Appendix K:
Description of the Tanner Crab Stock Assessment Model (ver. 2)

Introduction
The computer code used in the 2016 Tanner crab stock assessment (Stockhausen, 2016), referred to here

as “TCSAMZ2013” (i.e., an acronym for Tanner Crab Stock Assessment Model, 2013), evolved directly
from the assessment model code developed by Rugolo and Turnock (2011, 2012a) used in the 2012 stock
assessment (Rugolo and Turnock, 2012b), as rewritten and revised by Stockhausen for the 2013 and
subsequent stock assessments (Stockhausen et al., 2013; Stockhausen, 2014; Stockhausen, 2015;
Stockhausen, 2016). TCSAMZ2013, no longer used for assessments, was an integrated assessment model
that estimated model parameters in a maximum likelihood framework using AD Model Builder C++
libraries (Fournier et al., 2012) for automatic differentiation to fit to time series of survey (fishery-
independent) biomass and size compositions, retained catch biomass and size compositions in the directed
fishery, and catch biomass and size compositions in several fisheries that take Tanner crab as bycatch.
The computer code for the TCSAM?2013 is available on GitHub (the 2016 assessment model version is on
the “2016AssessmentModel” branch). While a number of model options could be configured “on-the-fly”
using a control file, assessment models developed using the TCSAMZ2013 computer code were
constrained in a number of ways, including the number of directed fisheries (1) and bycatch fisheries (3)
that can be accommodated, the type of surveys that can accommodated (1), and the number and type of
time blocks that are defined for model parameters (most are hard-wired in the code). Additionally, status
determination and overfishing limit (OFL) calculations required a separate “projection model” code to be
run separately using a results file from a successful TCSAM2013 model run.

The “TCSAMO02” (Tanner Crab Stock Assessment Model, version 2) modeling framework was developed
“from scratch” to eliminate many of the constraints imposed on potential future assessment models by
TCSAM2013. Like TCSAM2013, TCSAMO02 uses AD Model Builder libraries as the basis for model
optimization using a maximum likelihood (or Bayesian) approach. The model code for TCSAMO02 is
available on GitHub (the current development branch is “After201705CPT”). TCSAMO02 was first used
for the Tanner crab assessment in 2017 (Stockhausen, 2017) and will be used until a transition is made to
Gmacs (the Generalized Model for Alaska Crab Stocks). Gmacs is intended to be used for all crab stock
assessments conducted for the North Pacific Fisheries Management Council (NPFMC), including both
lithodid (king crab) and Chionoecetes (Tanner and snow crab) stocks, while TCSAMO2 is specific to
Chionoecetes biology (i.e., terminal molt)..

TCSAMO2 is referred to here as a “modeling framework” because, somewhat similar to Stock Synthesis
(Methot and Wetzel, 2013), model structure and parameters are defined “on-the-fly” using control files—
rather than editing and re-compiling the underlying code. In particular, the number of fisheries and
surveys, as well as their associated data types (abundance, biomass, and /or size compositions) and the
number and types of time blocks defined for every model parameter, are defined using control files in
TCSAMO2 and have not been pre-determined. Priors can be placed on any model parameter. New data
types (e.g., growth data) can also be included in the model optimization that could not be fit with
TCSAM2013. Additionally, status determination and OFL calculations can be done directly within a
TCSAMO2 model run, rather having to run a separate “projection model”.


https://github.com/wStockhausen/wtsTCSAM2013
https://github.com/wStockhausen/wtsTCSAM2013/commit/5f5125054e31dc282f1296a2e5656df6690ebb24
https://github.com/wStockhausen/tcsam02
https://github.com/wStockhausen/tcsam02/tree/After201705CPT

Model Description

A. General population dynamics

TCSAMO2 is a stage/size-based population dynamics model.
Population abundance at the start (July 1) of year y in the
model, 1y, . 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, shell aging, 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 (6tJF,) relative to molting/growth/mating (5t5*)
in year y. The steps when the fisheries occur before
molting/growth/mating (61:3F, < 6ty") are outlined below first
(Steps A1.1-Al.4), followed by the steps when
molting/growth/mating occurs after the fisheries (5t} < (St;;
Steps A2.1-A2.4).

