass all 54.40 48.33 -6.07
size composition all 102.50 100.80 -1.71
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Figure 1. Empirical fraction, by size, of male crab classified as “old shell” that are mature.
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Figure 2. Comparison of recent survey size compositions corrected (AM) and uncorrected (AMa) for old
shell classification.
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Figure 3. Comparison of estimated natural mortality rates from TCSAM2013 models AM and AMa.
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Figure 4. Comparison of estimated probabilities of molt-to-maturity from TCSAM2013 models AM and
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Figure 5. Comparison of estimated mean post-molt size from TCSAM2013 models AM and AMa.
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Figure 6. Comparison of estimated recruitment from TCSAM2013 models AM and AMa.
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Figure 7. Comparison of estimated population abundance from TCSAM2013 models AM and AMa.
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Figure 8. Comparison of estimated mature biomass from TCSAM2013 models AM and AMa.
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Figure 9. Comparison of estimated survey biomass from TCSAM2013 models AM and AMa.

TCF
retained catch
h

= 30-
» case
o
o —o— AM
{55 ]
o : —e— AMa
17 =
@ D
E @
Ke)
0 e AM
£ 10-
[$]
= A AMa
o

0 -

1960 1980 2000
year

Figure 10. Comparison of estimated retained catch biomass for the directed fishery (TCF) from
TCSAM2013 models AM and AMa.
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Figure 11. Comparison of estimated total catch (captured) biomass for the directed fishery (TCF) from
TCSAM2013 models AM and AMa.
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Figure 12. Comparison of estimated total bycatch (captured) biomass for the snow crab fishery (SCF)
from TCSAM2013 models AM and AMa.
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Figure 13. Comparison of estimated total bycatch (captured) biomass for the groundfish fisheries (GTF)
from TCSAM2013 models AM and AMa.
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Figure 14. Comparison of estimated total bycatch (captured) biomass for the BBRKC fishery (RKF) from
TCSAM2013 models AM and AMa.
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Figure 15. Comparison of model fits to total catch size comps for males in the directed fishery from
TCSAM2013 models AMa and AMDb. Predicted size comps shown are “total capture” size comps for
AMD but “total mortality” size comps for AMa.
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Figure 16. Comparison of model fits to total catch size comps for males in the directed fishery from
TCSAM2013 models AMa and AMDb. Predicted size comps shown are “total capture” size comps for
AMD but “total mortality” size comps for AMa.
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Figure 17. Comparison of estimated natural mortality rates from TCSAM2013 models AMa and AMb.
pr(Molt-to-Maturity)
1.00 -
0.75-

__050-

s|ewWwsa)

0.25+
case

0.00~ o~ AMa

1.00-
—o— AMb

pr(molt-to-maturity
3

0.50-

sjew

0.25-

0.00- 1

50 100 150
size (mm CW)

Figure 18. Comparison of estimated probabilities of molt-to-maturity from TCSAM2013 models AMa
and AMDb.
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Figure 19. Comparison of estimated mean post-molt size from TCSAM2013 models AMa and AMb.
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Figure 20. Comparison of estimated recruitment from TCSAM2013 models AMa and AMb.
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Figure 21. Comparison of estimated population abundance from TCSAM2013 models AMa and AMb.
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Figure 22. Comparison of estimated mature biomass from TCSAMZ2013 models AMa and AMb.
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Figure 23. Comparison of estimated survey biomass from TCSAM2013 models AMa and AMb.
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Figure 24. Comparison of estimated retained catch biomass for the directed fishery (TCF) from
TCSAM2013 models AMa and AMb.
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Figure 25. Comparison of estimated total catch (captured) biomass for the directed fishery (TCF) from
TCSAM2013 models AMa and AMb.
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Figure 26. Comparison of estimated total bycatch (captured) biomass for the snow crab fishery (SCF)
from TCSAM2013 models AMa and AMDb.
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Figure 27. Comparison of estimated total bycatch (captured) biomass for the groundfish fisheries (GTF)
from TCSAM2013 models AMa and AMDb.
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Figure 28. Comparison of estimated total bycatch (captured) biomass for the BBRKC fishery (RKF) from
TCSAM2013 models AMa and AMb.
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Figure 29. Comparison of estimated natural mortality rates from TCSAM2013 models AMb and AMc.
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Figure 30. Comparison of estimated probabilities of molt-to-maturity from TCSAM2013 models AMb
and AMc.
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Figure 31. Comparison of estimated mean post-molt size from TCSAM2013 models AMb and AMc.
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Figure 32. Comparison of estimated recruitment from TCSAM2013 models AMb and AMc.
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Figure 33. Comparison of estimated population abundance from TCSAM2013 models AMb and AMc.
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Figure 34. Comparison of estimated mature biomass-at-mating from TCSAM2013 models AMb and
AMc.
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Figure 35. Comparison of estimated survey biomass from TCSAM2013 models AMb and AMc.
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Figure 36. Comparison of estimated retained catch biomass for the directed fishery (TCF) from
TCSAM2013 models AMb and AMc.
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Figure 37. Comparison of estimated total catch (captured) biomass for the directed fishery (TCF) from
TCSAM2013 models AMb and AMc.
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Figure 38. Comparison of estimated total bycatch (captured) biomass for the snow crab fishery (SCF)
from TCSAM2013 models AMb and AMc.
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Figure 39. Comparison of estimated total bycatch (captured) biomass for the groundfish fisheries (GTF)
from TCSAM2013 models AMb and AMc.
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Figure 40. Comparison of estimated total bycatch (captured) biomass for the BBRKC fishery (RKF) from
TCSAM2013 models AMb and AMc.
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Figure 41. Comparison of estimated (lines) and “observed” (points) total catch mortality biomass for the
directed fishery (TCF) from TCSAM2013 models AMb and AMc.
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Figure 42. Comparison of estimated (lines) and “observed” (points) total bycatch mortality biomass for
the snow crab fishery (SCF) from TCSAM2013 models AMb and AMc.
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Figure 43. Comparison of estimated (lines) and “observed” (points) total bycatch mortality biomass for
the groundfish fisheries (GTF) from TCSAM2013 models AMb and AMc.
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Figure 44. Comparison of estimated (lines) and “observed” (points) total bycatch mortality biomass for
the BBRKC fishery (RKF) from TCSAM2013 models AMb and AMc.
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Figure 45. Comparison of estimated natural mortality rates from TCSAM2013 models AMc and AMd.
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Figure 46. Comparison of estimated probabilities of molt-to-maturity from TCSAM2013 models AMc
and AMd.
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Figure 47. Comparison of estimated mean post-molt size from TCSAM2013 models AMc and AMd.
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Figure 48. Comparison of estimated recruitment from TCSAM2013 models AMc and AMd.
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Figure 49. Comparison of estimated population abundance from TCSAM2013 models AMc and AMd.
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Figure 50. Comparison of estimated mature biomass-at-mating from TCSAMZ2013 models AMc and
AMd.
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Figure 51. Comparison of estimated survey biomass from TCSAM2013 models AMc and AMd.
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Figure 52. Comparison of estimated retained catch biomass for the directed fishery (TCF) from
TCSAM2013 models AMc and AMd.
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Figure 53. Comparison of estimated total catch (captured) biomass for the directed fishery (TCF) from
TCSAM2013 models AMc and AMd.
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Figure 54. Comparison of estimated total bycatch (captured) biomass for the snow crab fishery (SCF)
from TCSAM2013 models AMc and AMd.
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Figure 55. Comparison of estimated total bycatch (captured) biomass for the groundfish fisheries (GTF)
from TCSAM2013 models AMc and AMd.
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Figure 56. Comparison of estimated total bycatch (captured) biomass for the BBRKC fishery (RKF) from
TCSAM2013 models AMc and AMd.
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Figure 57. Comparison of estimated natural mortality rates from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 58. Comparison of estimated probabilities of molt-to-maturity from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 59. Comparison of estimated mean post-molt size from TCSAM2013 model AMd and TCSAMO02
model T02a.
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Figure 60. Comparison of estimated recruitment from TCSAM2013 model AMd and TCSAMO02 model
T02a.
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Figure 61. Comparison of estimated population abundance from TCSAM2013 model AMd and
TCSAMO02 model T02a.



250 -

200 -
= 150 - =)
7] 3
X 5 case
3 100- 5
o - AMd
— 50 -
" —e— T02a
g 0-
g 250~
Ke)
< 2007 o AMd
2 1801 = A T02a
© 5
< 100- o

50 -

0- 1 1 1
1960 1980 2000

80 -

60 -
= 3
0. 40 8 case
S o
3 ~o AMd
=.20-
" —e- T02a
w)
4y]
£ 80-
0o
m

) e AMd

o 60
= = A T02a
< 40- o

20 -

2000 2005 2010 2015

year

Figure 62. Comparison of estimated mature biomass from TCSAM2013 model AMd and TCSAMO02
model T02a.
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Figure 63. Comparison of estimated natural mortality rates from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 64. Comparison of estimated probabilities of molt-to-maturity from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 65. Comparison of estimated mean post-molt size from TCSAM2013 model AMd and TCSAMO02
model T02a..
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Figure 66. Comparison of estimated growth probabilities from TCSAM2013 model AMd and TCSAMO02
model T02a.
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Figure 67. Comparison of estimated recruitment from TCSAM2013 model AMd and TCSAMO02 model
T02a.
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Figure 68. Comparison of estimated population abundance from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 69. Comparison of estimated mature biomass-at-mating from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 70. Comparison of estimated survey biomass from TCSAM2013 model AMd and TCSAMO02
model T02a.
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Figure 71. Comparison of estimated survey catchabilities from TCSAM2013 model AMd and TCSAMO02
model T02a.
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Figure 72. Comparison of estimated survey selectivity functions from TCSAM2013 model AMd and
TCSAMO02 model T02a.
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Figure 73. Comparison of estimated retained catch biomass for the directed fishery (TCF) from
TCSAM2013 model AMd and TCSAMO02 model T02a.
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Figure 74. Comparison of estimated total catch (captured) biomass for the directed fishery (TCF) from
TCSAM2013 model AMd and TCSAMO02 model T02a.
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Figure 75. Comparison of estimated catchability for the directed fishery (TCF) from TCSAM2013 model
AMd and TCSAMO02 model T02a.
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Figure 76. Comparison of estimated total catch selectivity functions for the directed fishery (TCF) from
TCSAM2013 model AMd and TCSAMO02 model T02a.
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Figure 77. Comparison of estimated total bycatch (captured) biomass for the snow crab fishery (SCF)
from TCSAM2013 model AMd and TCSAMO02 model TO2a.
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Figure 78. Comparison of estimated total bycatch (captured) biomass for the groundfish fisheries (GTF)
from TCSAM2013 model AMd and TCSAMO02 model TO2a.

RKF
captured catch
06-
=04- T
» 3 case
o R
=Nl ® - AMd
~ —e— TO2
% 0.0-
£ o8-
9
o 6- e AMd
S .
= 4- D TO2
O (¢}
2-
0- 1 1 1
1960 1980 2000
year

Figure 79. Comparison of estimated total bycatch (captured) biomass for the BBRKC fishery (RKF) from
TCSAM2013 model AMd and TCSAMO02 model T02a.



Appendix A: TCSAMO02 (Tanner Crab Stock Assessment Model, version 02) Description

A. General population dynamics

Population abundance at the start of year y in the model, n,, , ., 5 ,, is characterized by sex x (male,
female), maturity state m (immature, mature), shell condition s (new shell, old shell), and size z (carapace
width, CW). Changes in abundance due to natural mortality, molting and growth, maturation, fishing
mortality and recruitment are tracked on an annual basis. Because the principal crab fisheries occur during
the winter, the model year runs from July 1 to June 30 of the following calendar year.

The order of calculation steps to project population abundance from year y to y+1 depends on the
assumed timing of the fisheries (6t§) relative to molting (6ty*) within year y. The steps when 6t§ < 6ty
are outlined below first (Steps A1.1-Al.4), followed by the steps when 6t < 6t§. (Steps A2.1-A2.4).

Al. Calculation sequence when 6t§ < &ty

Step Al1.1: Survival prior to fisheries
Natural mortality is applied to the population from the start of the model year (July 1) until just prior to
prosecution of pulse fisheries for year y at 6t§. The numbers surviving at 6t§ in year y are given by:

All

=e _My,x,m,s,z

1 -5tF
Ny xmsz = YNy xms,z

where M represents the annual rate of natural mortality in year y on crab classified as x, m, s, z.

Step AL1.2: Prosecution of the fisheries
The directed fishery and bycatch fisheries are modeled as pulse fisheries occurring at 6t§ inyeary. The
numbers that remain after the fisheries are prosecuted are given by:

le = e_F;:x,m,s,z . nl
VX,ms,z — VX, M,S,Z Al.2

where FyT,x,m,s,Z represents the total fishing mortality (over all fisheries) on crab classified as x, m, s, z in
yeary.

Step A1.3: Survival after fisheries to time of molting/mating

Natural mortality is again applied to the population from just after the fisheries to the time at which
molting/mating occurs for year y at 6t3* (generally Feb. 15). The numbers surviving at §¢}* in year y are
then given by:

~My s,z (5t =6t5) . 2 Al3

3 _ )
Ny xmsz = € Ny xm,s,z

where, as above, M represents the annual rate of natural mortality in year y on crab classified as x, m, s, z.

Step Al.4: Molting, growth, and maturation
The changes in population structure due to molting, growth and maturation of immature (new shell) crab,
as well as the change in shell condition for new shell mature crab due to aging, are given by:

4 — . a3
Ny x,MAT,NS,z = byx,z Z G)y,x,z,z’ Ny, x IMM,NS,z' Al.da
I

V4




4 = [— . . 3
Ny xmmNsz = (1= Pyx.z) Z 0y v zz' "My x IMMNS,Z’ Al.4b
ZI

) — .3 3
Ny x MAT,05,z = My x,MAT,05,z T Ty x,MAT,NS,z Al.dc

where 0y 2z is the growth transition matrix in year y for an immature (new shell) crab of sex x and pre-

molt size z’ to post-molt size z and ¢,, . , is the probability that a just-molted crab of sex x and post-molt
size z has undergone its terminal molt to maturity. Additionally, all crab that underwent their terminal
molt to maturity the previous year are assumed to change shell condition from new shell to old shell
(Al.4c). Note that the numbers of immature old shell crab are identically zero in the current model
because immature crab are assumed to molt each year until they undergo the terminal molt to maturity,
consequently the corresponding equation for m=IMM, s=0S above is unnecessary.

Step AL1.5: Survival to end of year, recruitment, and update to start of next year

Finally, population abundance at the start of year y+1 due to natural mortality on crab from the time of
molting in year y until the end of the model year (June 30) and recruitment of immature new shell (IMM,
NS) crab at the end of yeary (R,, . ;) are given by:

-M (1=t 4 — =
e Myuimmnsz (=0 .t ves Ry, m=IMM,s=NS ALS

n _
y+1,x,m,5,z _ (1_Sem .
e~ My,xm,sz (1-6t3") N xms z otherwise

Note: in TCSAM2013 (Appendix C), recruitment in year y is added to the population at the beginning of
year y, whereas here it is added to the population at the beginning of year y+1. Thus, recruitment time
series from TCSAM2013 models must be lagged by one year to compare with those from TCSAMO2.

A2. Calculation sequence when Bt;," < 8t§

Step A2.1: Survival prior to molting/mating
As in the previous sequence, natural mortality is first applied to the population from the start of the model
year (July 1), but this time until just prior to molting/mating in year y at 5t;* (generally Feb. 15). The

numbers surviving at §tJj* in year y are given by:

A21

= e~ Myxmsz 6t}

1 .
Ny x,m,s,z Ny x,m,s,z

where M represents the annual rate of natural mortality in year y on crab classified as x, m, s, z.

Step A2.2: Molting, growth, and maturation
The changes in population structure due to molting, growth and maturation of immature (new shell) crab,
as well as the change in shell condition for new shell mature crab due to aging, are given by:

2 _ . 1
Ny x,MAT,NSz — d’y,x,z Eey,x,z,Z’ Ny, x IMM,NS,z' A2.2a

ZI

2 — . .nl
Ny ximmnsz = (1 = Py x,.2) z Oy v 2z My xIMMNS,Z' A2.2b
Zl




2 _ 1 1
Ny, x MAT,0S,z = Ny x,MAT,05,z T Ty x MAT NS,z A2.2¢c

where © » is the growth transition matrix in year y for an immature (new shell) crab of sex x and pre-

¥V, X,Z,Z
molt size z’ to post-molt size z and ¢,, . , is the probability that a just-molted crab of sex x and post-molt
size z has undergone its terminal molt to maturity. Additionally, crabs that underwent their terminal molt
to maturity the previous year are assumed to change shell condition from new shell to old shell (A2.2c).
Again, the numbers of immature old shell crab are identically zero in the current model because immature
crab are assumed to molt each year until they undergo the terminal molt to maturity, consequently the
corresponding equation for m=IMM, s=0S above is unnecessary.

Step A2.3: Survival after molting/mating to prosecution of fisheries
Natural mortality is again applied to the population from just after molting/mating to the time at which the
fisheries occur for year y (at 6t§). The numbers surviving at 5t§ in year y are then given by:

_My,x,m,s,z'(gtf;_é‘tjrzn A23

3 _ ) .2
Nyxmsz = € Ny x,m,s,z

where, as above, M represents the annual rate of natural mortality in year y on crab classified as x, m, s, z.

Step A2.4: Prosecution of the fisheries
The directed fishery and bycatch fisheries are modeled as pulse fisheries occurring at 6t§ in yeary. The
numbers that remain after the fisheries are prosecuted are given by:

4 — _F;xmsz .3
Nyxmsz =€ P77 "Ny xms,z A2.4

where FyT,x_m,S_Z represents the total fishing mortality (over all fisheries) on crab classified as x, m, s, z in
yeary.

Step A2.5: Survival to end of year, recruitment, and update to start of next year

Finally, population abundance at the start of year y+1 due to natural mortality on crab from just after
prosecution of the fisheries in year y until the end of the model year (June 30) and recruitment of
immature new (IMM, NS) shell crab at the end of year y (R, ;) and are given by:

-M (1-6t5) . 4 — —
e Myxmmnsz (1=00) ot v, + Ryx, m=IMM,s =NS A2

n —
y+1,x,m,5,z _ (1_8+F .
e ~My,xm,sz (1-6ty) Ny xmsz otherwise

B. Model processes: natural mortality
At its most general, natural mortality M,, , ., 5 , is parameterized as a time-varying (in blocks of years)
function of sex, maturity state, and size using the following functional form:

InM,, ;. m = 1o+l + S mar " AT S rem * MEEM + 8, ppng  Sontar - MfEM.MAT B1
exp(InMy,x.m) if Lorenzen option is not selected for block t B.2a

M = 7
Y exp(InMy, ) - base if Lorenzen option is selected for block t B.2b

zZ




where y falls into time block t, the u’s are (potentially) estimable parameters on the In-scale, and &; ; is

the delta function (1 if i=j, O otherwise). u° represents the baseline (In-scale) natural mortality rate on
immature males, while p is the offset on immature males in time block t, 4T is the offset for mature

crab in time block t, M is the offset for females in time block t, and u =47 is the offset for mature
females in time block t. As an option, one can include (by time block) size dependence in natural
mortality using Lorenzen’s approach (eg. B.2b), where z,,, i a specified reference size (mm CW).

This parameterization for natural mortality differs from that in TCSAM2013 (Appendix C, Section B). In
TCSAM2013, sex/maturity-state variations to the base mortality rate are estimated on the arithmetic
scale, whereas here they are estimated on the In-scale. The latter approach may be preferable in terms of
model convergence properties because the arithmetic-scale parameter values must be constrained to be
positive by placing limits on their values whereas the In-scale parameter values do not. However, the use
of strong priors on the arithmetic-scale parameters in TCSAM2013 (Appendix C, eq. B3) probably
addresses this issue satisfactorily. TCSAM2013 also incorporates the ability to estimate additional effects
on natural mortality during the 1980-1984 time period, but this time block is hard-wired in the code; thus
investigating how changes to this time block affect the assessment require modifying and recompiling the
code for every alternative time block considered. A similar study using TCSAMO02 would not require
modifying the model code because time blocks can be defined for any model process (e.g., natural
mortality) in the model input files.

C. Model processes: growth

Annual growth of immature crab in TCSAMO2 is implemented using to approaches, the first based on
Gmacs and the second (mainly for comparability purposes) based on TCSAM2013 (Appendix C). In
TCSAMO2, growth can vary by time block, so it is expressed by sex-specific transition matrices 0, ,, , ,-

that specify the probability that crab in pre-molt size bin z grow to post-molt size bin z’ during time block
t.

In the GMACS-like approach, the sex-specific growth matrices are given by:

®t,x,z,z’
! . - g -y . -
Z+bin/2 S — 7 Sex-specific () transition matrix for growth from | |
—=Coo - r2—=2tx2z) g, pre-molt z to post-molt z’, with z’ > z '
t,x,z
) Bex
z'—-bin/2
- 1 Normalization constant so
n e
Z —Ztxz "
Ctoxz = f r <—> dz _ C.2
[ :Bt,x 1= ®t,x,z,z’
A Z,
Zp g = €%x - ZPtx Mean size after molt, given pre-molt size z C.3

where the integral represents the cumulative gamma distribution across the z’ size bin. This approach may
have better numerical stability properties than the TCSAMZ2013 approach below.

The TCSAM2013 approach is really an approximation to the Gmacs approach, where the sex-specific
growth matrices O, , , ,» are given by



A, Sex-specific (x) transition matrix for

Atz o Px growth from pre-molt z to post-molt z’, | C.4
withz' = z

Gt,x,z,z’ =Ctxz" Az,z

Normalization constant so

-1
_Az'zl
Cxz = z Az,z'o{t'x'z_1 e Pux . C.5
- 1= Gx,z,z’
z ~

A, y=2" -z Actual growth increment C.6
At xz = [Zt,x_z - z] /Bex Mean molt increment, scaled by S, C.7
_ Mean size after molt, given pre-molt

Ty = €% -zt size z ’ i c8

In both approaches, the a:x, btx, and S , are arithmetic-scale parameters.

O x.2 ' 1S Used to update the numbers-at-size for immature crab, n,, . ,, from pre-molt size z to post-molt
size z' using:

+ == .
Nyxz = Z Nyxz* Otxzz C9

V4

where y falls within time block t.

Priors using normal distributions are imposed on a:x and byx in TCSAM2013, with the values of the
hyper-parameters hard-wired in the model code (App. C, Section C). While priors may be defined for the
associated parameters here, these are identified by the user in the model input files and are not hard-wired
in the model code.

D. Model processes: maturity (terminal molt)

Maturation of immature crab in TCSAMO2 is based on a similar approach to that taken in TCSAM2013,
except that the sex- and size-specific probabilities of terminal molt for immature crab, ¢, , , (where size z
is post-molt size), can vary by time block. After molting and growth, the numbers of (new shell) crab at
post-molt size z remaining immature, 1y , 1y ns,2» @nd those maturing, n yar s .. are given by:

n;,x,IMM,NS,z = (1 - ¢t,x,z) "Ny x,IMM,NS,z D.1a

+ = .
Ny x,MAT, NSz = Gt x,z* NyxIMMNS,z D.1b

where y falls in time block t and n,, , ;pum v,z IS the number of immature, new shell crab of sex x at post-
molt size z.

The sex- and size-specific probabilities of terminal molt, ¢, ,, are related to the logit-scale model
parameters p{% by:



1

t - .
9 e ZS ZeFEM female probabilities of maturing at D2
== t, , - .
trEMz = 1+ e ‘ ot post-molt size z
1 Z > Z{pgm
1
< Zmat agags .
— mat %= ZtMALE male probabilities of maturing at post-
bemarez =1 + ePtMaLEz . D.2b
’ ’ mat molt size z
1 Z > Zt MALE

where the z{?* are constants specifying the minimum pre-molt size at which to assume all immature crab
will mature upon molting. The z{* are used here pedagogically; in actuality, the user specifies the
number of logit-scale parameters to estimate (one per size bin starting with the first bin) for each sex, and
this determines the z{* used above. This parameterization is similar to that implemented in
TCSAM2013 for the 2016 assessment model (App. C, Section D).

Second difference penalties are applied to the parameter estimates in TCSAMZ2013’s objective function to
promote relatively smooth changes in these parameters with size. Similar penalties (smoothness, non-
decreasing) can be applied in TCSAMO2.

E. Model processes: recruitment

Recruitment of immature (new shell) crab in TCSAMO2 has a similar functional form to that used in
TCSAM2013(App. 1, Section E), except that the sex ratio at recruitment is not fixed at 1:1 and multiple
time blocks can be specified in the new model (not just the “historical” and “current” blocks defined in
TCSAM2013). Recruitment in year y of sex x crab at size z is specified as

Ryr,=R, R,,"R,, recruitment of immature, new shell crab | E.1

yx '

where Ry represents total recruitment in year y and I'?y_x represents the fraction of sex x crab recruiting,
and R, ,is the size distribution of recruits, which is assumed identical for males and females.

Total recruitment in yeary, Ry, is parameterized as

Ry, = ePLnRetORy g et total recruitment E.2

where y falls within time block t, pLnR; is the In-scale mean recruitment parameter for t, and 6R; , is an
element of a “devs” parameter vector for t (constrained such that the elements of the vector sum to zero).

The fraction of crab recruiting as sex x in year y in time block t is parameterized using the logistic model

1
.. - = MALE . . ..
Ry =41+ ePLotRx x yEtL sex-specific fraction recruiting E.3

1 - Ry,MALE X = FEMALE

where pLgtRx; is the logit-scale parameter determining the sex ratio in time block t.

The size distribution for recruits in time block t, R, ,, is based on a gamma-type distribution and is
parameterized as

A, . T .
R,,=ct AZ%—l e Bt size distribution of recruiting crab E.4




a_, A
c = Azﬁt e Bt

normalization constant so that 1 = )}, R, , | E.5

zZ
A=z +62/2 — Zyin offset from minimum size bin E.6
a, = ePLnRa gamma distribution location parameter E7
B = ePLnRbe gamma distribution shape parameter E.8

where pLnRa; and pLnRb; are the In-scale location and shape parameters and the constant 6z is the size

bin spacing.

A final time-blocked parameter, pLNRCV, is associated with the recruitment processes. This parameter
represents the In-scale coefficient of variation (cv) in recruitment variability in time block t. These
parameters are used in a penalty/prior on the recruitment “devs” in the model likelihood function.

F. Selectivity and retention functions

Selectivity and retention functions in TCSAMO2 are specified independently from fisheries and surveys
in TCSAMO2, but subsequently assigned to them. This allows a single selectivity function to be “shared”
among multiple fisheries and/or surveys, and among time blocks and sexes, if so desired.

Currently, the following selectivity/retention functions are available for use in the model:

S, ={1+ e‘ﬁ'(z‘zso)}_1 standard logistic F.1
=250 )7 logistic w/ alternati
_ ~In(19)3,—% ogistic w/ alternative
S, = {1 +e 295—50} parameterization F2
e -1 logistic w/ alternative
Sz = {1 +e Pl exp(anSO))} parameterization F.3
- NCar = A logistic w/ alternative
S, = {1 +e M exp(lm"s‘s")} pa%ameterization F.4
1 1 ..
S, = . double logistic F.5
z 1 4 e Ba(z=zas0) 1 + eBa(z—Zdso)
S, = ! ( B 1 : ) double logistic with alt. £6
_ \Z=7Zg50) \Z=Zds0) - .
1+e In(19) Aza(qs—go) 14 eln(19) Azd(95—:(;)o) parameterization

A double normal selectivity function (requiring 6 parameters to specify) has also been implemented as an
alternative to the double logistic functions. In the above functions, all symbols (e.g., 8, Azgs_50)
represent parameter values, except “z” which represents crab size.

Selectivity parameters are defined independently of the functions themselves, and subsequently assigned.
It is thus possible to “share” parameters across multiple functions. The “parameters” used in selectivity
functions are further divided into mean parameters across a time block and annual deviations within the

time block. Thus, for example, zs, in eq. F1 is actually expressed as zsq,, = Zgo + 0zsq, In terms of
model parameters pS1 and pDevsS1,, where Zs, = pS1 is the mean size-at-50%-selected over the time




period and 6zs ,, = pDevsS1,, is the annual deviation. To accommodate the 6-parameter double normal
equation, six “mean” parameter sets (pS1, pS2,..., pS6) and six associated sets of “devs” parameter
vectors (pDevsS1, pDevsS2,..., pDevsS6) are defined in the model to specify the parameterization of
individual selectivity/retention functions.

Finally, three different options to normalize individual selectivity curves are provided: 1) no
normalization, 2) specifying a fully-selected size, and 3) re-scaling such that the maximum value of the
re-scaled function is 1. A normalization option must be specified in the model input files for each defined
selectivity/retention curve.

G. Fisheries

Unlike TCSAM2013, which explicitly models 4 fisheries that catch Tanner crab (one as a directed
fishery, three as bycatch), there is no constraint in TCSAMO02 on the number of fisheries that can be
incorporated in the model. The only requirement is that each model fishery defined in the input files has a
corresponding data component from which parameters can be estimated.

TCSAMO2 uses the Gmacs approach to modeling fishing mortality (also implemented in TCSAM2013).
The total (retained + discards) fishing mortality rate, Fy ,, x m s ., in fishery f during year y on crab in state
X, m, s, and z (i.e., sex, maturity state, shell condition, and size) is related to the associated fishery capture

rate ¢f,y,x,m,s,z by

Fryxmsz = |hee (1= Pryxmsz) * Pryxmsz|* f.yxmsz fishing mortality rate G.1

where hy . is the handling (discard) mortality for fishery f in time block t (which includes year y) and
Pr.y.xm.s,z 1S the fraction of crabs in state x, m, s, z that were caught and retained (i.e., the retention
function). The retention function is identically O for females in a directed fishery and for both sexes in a
bycatch fishery. For a directed fishery, the retention function for males is selected from one of the
selectivity/retention functions discussed in the previous section.

If nyxmsz IS the number of crab classified as x, m, s, z in year y just prior to the prosecution of the
fisheries, then

number of crab
captured

_ d’f Y, X,M,S,Z
Cryxmsz =

G.2

—ET .
FT [1 —¢€ y'x'm's'z] My xm,s,z
y,xm,s,z

is the number of crab classified in that state that were captured by fishery f, where FyT,x,m,s,Z =
21 Fry xm,s,- represents the total (across all fisheries) fishing mortality on those crab. The number of crab
retained in fishery f classified as x, m, s, z in year y is given by

e mss = Pryxmsz Pryxmsz [1 _ e_p;x,m,s,z] s s number of 6.3
Y,Xm,s, T mss VXM, retained crab
while the number of discarded crab, dy y, x m .-, IS given by
d — (1= pryxmsz) * ryamsz _ [1 _ e_p;x,m,s,z] ‘n number of G4
f,y,x,m,s,z FyTx ms.z V.X,m,s,z dISCarded Crab

and the discard mortality, dmy y, x m s -, IS



; discard
= [1 - e‘Fy.x.m.s'Z] "Ny xmsz | Mortality G.5
By sz (numbers)

_ hf,y ’ (1 - pf,y,x,m,s,z) ' ¢f,y,x,m,s,z
dmf,y,x,m,s,z = ’

The biomass associated with the above components is obtained by multiplying each by w, ,, ,, the
associated individual crab weight (estimated outside the model).

The capture rate ¢ ,, x m s, (N0t the fishing mortality rate Fr ,, ., 5, ») is modeled as a function separable
into separate year and size components such that

fishing capture

rate G.6

bryxmsz = Pryxms  Styxmsz

where ¢y 5, . m s is the fully-selected capture rate in year'y and S¢ ,, » m s, I the size-specific selectivity.

The fully-selected capture rate ¢y ,, . m s for y in time block t is parameterized in the following manner:

d)f,y,x,m,S = exp(mf‘t_x‘m + pDevsC f_t‘y) G.7

where the pDevsCy . ,, are elements for year y of time block t of model parameter “devs” vectors

representing annual variations from the In-scale mean fully-selected capture rate inCs ; , ., The latter is
expressed in terms of model parameters as

IC; ¢ xm = PLNCy + pLDCTy ¢ + Sy it - PLNDCM ¢ + 8y ppns * PLNDCX 7
+ Oy rem * Omimm - PLNDCX M

G.8

where pLnCy is the baseline In-scale capture rate (for mature males), pLnDCTy . is an additive modifier
for time block t, pLnDCM , is an additive modifier for immature crab, pLnDCX . is the additive
modifier for females, and anDCXMf,t is the additive modifier for immature females.

H. Surveys

If nyxms IS the number of crab classified as x, m, s, z in year y just prior to the prosecution of a survey,
then the abundance, ay, y, xm s 7, and biomass, b, ,, » m s 2, fOr crab classified in that state by survey v is
given by

Apyxmsz = Qoyxmsz Nyxmsz survey abundance H.1

byyxmsz = Wemz " Qyxmsz Nyxms,z survey biomass H.2

Where gy 5 xms 2 1S the size-specific survey catchability on this component of the population and w, ,y, , is
the associated individual crab weight (estimated outside the model).

The survey catchability g, x m s - is decomposed in the usual fashion into separate time block and size
components such that, for y in time block t:

Quyxmsz = Autxms " Svtxmsz survey catchability H.3

where q,,  x m,s 1S the fully-selected catchability in time block t and S, ; s ~ IS the size-specific survey
selectivity.



The fully-selected catchability q,, ; , m s IS parameterized in a fashion similar to that for fully-selected
fishery capture rates (except that annual “devs” are not included) in the following manner:

Qv,txms = exp(anQv + anDQTv,t + 5m,IMM ' anDQMv,t + 5x,FEM ’ anDQXv,t

H.4
+ O rEmM " Ommm - LMD QX Mv,t)

where pLnQ,, is the baseline In-scale capture rate (for mature males), pLnDQT,, . is an additive modifier
for time block t, pLnDQM,, , is an additive modifier for immature crab, pLnDQX,, , is an additive In-scale
modifier for females, and pLnDQXM,, , is an additive modifier for immature females.

1. Model fitting: objective function equations

The TCSAMO02 model is fit by minimizing an objective function, ¢, with additive components consisting
of: 1) negative log-likelihood functions based on specified prior probability distributions associated with
user-specified model parameters, and 2) several negative log-likelihood functions based on input data
components, of the form:

o =-2 Z A - In(9) — 2 z A In(Ly) model objective function | I.1
14 l

where ., represents the pth prior probability function, £; represents the Ith likelihood function, and the
A’s represent user-adjustable weights for each component.

Prior Probability Functions
Prior probability functions can be associated with each model parameter or parameter vector by the user
in the model input files (see Section L below for examples on specifying priors).

Likelihood Functions

The likelihood components included in the model’s objective function are based on normalized size
frequencies and time series of abundance or biomass from fishery or survey data. Survey data optionally
consists of abundance and/or biomass time series for males, females, and/or all crab (with associated
survey cv’s), as well as size frequencies by sex, maturity state, and shell condition. Fishery data consists
of similar data types for optional retained, discard, and total catch components.

Size frequency components
Likelihood components involving size frequencies are based on multinomial sampling:

(D) = Yy Y (pgl - In(pied +6) —pg, - In(pgls, + 6)}) | multinomial 1,
> ~ log-likelihood

where the y’s are years for which data exists, “c” indicates the population component classifiers (i.e., sex,
maturity state, shell condition) the size frequency refers to, n,, . is the classifier-specific effective sample
size for yeary, p;}f;fz is the observed size composition in size bin z (i.e., the size frequency normalized to
sum to 1 across size bins for each year), p;'}gg is the corresponding model-estimated size composition,

and ¢ is a small constant. The manner in which the observed and estimated size frequencies for each data
component are aggregated (e.g., over shell condition) prior to normalization is specified by the user in the
model input files. Data can be entered in input files at less-aggregated levels of than will be used in the
model; it will be aggregated in the model to the requested level before fitting occurs.



Aggregated abundance/biomass components

Likelihood components involving aggregated (over size, at least) abundance and or biomass time series
can be computed using one of three potential likelihood functions: the normal, the lognormal, and the
“norm2”. The likelihood function used for each data component is user-specified in the model input files.

The In-scale normal likelihood function is

In(LM) z [am Od] normal log- 13
c T likelihood '

where af,f’cs is the observed abundance/biomass value in year y for aggregation level c, a;'}gd is the
associated model estimate, and Uﬁ,c is the variance associated with the observation.

The In-scale lognormal likelihood function is

2
In(£HVY, = ZZ {[ln(aom +6) - ln(amd +6)] } lognormal log- L4

05 likelihood

where a$%¥ is the observed abundance/biomass value in year y for aggregation level c, a}’?¢ is the
assomated model estimate, and o7 . is the In-scale variance associated with the observation.

For consistency with TCSAM2013, a third type, the “norm2”, may also be specified

In(£V?), = ——Z[a%f — ape?]” “norm2” log-likelihood | 1.5

This is equivalent to specifying a normal log-likelihood with aﬁ_x = 1.0. This is the standard likelihood
function applied tin TCSAM2013 to fishery catch time series.

Aggregation fitting levels
A number of different ways to aggregate input data and model estimates prior to fitting likelihood
functions have been implemented in TCSAMO2. These include:

Abundance/Biomass Size Conpositions

by by extended by

total total X

X X, m

X, mature only X --

X, m m

X, S s

X, m, s X, m --

s

X, S
X, m, s




where x, m, s refer to sex, maturity state and shell condition and missing levels are aggregated over. For
size compositions that are “extended by” x, m, s, or {x, m}, this involves appending the size compositions
corresponding to each combination of “extended by” factor levels, renormalizing the extended
composition to sum to 1, and then fitting the extended composition using a multinomial likelihood.

K. Devs vectors

For TCSAMO2 to accommaodate arbitrary numbers of fisheries and time blocks, it is necessary to be able
to define arbitrary numbers of devs vectors. This is currently not possible in ADMB, so TCSAMO2 uses
an alternative implementation of “devs” vectors from that implemented in ADMB. In TCSAMO02, an n-
element “devs” vector is implemented using an (n-1)-element bounded parameter vector, with the final
element of the “devs” vector defined as — }’,,_; v;, where v; is the ith value of the parameter (or devs)
vector, so that the sum over all elements of the devs vector is identically 0. Penalties are placed on the the
final element of the devs vector to ensure it is bounded in the same manner as the parameter vector.

L. Parameter specification for model processes

Parameter specification in TCSAMO2 occurs entirely within the model input files and is extremely
flexible in terms of setting initial values, defining upper and lower limits on estimated parameter values,
specifying prior distributions and hyper-prior parameters for use in the model likelihood function, and
defining time blocks across which parameters related to a given model process are combined. Parameters
are organized in the input files to the model according to the model process (e.g., recruitment, fishing
mortality, etc.) the parameter group affects.

Two types of parameters are currently incorporated in TCSAMO02, “number_vector”s and
“vector_vector”s. Parameters of the first kind, number_vectors (i.e., a vector of parameter numbers), are
used to define and estimate different values (numbers) associated with the same parameter in different
time blocks. Different characteristics (e.g., upper and lower limits, initial value, estimation phase) can be
associated with each value of a number_vector-type parameter. Parameters of the second kind,
vector_vectors (i.e., a vector of parameter vectors), are used to define and estimate different vectors
associated with a parameter vector (e.g., a “devs” vector) across different time blocks. Different
characteristics (e.g., upper and lower limits, initial value, estimation phase) can be associated with each
vector of a vector_vector-type parameter.

Text Box 1 illustrates an example specification for the recruitment process involving the model
parameters pLnR, pLNRCV, pLgtRX, pLnRa, pLnRb (all number_vectors) and the ”devs” parameter vector
pDevsLnR (implemented as a vector_vector). Time blocks are defined for the recruitment process, not for
individual parameters. The latter can be used across multiple time blocks. Time blocks are defined in the
PARAMETER_COMBINATIONS section (lines 2-6 in the example), and individual parameters are
assigned using indices. In the example, two parameter combinations are defined, specifying combinations
of the recruitment-associated parameters to two time blocks (“[-1:1974]”, i.e. model start year to 1974,
and “[1975:-1]", i.e. 1975 to model end year). Recruitment in the first time block is a function of the first
parameter definition (id=1) for each of the recruitment parameters, while it is a function of the second
parameter definitions (id=2) for pLnR and pDevsLnR and the first definition for the remaining parameters
in the second time block. In the example, the two time blocks are continuous, but it is also possible to
define discontinuous blocks (e.g., “[1965:1971; 1980:1990]"). Default index values (-1) correspond to the
minimum or maximum index value used for the index type in the model, depending on position in the
block definition. For year indices, it is also possible to use “-2” to refer to the current assessment year (-1
refers to the current fishery year).

For each number_vector-type parameter (e.g., pLnR, starting at line 8), the user specifies (line 9) the
number of different values that will be assigned in the PARAMETER_COMBINATIONS section. For
each number, the user specifies (e.g. line 11) the “lower” and “upper” bounds on the value, the default



initial value (“init_val”), the “phase” in the model convergence scheme at which the value is first
estimated, the likelihood multiplier (“prior_wgt”) on the prior associated with the value, the name of the
prior to use (“prior_type”; e.g. “‘normal’ or ‘none’), the hyper-parameters associated with the prior
(“prior_params”; e.g., mean and standard deviation for a ‘normal’ prior) and any additional constants
required for the function used as the prior. In addition, options (“jitter?”, “resample?”) for setting the
initial value can be turned on or off. If both are “OFF”, then the default (*init_val”) is used. If jittering is
“ON”, the initial value will be a random draw between the lower and upper bounds set for the number. If
resampling is turned “ON”, the initial value will be a random draw based on the prior distribution.

A similar logic applies to parameter vector_vectors (e.g., pDevsLnR), except that the user must also
specify the type of indexing (“idx.type”; e.g., line 32) used for each vector (one of the model index types:
“YEAR”, “SEX”, “MATURITY_STATE”, “SHELL_CONDITION”, “SIZE”, “FISHERY” or
“SURVEY™) and define the range for the indices as a “block”. The indices the block defines need not be
continuous.



Text Boxes

1| recruitment #parameter group name

2| PARAMETER_COMBINATIONS #required keyword

3] 2 #number of rows defining parameter combinations

4] #id YEAR_BLOCK pLnR pLNRCV  pLgtRX pLnRa pLnRb pDevsLnR

5] 1 [-1:1974] 1 1 1 1 1 1 #model spin-up period
6] 2 [1975:-1] 2 1 1 1 1 2 #data-informed model
period

7] - PARAMETERS #required keyword

8] pLnR #parameter name; In-scale mean recruitment parameter

9] 2 #number of parameters

10] #id lower upper jitter? init_val phase resample? prior_wgt prior_type prior_params
prior_consts

11] 1 0 20 OFF 8 1 OFF 1 normal 10 3
#spin-up period
12] 2 0 20 OFF 11.4 1 OFF 1 normal 10 3

#model period
13| pLnRCV #parameter name; In-scale parameter for cv of recruitment
14] 1 #number of parameters

15] #id lower wupper jitter? init_val phase resample? prior_wgt prior_type
prior_params prior_consts
16] 1 -2.0 2.0 OFF -0.43275213 -1 OFF 1 none #full model

period (init_val equiv. to var=0.5)

17] pLgtRX #parameter name; logit-scale parameter for male sex ratio

18] 1 #number of parameters

19] #id lower upper jitter? init_val phase resample? prior_wgt prior_type prior_params
prior_consts

201 1 -1 1 OFF 0 -1 OFF 1 normal 0 0.2
#full model period

21| pLnRa #In-scale gamma distribution location parameter for pr(size-at-recruitment)

22] 1 #number of parameters

23] #id lower wupper jitter? init_val phase resample? prior_wgt prior_type
prior_params prior_consts
24] 1 1 4 ON 2.442347 -1 OFF 1 normal 251

#init_val = In(11.50)

Text Box 1. Example parameter specification for recruitment in TCSAMO2. Input values are in black text,
comments are in green. Line numbers (text in blue) are shown for reference purposes.
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Appendix B: Equilibrium population size distribution for Tanner crab

This appendix documents the equations | developed to describe the single-sex population equilibrium size
distribution for Tanner crab, assuming that recruitment is independent of stock size (e.g., as for a Tier 3
stock). These equations form the basis in TCSAMO2 for calculating the Tier 3 OFL. It should be noted
that these equations are also applicable to other crab with a terminal molt categorized as immature/mature
and new shell/old shell, such as snow crab.

Population states
The Tanner crab population on July 1 can be characterized by abundance-at-size in four population states:

in— immature new shell crab
io— immature old shell crab
mn — mature new shell crab
mo — mature old shell crab

where each of these states represents a vector of abundance-at-size (i.e., a vector subscripted by size).

Population processes
The following processes then describe the dynamics of the population over a year:

S; — survival from start of year to time of molting/growth of immature crab, possibly including
fishing mortality (a diagonal matrix)

S> — survival after time of molting/growth of immature crab to end of year, possibly including
fishing mortality (a diagonal matrix)

@ — probability of an immature crab molting (pr(molt|z), where z is pre-molt size; a diagonal
matrix) (pr(molt|z) is assumed to be 1 in TCSAMO2).

0 — probability that a molt was terminal (pr(molt to maturity|z, molt), where z is post-molt size; a
diagonal matrix)

T — size transition matrix (a non-diagonal matrix)

1 — identity matrix

R —number of recruits by size (a vector)

The matrices above are doubly —subscripted, and R is singly-subscripted, by size. Additionally, the
matrices above (except for the identity matrix) can also be subscripted by population state (in, io, mn, mo)
for generality. For example, survival of immature crab may differ between those that molted and those

that skipped.

Population dynamics
The following equations then describe the development of the population from the beginning of one year
to the beginning of the next:

in" =R+ S2in {(1 - G)in) "Tin* Pin " S1in " in+Tip - 1- G)io) "Dy " S1io io} (1)
io* = S2i0 " {(1 - q)in) *Sin in+ 1- q)io) “Stio iO} (2)
mn* = Somn * {®in "Tin " Pin " Stin "+ 045~ Tip - P " S1io iO} (3)
mo™ = Somo {Slmn "M+ Simo mo} (4)

where “+” indicates year+1 and all recruits (R) are assumed to be new shell.

Equilibrium equations
The equations reflecting equilibrium conditions (i.e., in* = in, etc.) are simply:

in=R+ S, {(1 - Gin) “Tin P " S1in - in + 1- @io) “Tio " Pio * S1io - iO} (5)
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0 =S5" {(1 - (Din) “Siin in+ (1 - cl)io) “Stio iO} ) (6)
mn = Symn - {G)in "Tin * Pin " S1in "IN+ 04 " Tip - Py~ S1io lo} (7)
mo = Symo {Slmn "mn + Sy mo} (8)

where R above is now the equilibrium (longterm average) number of recruits-at-size vector.

Equilibrium solution
The equilibrium solution can be obtained by rewriting the above equilibrium equations as:

in=R+A-in+B-io 9)
io=C-in+D-io (10)
mn=E-in+F-io (11)
mo=G-mn+H-mo (12)

where A, B, C, D, E, F, G, and H are square matrices. Solving for io in terms of in in eq. 10, one obtains
io={1-D}y1-C-in (13)
Plugging eq. 13 into 9 and solving for in yields
in={1—-A—-B-[1-D]"'-Cc} 'R (14)

Equations 13 for io and 14 for in can simply be plugged into eq. 11 to yield mn while eq. 12 can then be
solved for mo, yielding

mo={1-H}1-G-mn (15)

where (for completeness):

A=S55in " (1=0p) Tin P - Stin (16)
B =Sm(1=0;) T i - S14o (17
C =S3i0" (1 —®ip) " Syin (18)
D =S50 (1 —®@y) - S14o (19)
E =SmnOinTin* Pin* S1in (20)
F = Smn0io " Tio " Pip * S1io (21)
G = S2mo * Simn (22)
H = S2mo * Simo (23)

Note that 0, the size-specific conditional probability of a molt being the terminal molt-to-maturity, is
defined above on the basis of post-molt, not pre-molt, size. This implies that whether or not a molt is
terminal depends on the size a crab grows into, not the size it at which it molted. An alternative approach
would be to assume that the conditional probability of terminal molt is determined by pre-molt size. This
would result in an alternative set of equations, but these can be easily obtained from the ones above by
simply reversing the order of the terms involving T and © (e.g., the term (1 — ©;,,) - T;,, becomes Ty, -

(1 - ®in))-
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Appendix C: 2016 Assessment Model Description (TCSAM2013)

Introduction

The 2016 Tanner crab stock assessment model (TCSAM2013) is an integrated assessment model
developed in C++ using AD Model Builder (Fournier et al., 2012) libraries that is fit to multiple data
sources. The 2016 assessment model code is publicly available on GitHub (on branch
“2016AssessmentModel”). While a number of options have been added to the code in recent years,
TCSAM2013 suffers “structural” difficulties with a number of hard-wired time periods and other
constraints that cannot really be addressed without re-writing the code. The model described herein is the
version used in the Sept. 2016 assessment (Stockhausen, 2016).

Model parameters in TCSAMZ2013 are estimated using a maximum likelihood approach, with Bayesian-
like priors on some parameters and penalties for smoothness and regularity on others. Data components
entering the likelihood include fits to survey biomass, survey size compositions, retained catch, retained
catch size compositions, discard mortality in the bycatch fisheries, and discard size compositions in the
bycatch fisheries. Population abundance at the start of year y in the model, n,, , , s », is Characterized by
sex x (male, female), maturity state m (immature, mature), shell condition s (new shell, old shell), and size
z (carapace width, CW). Changes in abundance due to natural mortality, molting and growth, maturation,
fishing mortality and recruitment are tracked on an annual basis. Because the principal crab fisheries
occur during the winter, the model year runs from July 1 to June 30 of the following calendar year.

A. Calculation sequence

Step Al: Survival prior to fisheries
Natural mortality is applied to the population from the start of the model year (July 1) until just prior to
prosecution of the pulse fisheries for year y at 6t§. The numbers surviving at 8t§ in year y are given by:

Al

=e _My,x,m,s,z

1 -5tF
Ny x,m,s,z YNy xms,z

where M represents the annual rate of natural mortality in year y on crab classified as x, m, s, z.

Step A2: Prosecution of the fisheries
The directed fishery and bycatch fisheries are modeled as pulse fisheries occurring at 6t§ inyeary. The
numbers that remain after the fisheries are prosecuted are given by:

2 — —F . A2
Ny xmsz = (1 —e 'x'm's'z) Ny,x,m,s,z

where F' represents total (across all fisheries) annual fishing mortality in year y on crab classified as x, m,
X, Z.

Step A3: Survival after fisheries to time of molting/mating
Natural mortality is again applied to the population from just after the fisheries to the time at which
molting/mating occurs for year y at §t3*. The numbers surviving at 5t;* in year y are then given by:

A3

_My,x,m,s,z'(gtjr/n_5t5)

3 — 2
Nyxmsz = € Ny x,m,s,z

where, as above, M represents the annual rate of natural mortality in year y on crab classified as x, m, s, z.
In the 2012 and 2013 assessments, molting and mating were taken to occur on Feb. 15 each year (6ty" =
0.625), and the pulse fisheries were taken to occur just prior to this (Stf, = 0.625, also), so the term in
the exponent in eq. A3 was 0 for all years.
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Step A4: Molting, growth, and maturation
The changes in population structure due to molting, growth and maturation of immature (new shell) crab,
as well as the change in shell condition for new shell mature crab due to aging, are given by:

4 — . .13

Ny x MAT NS,z = ¢y,x,2 Z 0y v 22 My MMNS,Z' Ada

Z,

4 — _ . .3

Ny x,IMM,NS,z = (1 ¢y,x,z') z ®y,x,z,z' ny,x,IMM,NS,Z’ Adb

ZI

n* =3 +n3 Adc

v,Xx,MAT,0S,z — "*y,x,MAT,0S,z v,X,MAT,NS,z

where ¢, . , is the probability that an immature (new shell) crab of sex x and size z will undergo its

terminal molt to maturity and ©,, , .+ is the growth transition matrix from size z’ to z for that crab.

Additionally, crabs that underwent their terminal molt to maturity the previous year are assumed to
change shell condition from new shell (NS) to old shell (OS; A.4c). Note that the numbers of immature,
old shell crab are identically zero in the current model because immature crab are assumed to molt each
year until they undergo the terminal molt to maturity; consequently, an equation for m=IMM, s=0OS above
is unnecessary.

Step A5: Survival to end of year, recruitment, and update to start of next year

Finally, population abundance at the start of year y+1 due to recruitment of immature new shell crab at
the beginning of the new year y+1 (ryx) and natural mortality on crab from the time of molting in year y
until the end of the model year (June 30) are given by:

Tyxz =Ry Pyx Ny Aba

-M (1=6tT) . 4 _ _ A5b
e MyxIMMNS,z YV ng e mmnsz T Ty+ixz M= IMM,s = NS

e —My 5m,sz'(1-6t3"

le+ 1,x,m,s,z
). Tl4 otherwise
Y,X,M,S,Z

B. Model processes: natural mortality

Natural mortality rates in TCSAM2013 vary across 3 year blocks (model start-1979, 1980-1984,1985-
model end) within which they are sex- and maturity state-specific but do not depend on shell condition or
size. They are parameterized in the following manner:

Mbase . spm otherwise B1
My xmsz =1, xoms xm T natural mortality rates
Az | Mbase . §M,, . - SMT,, 1980 <y < 1984 B2

where y is year, x is sex, m is maturity state and s is shell condition, the M2%5¢ are user constants (not

x,m,s

estimated), and the §M,, ,,, and SMy. ,, are parameters (although not all are estimated).

Priors are imposed on the §M,, ,,, parameters in the likelihood using:

87



_(5Mx,m_ﬂx,m)
Pr(6My ) = e 2:0%m

Prior probability function for M, ,,, | B3

The u’s and a?, along with bounds, initial values and estimation phases used for the parameters, as well
as the values for the constants, used in the 2016 assessment model are:

parameters/constant 2 lower upper initial | phas
S Hxm %m | pound | bound | value e code name

Mfc’,‘r’rf,‘i - B B B 0.23 NA baseM_msx

SMy i 101 005 1 oy 2.0 10 | 7 SWFac tmm

SMyavsmar 1.0 005 1 o4 1.9 1.0 7 SMFac Hath

Y- 1.0 1 005 | o4 1.9 1.0 7 oMfac atr

Mz 1mm B - - N 1.0 NA .

SMY 15 mar 0.1 10.0 1.0 7 olfac. Big(UALE)

SMEEMaLE MAT 0.1 10.0 1.0 7 pMfac_Big
(FEMALE)

where constants have phase = NA and estimated parameters have phase > 0. When no corresponding
variable exists in the model (i.e., the code name is NA), the effective value of the parameter/constant is

given.

C. Model processes: growth

Growth of immature crab in TCSAM2013 is based on sex-specific transition matrices that specify the
probability that crab in pre-molt size bin z grow to post-molt size bin z’. The sex-specific growth matrix
0, ., is related to the sex-specific parameters ax, by, and g, by the following equations:

Ay

Z,Z

axz—1, e_ B

G)x,z,z’ =Cxz" Az,z’

Sex-specific (x) transition matrix for
growth from pre-molt z to post-molt C1
z' withz' >z

-1
. _Az,z'
Cxz = z AZ’Z,“x,z e Bx
ZI

Normalization constant so

1= Z Gx,z,z’
Z,

C2

o
A, pp=72 —z

Actual growth increment

C3
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Uz = |Zx,, — 2]/ Bx Mean molt increment, scaled by B, C4
Z,, = e% - zbx Mean size after molt, given pre-molt c5
' size z
0, ., Is used to update the numbers-at-size for immature crab following molting using:
n;,z’ = Z Ny O zz C6

V4

where z is the pre-molt size and z' is the post-molt size.

Sex-specific priors are imposed on the estimated values @, and b, for the a, and by parameters using:

Pr(a,) = e__(a;;gax) Prior probability function for a’s Cc7
x = X
(bx=ny) . . .
Pr(B ) = e— 2.2 Prior probability function for b’s C8
x = X

The u’s and o2, along with the bounds, initial values and estimation phases used for the parameters are:

lower upper initial code name
2
parameter | sex (x) Hx Ox bound bound value phase
female 0.56560241 0.100 0.4 0.7 0.55 8 PGrAF1
ax
male 0.43794100 | 0.025 0.3 0.6 0.45 8 DGrAML
female 0.9132661 0.025 0.6 1.2 0.90 8 pGrBF1
bx
male 0.9487000 0.100 0.7 1.2 0.95 8 PGrBN1
,Bx both NA NA 0.75000 0.75001 0.750005 -2 pGrBeta x

Note that the £, are treated as constants because the associated estimation phases are negative.

D. Model processes: maturity (terminal molt)

Maturation of immature crab in TCSAM?2013 is based on sex- and size-specific probabilities of
maturation, ¢, ,, where size z is post-molt size. After molting and growth, the numbers of crab remaining
immature, ny ;ym vs.z» @nd those maturing, n; yar ns 2, at post-molt size z are given by:
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n;,IMM,NS,Z = (1 - ff’x,z) "Ny IMM,NS,z Dla

+ — .
Ny, MAT NS,z = b,z " Nx IMMNS,z D1b

where n, ;yy ns,z 1S the number of immature, new shell crab of sex x at post-molt size z.

Two options are now available to parameterize ¢, , relative to model parameters p’#*. In the old
parameterization, the pJ'#* are log-scale parameters related to the ¢, , by:

ePFEMALEZ 7 < 100 mm CW female probabilities of maturing at
PrEMALEz = = . D2a
’ 1 7> 100 mm CW pre-molt size z
_ pmat male probabilities of maturing at
Puapz = €PMALE pre-molt size z D2b

whereas, for the option used in the 2016 assessment model, the pJ’#* are logit-scale parameters related to
the ¢, , by:

_ {1/ + ep}?E“z&ALE,z) 72 <100 mm CW female probabilities of maturing at
brEMALEz = - ; D3c
’ 1 7> 100 mm CW pre-molt size z
_ pmat male probabilities of maturing at
PmaLez = 1/(1 + ePMaiez) pre-molt size z b3d

For both options, each pFii 4.z, is an estimated parameter (16 parameters), as is each pij4fz , (32
parameters).

Second difference penalties, P24t on the parameter estimates are applied in the model’s objective
function to promote relatively smooth changes with size. Penalties on negative first differences, P14,
are applied to avoid a decline in the probability of molting-to-maturity at larger sizes. These penalties are
of the form

st_di : - — .
P17 = posfun(Vplat) iiz EEilfference penalties for decreasing probabilities with Dda
2
P23t = Z[V(Vparcr,lza t)] 2M-difference (smoothness) likelihood penalty D4b
z
Vptt = pgt — pidty first differences Ddc

The bounds, initial values and estimation phases used for the parameters in the 2016 assessment model
for the standard option were:

parameters lower bound | upper bound initial value phase code name

PMALE,2 -15 15 0 S PPrM2VF
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PFEMALE 2 -15 15 0 S PPIM2ME
E. Model processes: recruitment
Recruitment of immature (new shell) crab in TCSAM2013 has the functional form:
Ryrz=Ryx'R, recruitment of immature, new shell crab | E1

where y is year, X is sex, and z is size. Ry,x represents total sex-specific recruitment in year y and R,
represents the size distribution of recruits, which is assumed identical for males and females.

Sex-specific recruitment, Ry,x, is parameterized as

sex-specific recruitment of

H H
) ePLNR"+5Ry Y < Yrec (historic recruitment)
By, = E2

LnR+6R . .
e? Y Yrec <Y (current recruitment) immature, new shell crab

where y,... is the first year of “current” recruitment, the sex ratio at recruitment is assumed to be 1:1 and
the 6Ryand 8R;! are “devs” parameter vectors, with the constraint that the elements of a “devs” vector
sums to zero. Prior to the 2016 assessment, yrec Was hard-wired to 1974, but it is now an input in the
model control file. Independent parameter sets are used for the “historic” period during model spin-up
(1949-1973) and the “current” period (1974-2013).

The size distribution for recruits, R,, is based on a gamma-type distribution and is parameterized as

R,=ct- Az%_l . e-% size distribution of recruiting crab E3

a Az
-1 —=Z. .
where a and 8 are parameters, A,= z + 2.5 — z,,;, and c = Y, A,# ~ - e B isanormalization constant

sothat 1 =Y, R,. Zmin is the smallest model size bin (27 mm) and the constant 2.5 represents one-half the
size bin spacing.

Penalties are imposed on the “devs” parameter vectors 6R,,and 6R§’ in the objective function as follows:

2
P(6R) = Z oRy Penalty function on 6R,, E4
y
P(SRH) = Z(SRJI;I _ 6R5_1)2 g;gifference penalty function on E5
y y

The bounds, initial values and estimation phases used for the parameters used in the 2016 assessment
model are:

lower upper initial

arameters
P bound bound value

phase code name
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pLnR" N B 0.0 1 pMnLnRecHist
pLnR - - 4.49 1 pMnLnRec
6RJI/1 s = 0 1 pRecDevsHist
R, 15 > 0 1 pRecDevs
a 11.49 1151 11.50 8 oRecAlpha
B 399 401 4.00 -8 pRecBeta

where parameters with phase < 0 are not estimated (i.e., treated as constants).

F. Model processes: fisheries

Four fisheries that catch Tanner crab are included in TCSAMZ2013: 1) the directed Tanner crab fishery, 2)
the snow crab fishery, 3) the BBRKC fishery and 4) the various groundfish fisheries (lumped as one
bycatch fishery). Crab (males only) are assumed to be retained exclusively in the directed fishery.
Bycatch of non-retained Tanner crab (males and females) is assumed to occur in all four fisheries; discard
mortality fractions for the (discarded) bycatch are assumed to differ between the crab and groundfish
fisheries due to the differences in gear used (pots vs. primarily bottom trawl).

Two options now exist in the TCSAM?2013 code to model fishing mortality: the old option (used in
assessments prior to 2016) and the Gmacs(Whitten et al., 2013) option (used in the 2016 assessment). For
both options, the predicted number of crab killed in fishery f by year in TCSAM2016 assessment model
has the functional form:

S
f — y,X,TH,S,Z _FT 1 - - - .
My xmsz = T ‘[1—e y.x.m,s.z] Ny ems,z estimated crab mortality in fishery f F1
Y, x,;m,s,z

where y is year, X is sex, m is maturity state, s is shell condition and z is size, Fy’fx_m‘s‘z Is sex/maturity
state/shell condition/size-specific fishing mortality in year y, and FyT_x,m_s_Z =Xr Fy’f x.m,s,z 1S total fishing
mortality sex x crab in maturity state m and shell condition s at size z at the time the fisheries occur in
year y. Note that mj);,x,m,s,z represents the estimated mortality in numbers associated with fishery f, not the

numbers captured (i.e., brought on deck). These differ because discard mortality is not 100% in the
fisheries).

In the standard option, the total fishing mortality rate Fy’f xm.s,z TOr each fishery is decomposed into two
multiplicative components: 1) the mortality rate on fully-selected crab, FMZ, and 2) a size-specific

selectivity function s/

yxms,z &S follows:

Fy],cx,m,s,z = FMJJ:,x 'Sf

y,x,m,s

fishing mortality rate in fishery f | F2s
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In the Gmacs option, the total capture C;‘ xm.s,z'ate for each fishery is similarly decomposed into two
multiplicative components: 1) the capture rate on fully-selected crab, Fc!, and 2) a size-specific
selectivity function Syf, xm.s,z» as follows:

ijlc,x,m,s,z = FCJJ/C,x 'Sf

y,x,m,s

fishing mortality rate in fishery f | F2s

For the Gmacs option, the fishing mortality rate Fy’f xm,s,z \S related to the capture rate C;, xmsz DY

Fy{c xmsz = (ry’f xmsz T hmg-[1— rjf xmszl) C;‘ Xm.s.z fishing mortality rate in fishery f | F2g

where r}{x,m,s,z is the “retention” function and hmy is the rate of handling mortality on discarded (non-

retained) crab.

Fully-selected fishing mortality

The manner in which the fully-selected fishing mortality (or capture) rate is further decomposed is time-
dependent and specific to each fishery. Consequently, this decomposition is discussed below specific to
each fishery.

Considering total fishing mortality (retained + discards) in the directed Tanner crab fishery (TCF) first,
the fully-selected fishing mortality is modeled differently in three time periods. In the standard FMM,
total sex-specific fishing mortality is parameterized as

0.05 y < 1965 fuIIy-S(_aIected fishing
FMISF = 0 1965 <y, fishery closed gyortahty rate in the F3s
" irected Tanner crab

ePLNFTCF+8F CF 4 pLnFlCF

1965 <y, fishery open | fishery

where pLnFT¢Fis a parameter representing the mean In-scale fishing mortality in the Tanner crab fishery
since 1964 (catch data for this fishery begins in 1965), 6FyTCF represents a “devs” parameter vector with
elements defined for each year the fishery was open, and pLnETF is an optional female-only log-scale
offset (i.e., pLnFLS, x = 0) added this year. Prior to 1965, a small directed fishing mortality rate (0.05) is
assumed.

The parameterization for sex-specific capture rates in the Gmacs FMM looks identical, but the parameters
have different interpretations:

0.05 y <1965 fully-selected capture rate
FCIF = 0 1965 <y, fishery closed | in the directed Tanner F3g
ePLnF T +Ory T plniY " 1965 <y fishery open | Crab fishery

For Tanner crab bycatch in the snow crab fishery (SCF), the fully-selected discard fishing mortality is
modeled differently in three time periods using:
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0.01 y <1978 . _
<cr fully-selected discard fishing
FMSSF ={ r3¢F - ECr - ePInf 1978 <y <1991 mortality rate in the snow crab | F4s
epmSCF+5F5§CF+anF5§CF 1992 < y fIShery

where pLnF5¢Fis a parameter representing the mean In-scale bycatch fishing mortality in the snow crab
fishery since 1992 (when reliable observer-based Tanner crab discard data in the snow crab fishery first
became available), 6Fy5CF represents a “devs” parameter vector with elements defined for each year in
this time period, and pLnFE°F is an optional female-only log-scale offset (i.e., pLnF;Gr - = 0) added this
year. Prior to 1978, a small annual discard mortality rate associated with this fishery (0.01) is assumed.
Annual effort data (total potlifts, EySCF ) is used to extend predictions of Tanner crab discard mortality in
this fishery into the period 1978-1991. To do this, the assumption is made that effort in the snow crab
fishery is proportional to Tanner crab discard fishing mortality and estimate the proportionality constant,
rSCF | using a ratio estimator between effort and discard mortality in the period 1992-present:

1 resent - - n . -

= yprese FMSCF ratio estimator relating fishing
rSCF = {Nl yz1o Y } mortality rate to effort in the

{N Zf,r:ef;;lzt Ej¢F } snow crab fishery

where N is the number of years, 1992-present.

F5

For Tanner crab bycatch in the BBRKC fishery (RKF), the fully-selected discard fishing mortality when
the fishery was open is modeled differently in three time periods using:

RKF
FMyx fully-selected discard

0.02 e y <1953 fishing mortality rate |
= {max {001, —In[1 — rR¥F . ERKF . eptnEET]L 1953 < y < 1991 in the BBRKC
G PIRFRKE {SEBKE i REE 1992 < 3 fishery

where pLnFRXFis a parameter representing the mean In-scale bycatch fishing mortality in the BBRKC
fishery since 1992 (when observer-based Tanner crab discard data in the BBRKC fishery first became
available), SFyRKF represents a “devs” parameter vector with elements defined for each year in this period
that the fishery was open, and pLnERXF is an optional female-only log-scale offset (i.e., pLnFEXF. = 0)
added this year.. Prior to 1953, a small annual discard mortality rate associated with this fishery (0.02)
was assumed. Annual effort data (total potlifts, EJ’,?KF ) was used to extend predictions of Tanner crab
discard mortality in this fishery into the period 1953-1991. To do this, we made the assumption that effort
in the BBRKC fishery is proportional to Tanner crab discard fishing mortality and estimate the
proportionality constant, 7?XF using a ratio estimator between effort and discard mortality in the period
1992-present:

D |

r - 1 present ~RKF
twEois £

ratio estimator relating fishing
mortality rate to effort in the
BBRKC fishery

Fr7

N “y=1992

where N is the number of years, 1992-present, when the BBRKC fishery was open. For any year that the
BBRKC fishery was closed, FM§" was set to 0.

Finally, for Tanner crab bycatch in the groundfish fisheries (GTF), the fully-selected discard fishing
mortality in the fishery was modeled differently in two time periods using:
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( present .
- fully-selected discard
GTF GTF GTF
FMETF — Jﬁ z ePLFT AR TAPLIETT <1973 fishing mortality rate | o
yx y=1992 in the groundfish
epmGTF +8FSTF +pLnFETF 1973 <y trawl fisheries

where pLnF¢TFis a parameter representing the mean fully-selected In-scale bycatch fishing mortality in
the groundfish fisheries since 1973 (when observer-based Tanner crab discard data in the groundfish
fisheries first became available), 6FyGTF is a “devs” parameter vector with elements representing the
annual In-scale deviation from the mean, and pLnESTF is an optional female-only log-scale offset (i.e.,
pLnFSEF - = 0) added this year. Prior to 1973, the fully-selected discard mortality rate associated with
these fisheries was assumed to be constant and equal to the mean over the 1973-present period.

When the Gmacs FMM option is selected instead of the standard FMM, the previous parameterizations
apply to the FC}{x’s, not the FM}’,C,x’s.

The bounds (when set), initial values and estimation phases used for the fully-selected fishing mortality
parameters and devs vectors in the 2016 assessment model were:

parameters kl)?)\ijvr?crj ggﬁﬁ; I\?a:ltlljael phase code name
pLnFTCF - B -0.7 1 pPAVgLNF_TCF
5FyTCF 15 15 0 2 pF_DevsTCF
pLnESCF - B -3.0 3 PAVgLNF_SCF
5Fy5 CF 15 15 0 4 pF_DevsSCF
SLAFRKF -5.25 -5.25 5.5 4 N
SERKF 15 1 0 B PF_DevsRKF
pLnFCTF - - -4.0 2 pAvgLNF_GTF
SEFTF 15 15 0 3 pF_DevsGTF

where all parameters and parameter vectors were estimated (phase > 0), except for those associated with
the BBRKC fishery.

Fishery selectivity

The manner in which fishery selectivity is parameterized is also time-dependent and specific to each
fishery, as with the fully-selected fishing mortality. However, the time periods used to define selectivity
are not necessarily those used for the fully-selected fishing mortality.

95




In the directed Tanner crab fishery (TCF), total (retained + discards) selectivity (under the standard

FMM) or capture selectivity (under the Gmacs FMM) is modeled using sex-specific ascending logistic

functions. For males, in addition, total selectivity is parameterized differently in three time periods,
corresponding to differences in information about the fishery (pre-/post-1991) and differences in the

fishery itself (pre-/post-rationalization in 2005):

total selectivity for
TCF _ —pBTCE  (7-pzg,TCF females in the
Sy FEMALEmsz = {1 + e Phreuae (+PZsor EMALE)} directed Tanner crab | ©°
fishery
-1
( {1 + e_pBIT\;IiFL(El) (Z-Efffw)} y <1990
rcr _ppICF, (z—zsoTCF ) -1 total sglectmt_y for
SyMaLEmsz =11 te yMALE 1991 < y <1996 | males in the directed | F10
-1 Tanner crab fishery
TCF(2), TCF
l{l + e PPuare (Z"ZSOV»MALE)} 2005 <y <2009
where the pﬁTCF Oare parameters controlling the slopes of the associated logistic selectivity curves,
pZ5OITrgFM A 1S the parameter controlling the size of females at 50% selection, EL&’JLE controls the size

of 50%-selected males in the pre-1991 period, and ZsoTCF

,MALE

controls the size of 50%-selected males in

the post-1990 period. The latter three quantities are functlons of estimable parameters as described in the

following:
1996
. - .

Zeo! Z 25 TCF male size at 5_O/o selected used in F11

waLE = 6 y.MALE pre-1991 period

y=1991

TCF pLnZsoTCF +6825,TCF male size at 50%-selected used in

250y, MALE — a0y uavs post-1990 period F12

where pLnZs, ¢ M ALE is a parameter controlling the In-scale mean male size at 50% selectivity post-1990

and SZSOJT/%ALE is a parameter vector controlling annual In-scale deviations in male size at 50%

selectivity post-1990. As formulated, selectivity in the directed fishery is not a function of maturity state
or shell condition.
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The bounds, initial values and estimation phases used in the 2016 assessment model for the 5 parameters
describing total selectivity in the directed Tanner crab fishery were:

parameters k')%\ﬁé ggﬁﬁ& '\?;ltlljael phase code name
PBFEMALE 01 04 0.25 3 sIpTCFF_z50
rZ 50£gFMALE 80 120 115 3 sel TCFF_z50
PByars’ 0.05 075 0.4 3 sel TCFF_z50
e 04 04 0.25 3 fish_slope_yr 3
anZ501T4€4FLE 40 >0 4.5 3 log_avg _sel50 3

where all parameters were estimated. The bounds, initial values and estimation phase used in the 2016
assessment model for the In-scale “devs” parameter vector 6250§C1; a1 describing annual deviations in
male size at 50%-selected (1991-1996, 2005-2009) were:

arameters lower Upper initial hase code name
P bound bound value P
TCF -0.5 05
6Z 50y, MALE 0 3 log_sel50_dev_3

In the snow crab fishery (SCF), bycatch (discard) selectivity is modeled using three time periods (model
start to 1996, 1997-2004, 2005 to present). Male selectivity is described using dome-shaped (double
logistic) functions in each period, with:

SCF(D) <
SMALE z y =199 male selectivity in the

SytaLEmsz = 51514?4}2%2; 1997 <y < 2004 F13
' snow crab fishery

\Sons) 2005 <y
where the double logistic functions s,ﬁ,fﬁ)z are parameterized using:
S50 — {14 o PR el 1y T o) e g
where pB: " “@and PZso 3" %) are the 6 parameters controlling the ascending limb of the double
logistic function and pﬁ,fCF Dand pZ50fCCF (td) are the 6 parameters controlling the descending limb for

each period t. Note that pZs,5F® is evaluate on the log-scale to ensure positivity.
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Female selectivity is described using ascending logistic functions in each period, with:

SCF(1)
SFEMALE,z y = 1996 fermale selectivity in th
SCF ) oSCF(2) emale selectivity in the
SyFEMALEm,sz = \ Sremare, 1997 <y <2004 snow crab fishery FI5
SCF(3)
kSFEMALE,z 2005 <y
where the ascending logistic functions SFSEL(EE,Z are parameterized using:
-1 - . -
SCF(t) —pBSCED (5 pz.,SCF® ascending logistic
SFEMALE,z = {1 te FEMALE( SOFEMALE) selectivity F16

where the pﬂ,fCF ®are the 3 parameters controlling the slopes of the associated logistic selectivity curves

and the pZSOfCCF ®) are the 3 parameters controlling size at 50%-selection.

As formulated, selectivity in the snow crab fishery is not a function of maturity state or shell condition.
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The bounds, initial values and estimation phases used in the 2016 assessment model for the 12 parameters
describing male selectivity in the snow crab fishery were:

parameters !)%Vl;lﬁ:j ggﬁﬁ(rj '\?;}:Ja; phase code name
P 001 020 0.255 4 selSCFM_slpAl
PZsopars” 00 120 1225 4 selSCEM_z50A1
E%sld) 001 00 0.255 4 selSCFM_slpD1
PZSOIS\EEL% ? 40 200 120 4 selSCFM_Inz50D1
I;fqiga) 001 00 0.255 4 selSCFM_slIpA2
PZSOIS\EEL(; 9 °0 10 1225 4 selSCFM_z50A2
I;fqigd) 001 00 0.255 4 selSCFM_slpD2
PZSOIS\EEL(; ? 40 200 120 4 selSCFM_Inz50D2
I;fqiga) 001 00 0.255 4 selSCFM_sIpA3
PZsoﬂ(S a) °0 10 122.5 4 selSCFM_z50A3
v 001 00 0.255 4 selSCFM_s1pD3
PZsopars 40 200 120 4 selSCEM_InZ50D3

where all parameters were estimated.
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The bounds, initial values and estimation phases used in the 2016 assessment model for the 6 parameters
describing female selectivity in the snow crab fishery were:

parameters é%vdﬁ(rj ggﬁﬁ(rj '\?;}La; phase code name
PBrsmate 0.05 0 0.275 4 selSCFF_slpAl
PZsopemals >0 120 100 4 selSCFF_z50A1
b ggfq(jzzs 0.05 05 0.275 4 selSCFF_slpA2
pZ5OI§gI;/I(j2,E >0 120 85 4 selSCFF_z50A2
p Ifng/l(:zE 0.05 05 0.275 4 selSCFF_slpA3
PZsoi‘éﬂiiE >0 120 85 4 selSCFF_z50A3

where all parameters were estimated.

In the BBRKC fishery (RKF), bycatch (discard) selectivity is also modeled using the three time periods
used to model selectivity in the snow crab fishery (model start to 1996, 1997-2004, 2005 to present), with
sex-specific parameters estimated in each period. All sex/period combinations are modeled using
ascending logistic functions:

-1

( {1 n e—pﬁ,‘f"””-(z-pzsoﬁi”(”)} y <1996
RKF  _ _pgRKF®@) . (,_ o RKF(2))) ! selectivity in the
Sykmsz = {1+ e PPl T 1997 <y < 2004 BBRKC fishery F17
-1
{1+ e—pﬁ,‘;"”(”-(z—pzsoﬁ”“’)} 2005 <y
where the pﬁfKF ®are 6 parameters controlling the slopes of the associated logistic selectivity curves and

the pZSOJ’fKF ®) are 6 parameters controlling size at 50%-selection. As formulated, selectivity in the
BBRKUC fishery is not a function of maturity state or shell condition.
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The bounds, initial values and estimation phases used in the 2016 assessment model for the 12 parameters
describing male selectivity in the BBRKC fishery were:

parameters k')?)\a’ﬁé ggﬁﬁ& '\?;ltlljael phase code name
AL 001 050 0.255 3 selRKFM_slpAl
PZSOZI%;) » 120 1225 3 selRKFM_z50A1
ALy 001 00 0.255 3 selRKFM_slIpA2
PZSOZI%EZ) % 10 1225 3 selRKFM_z50A2
ALy 001 00 0.255 3 selRKFM_slIpA3
PZSOZI%;) % 10 1225 3 selRKFM_z50A3

where all parameters were estimated.

The bounds, initial values and estimation phases used in the 2016 assessment model for the 6 parameters

describing female selectivity in the BBRKC fishery were:

parameters kl)%\ijvr?(; ggﬁﬁ; T{;It:]ael phase code name
PBramaie 0.005 00 0.2525 3 selRKFF_slIpAl
PZs0mmmars >0 120 100 3 seIRKFF_z50A1
FENoLE 0.005 050 0.255 3 selRKFF_slpA2
pZSO%AZfL)E >0 120 100 3 selRKFF_z50A2
FENLE 001 050 0.255 3 selRKFF_slpA3
pZ5O§§I€If2E >0 170 110 3 selRKFF_z50A3

where all parameters were estimated.

In the groundfish fisheries (GTF), bycatch (discard) selectivity is also modeled using three time periods
(model start to 1986, 1987-1996, 1997 to present), but these are different from those used in the snow
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crab and BBRKC fisheries. Sex-specific parameters are estimated in each period; all sex/period
combinations are modeled using ascending logistic functions:

SGTF

({1 + e‘pﬁg”(l)'(z—l’zsog”(l))}_1

y <1986

GTF(2) -1
sz = {1 e B '(Z—PZsoﬁT””)} 1987 <y < 1996

-1
{1 n e_pﬁgTF@),(z_szogTF(a))}

1997 <y

selectivity in the
groundfish fisheries

F18

where the ppS™ ®

are 6 parameters controlling the slopes of the associated logistic selectivity curves and
the pZSOgTF(p) are 6 parameters controlling size at 50%-selection. As formulated, selectivity in the
groundfish fisheries is not a function of maturity state or shell condition.

The bounds, initial values and estimation phases used in the 2016 assessment model for the 12 parameters
describing male selectivity in the groundfish fisheries were:

parameters k')%\avﬁ(rj ggﬁﬁ; I\?a:ltlljael phase code name
LS 001 050 0.255 3 selGTFM_slpAl
PZsogars 40 12001 80.005 3 selGTFM_z50A1
s 001 050 0.255 3 selGTFM_slpA2
PZsogare 40 12001 80.005 3 selGTEM_z50A2
LS 001 050 0.255 3 selGTFM_sIpA3
PZsopars 40 12001 80.005 3 selGTFM_z50A3

where all parameters were estimated.
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The bounds, initial values and estimation phases used in the 2016 assessment model for the 6 parameters
describing female selectivity in the groundfish fisheries were:

lower upper initial

parameters bound bound value phase code name
PBrgmaie 001 050 0.255 3 selGTFF_slpAl
PZsoppmar 40 12501 82.505 3 selGTFF_z50A1
b qulll;ng 0.005 00 0.255 3 selGTFF_slpA2
PZs0pmark 40 22001 145.005 3 selGTFF_z50A2
p ggzﬁfBE 001 00 0.255 3 selGTFF_slpA3
PZs0pmark 40 12001 95.005 3 selGTFF_z50A3

where all parameters were estimated.

Retention in the directed fishery

Retention of male crab in the directed fishery is modeled as a multiplicative size-specific process “on top”
of total (retention + discards) fishing selectivity. The number of crab (males only) retained in the directed
Tanner crab fishery is given by

RTCF .
FTCF  _ ymsz__ 1 _ o=Fym ALE,m_S_Z] b aLE _retalned_ male cr'ab (numbers) F19
P R MALEms.z Y MALE,m,s,z in the directed fishery

where Rﬁfl s,z IS the retained mortality rate associated with retention, which is related to the total fishing
mortality rate on male crab in the directed fishery, F} a1z m.s,z» by

R;.CrrFl,s.z = p;,%s,z ' szwFALE,m,s,z retained mortality rate in the F20
— TCF , ,TCF . ¢TCF H H
=FMy*" - pyinss SyMaLEms directed fishery

where pJ¢F s , represents size-specific retention of male crab. Retention at size, pJ %7  ,, in the directed
fishery is modeled as an ascending logistic function, with different parameters in two time periods, as
follows:

_pRTCFRQA).(z_pz. TCFR(1) -1
TCF  _ {1 +ePh (+=ps0 )} y <1990 size-specific retention in the

= . . F21
py,m,s,z {1 + e—pBTCFR(Z)'(Z-DZsoTCFR(Z))}_l 1991 S y dll’ected fIShery

where pBTCFR® js the parameter controlling the slope of the function in the each period (t=1,2) and

pZsoTCFRM s the parameter controlling the size at 50%-selected. As formulated, retention is not a
function of maturity state or shell condition.
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The bounds, initial values and estimation phases used for the size-specific retention parameters in the
2016 assessment model were:

parameters k')%\ﬁé ggﬁﬁ& '\?;ltlljael phase code name
p.BTCFR(l) 025 1oL 0.63 3 fish_fit_slope_mnl
PZSOTCFR(l) 8 160 122.5 3 fish_fit_sel50_mnl
P.BTCFR(Z) 025 201 113 3 fish_fit_slope_mn2
pZs,"FR@ 8 160 122.5 3 fish_fit_sel50_mn2

where all parameters were estimated.

G. Model indices: surveys
The predicted number of crab caught in the survey by year in the 2013 TCSAM model has the functional
form:

sTv S predicted number of crab caught in

n = . ‘n Gl
yaxmsz = Qyx " Oyxz  Nyxmsz survey

where y is year, X is sex, m is maturity state, s is shell condition and z is size, q,, ,is sex-specific survey
catchability in year y, S,, . , is sex-specific size selectivity in year y, and n,, , ,,,  , is the number of sex x
crab in maturity state m and shell condition s at size z at the time of the survey in year y.

Three time periods that were used to test hypotheses regarding changes in catchability and selectivity in
the survey over time are defined in the model. These periods are defined as: 1) y < 1982,2) 1982 <y <
1987, and 3) 1988 < y. As parameterized in the 2016 assessment model, catchabilities in periods 2 and 3
were assumed to be identical, so only two sets of sex-specific parameters reflecting catchability were used
in the model. In terms of the three time periods, catchability was parameterized using the sex-specific
parameters gL and g!! in the following manner:

qL y < 1982 survey
— 11
Qyx =149x 1982 <y <1987 catchability G2
ql! 1988 < y

The bounds, initial values and estimation phases used for these parameters in the 2016 assessment model
were:

lower upper initial

arameters
P bound bound value

phase code name

104




0.50

1.001

QIIVIALE 0.7505 srv2_q
ql{“EMALE 050 1.001 0.7505 srv2_femQ
. 0.20 2.00 11 srva g
A raLe 0.20 1.00 0.6 srva. fen

where all parameters were estimated (phase > 0).

Similarly, survey selectivity in periods 2 and 3 was assumed identical and only two sets of sex-specific

parameters were used to describe survey selectivity using logistic functions:

( {1+ e—[ln(19>-<z—z50§,>/sz95§,]}_1

~[In(19)-(z250/1) /62651 ) "
k{l +e

y < 1982

-1
Sy,z — {1 + e—[ln(19)-(z—250¥)/5295¥]} 1982 < y < 1987

1987 <y

survey

selectivity

G3

where the zs0’s are parameters reflecting the inflection point of the logistic curve (i.e., size at 50%
selected) and the 8zq5’s are parameters reflecting the difference the sizes at 50% and 95% selected.
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The bounds, initial values and estimation phases used for the selectivity parameters used in the 2016

assessment model were:

parameters k')%\ﬁé ggﬁﬁ& I\?a:ﬂjael phase code name
2505\/1ALE 0 %0 45 4 srv2_sel50
Z50§7EMALE 200 100.01 -49.005 4 srv2_sel50 f
8205y aLs 0 100 50 4 srv2_seldiff
8295 kpaiaLE 0 100 50 4 srv2_seldiff f
Zsoﬁ,ALE 0 69 34.5 4 srv3_sel50
Z50pEMALE 0 o9 9.5 4 srv3_sel50_f
0Zo5 Lk 0 100 50 4 srv3_seldiff
8295 hpriaLE 0 100 50 4 srv3_seldiff f

where all parameters were estimated (phase > 0).

H. Model fitting: objective function equations

The TCSAM?2016 assessment model is fit by minimizing an objective function, ¢, with additive
components consisting of: 1) several penalty functions, 2) several negative log-likelihood functions based
on assumed prior probability distributions for model parameters, and 3) several negative log-likelihood

functions based on input data components, of the form:

o= A Fr=2) Ay-In(,) =2 ) A+ In(Ly)
f p !

model objective
function

H1

where F¢ represents the fth penalty function, g,, represents the pth prior probability function, £;
represents the Ith likelihood function, and the A’s represent user-adjustable weights for each component.

Penalty Functions

The penalty functions associated with various model quantities are identified in the section (B-F)

concerning the associated process.

Prior Probability Functions

The prior probability functions associated with various model parameters are identified in the section (B-

F) concerning the associated parameter.
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Likelihood Functions

The model’s objective function includes likelihood components based on 1) retained catch size
frequencies (i.e., males only) in the directed fishery from dockside observer sampling; 2) total catch
(retained + discarded) size frequencies by sex in each fishery from at-sea observer sampling; 3) size
frequencies for immature males, mature males, immature females, and mature females, respectively, from
trawl survey data; 4) dockside retained catch biomass (i.e., males only) in the directed fishery from fish
ticket data; 5) estimated total catch (retained + discarded) mortality in biomass by sex in the crab and
groundfish fisheries from at-sea observer sampling; and 6) estimated mature biomass by sex from trawl
survey data. As discussed in more detail below, size frequency-related likelihood components are based
on the multinomial distribution while those related to biomass are based on either the normal or
lognormal distributions.

Size frequency components
Fishery-related (log-scale) likelihood components involving sex-specific size frequencies are based on the
following equation for multinomial sampling:

f obs.f
2. QP
z

y
where f indicates the fishery, x indicates sex, the y’s are years for which data exists, "§,x

specific effective sample size for yeary, p;gcf'zf is the observed size composition in size bin z (i.e., the size
frequency normalized to sum to 1 across size bins for each year), p}’,',‘,?le'f is the corresponding model
estimate, and § is a small constant.

multinomial

In(LM)f
* log-likelihood

= In(pye” +6) = vy - In(pyas +6) H2

is the sex-

Size compositions for retained catch (male only) in the directed Tanner crab fishery are obtained from

dockside observer sampling and calculated from shell condition-specific size frequencies ry"_’,{,,sATL%‘_’S‘Z
using:
3 7ObSTCF retained size compositions for the
) »S,Z . . .
e ALEz = R directed fishery from dockside H3
Xis Xz Ty MALE,s,z observer sampling

where s indicates shell condition (new shell, old shell) and z indicates the size bin. The corresponding
model size compositions are calculated from the predicted numbers retained in the directed fishery

mod.TCF i
y,MALE,m,s,z usmg
Y, 3 rmod.TCF model-predicted retained catch size
) ,M,S,Z s .
ity = Yoo compositions for the directed H4
Zm Zs Zz ry,MALE,m,S,Z fishery

where, additionally, m is maturity state (immature, mature).

Size compositions for total (retained + discarded) catch in fishery f (f = 1-4) are sex-specific and are
calculated from sex/shell condition-specific size frequencies 7wz, + dyas, Obtained from at-sea
observer sampling using:

sex-specific size compositions for
total catch for fishery f from at-sea
observer sampling

obs.f obs.f
ObS.f _ ZS [ry,x,s,z + df,y,x,S,Z]

_ H5
X, Z
Y Zs Zz[rj?,alg,ss,z + d;,lggs,z]
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where s indicates shell condition (new shell, old shell) and z indicates the size bin. In the above equation,

d;f’,jgz has not been discounted for discard survival (i.e., it’s consistent with setting discard mortality to

100%). The corresponding model size compositions are calculated from the predicted total fishing

mortality (numbers) in each fishery f, m}ewrs , (= 1yns ; + 85 - dyeats ), using
Y5 mmods model-predicted total catch
e = il mortality size compositions for H6
WX, mod.f .
Zm Zs Zz my, xm,s,z flshery f

where, again, the subscript m is maturity state (immature, mature). In eq. H6, m;”,‘c’%fsz does not assume
any particular value for discard mortality.

Log-scale likelihood components for the trawl survey involve size frequencies that are sex- and maturity
state-specific, and thus are based on the following equation for multinomial sampling:

ln(LM)srv — Z an/r;sz
y

) . ) multinomial H7
' Z{Pﬁ,xfﬁé’ (Y% + 8) — poimy log-likelihood

An(potssry + 5))

where x indicates sex, the y’s are years for which data exists, nj’y, is the sex- and maturity-state specific
effective sample size for year y, pp55;™ is the observed size composition in size bin z (i.e., the size
frequency normalized to sum to 1 across size bins for each year), p;{l,gg-srv is the corresponding model
estimate, and § is a small constant.

Fishery biomass components
Likelihood components related to fishery biomass totals are based on the assumption of normally-
distributed sampling, and generally have the simple form:

bsf d.f12
In(LM)] = —o. 52[19" 7 —byy normal log-likelihood | H8

obsf mod f

where b,, . is the sex-specific catch mortality (as biomass) in fishery f for yeary and b,, is the
correspondlng value predicted by the model. Components of this sort are calculated for retalned biomass
in the directed fishery, total (retained + discard) sex-specific fishery-related mortality in the model crab
fisheries, and discard-related (not sex-specific) mortality in the groundfish fishery. The observed
components of discard-related mortality for each fishery are obtained by multiplying the observed discard
biomass by the assumed discard mortality fraction.

This year, an option to apply a lognormal likelihood to fishery biomass totals was implemented using:

H9

2
In(£M), = —o. 52 [ln(bODSf +8) - ln(bmdf +6)] lognormal log-
Il 2-In(1 + cv}) likelihood

where the cv, ’s represent assumed error cv’s, by fishery.
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Survey biomass components
Likelihood components related to survey biomass are based on the assumption of lognormally-distributed
sampling errors, and have the form:

2
In(LN)sY = — Z (g™ +8) — In(byR*™ + 6)] lognormal log- Ho
o 2-In(1 + cvZ,) likelihood
> ,

where b95ssTV s sex-specific mature biomass estimated from the trawl survey data for year y, bj2%<™ is
the corresponding value predicted by the model, and cvy is the cv of the observation. Survey numbers-at-
size ng’,fjgfﬁ{;’z, classified by sex, shell condition and maturity state, are combined with sex- and maturity
state-specific weight-at-size relationships w,. ,, , to estimate sex-specific mature biomass bg5°=™ using

obs.srv _ obs.srv . .
byx = Z z Ny x, MATURE,s,z * Wx,MATURE,z mature biomass H10
S z

An equivalent equation is used to calculate b},’},?d'sr".
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