Al. Calculation sequence when 6t§ < 6ty

Step Al1.1: Survival prior to fisheries
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Fig. 1. Timing of annual events in TCSAMO02 when
fisheries occur before molting/growth/mating.

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 to 6t§ in year y are given by:

=e _My,x,m,s,z
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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 and bycatch fisheries are modeled as simultaneous pulse fisheries occurring at 5t§ inyeary.
The numbers that remain after the fisheries are prosecuted are given by:

T
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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/growth/mating
Natural mortality is again applied to the population from just after the fisheries to the time just before
molting/growth/mating occurs for year y at 6t;* (generally Feb. 15). The numbers surviving to §tJ* in

year y are given by:
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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 mature new shell (MAT, NS) crab to mature old shell (MAT,
OS) crab due to aging, are given by:
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where - is the growth transition matrix in year y for an immature new shell (IMM, NS) 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 (MAT). All crab that molted remain new
shell (NS) crab. Additionally, all mature crab that underwent 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 (IMM, OS) 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 “missing”
equation for m=IMM, s=0S is unnecessary.

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

Finally, the population abundance at the start of year y+1, due to natural mortality on crab from just after
the time of molting/growth/mating in year y until the end of the model year (June 30) and recruitment
(Ry x,z) at the end of year y of immature new shell (IMM, NS) crab by sex x and size z, is given by:
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A2. Calculation sequence when 8ty < 6t§

Step A2.1: Survival prior to molting/growth/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/growth/mating in year y at 6t;* (generally Feb. 15).
The numbers surviving at §t7* in year y are given by:
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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 (IMM,
NS) crab, as well as the change in shell condition for mature new shell (MAT, NS) crab to mature old
shell (MAT, OS) crab due to aging, are given by:
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where - is the growth transition matrix in year y for an immature new shell (IMM, NS) 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, mature new shell (MAT, NS)
crab 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 because immature crab are assumed to molt each year until they undergo the terminal
molt to maturity.

Step A2.3: Survival after molting/growth/mating to prosecution of fisheries
Natural mortality is again applied to the population from just after molting/growth/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:
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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§ inyeary. The
numbers that remain after the fisheries are prosecuted are given by:

n4 = e_F;x,m,s,z . Tl3
y.X,ms,z — V. X,M,S,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:
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B. Parameter specification
Because parameterization of many model processes (e.g., natural mortality, fishing mortality) in

TCSAMO2 is fairly flexible, it is worthwhile discussing how model processes and their associated
parameters are configured in TCSAMO2 before discussing details of the model processes themselves.
Each type of model process has a set of (potentially estimable) model parameters and other information
associated with it, but different “elements” of a model process can be defined that apply, for example, to
different segments of the population and/or during different time blocks. In turn, several “elements” of a
model parameter associated with a model process may also be defined (and applied to different elements
of the process). At least one combination of model parameters and other information associated with a
model process must be defined—i.e., one process element must be defined.

Model processes and parameters are configured in a “ModelParametersinfo” file, one of the three control
files required for a model run (the others are the “ModelConfiguration” file and the “ModelOptions” file).
As an example of the model processes and parameter specification syntax, Text Box 1 presents the part of
a “ModelParametersinfo” file concerned with specifying fishing processes in the directed Tanner crab
fishery.

In Text Box 1, the keyword “fisheries” identifies the model process in question. The first section,
following the “PARAMETER_COMBINATIONS” keyword (up to the first set of triple blue dots),
specifies the indices associated with fishing process parameters (pHM, pLnC, pDC1, pDC2, pDC3,
pDC4, pDevsLnC, pLnEffX, pLgtRet), selectivity and retention functions (idxSelFcn, idxRetFcn), and
effort averaging time period (effAvgID) that apply to a single fishing process element. In this example,
the indices for the selectivity and retention functions, as well as those for the effort averaging time period,
constitute the “other information” specified for each fishing process element. Each fishing process
element in turn applies to a specific fishery (FISHERY=1 indicates the directed fishery, in this case), time
block (specified by YEAR_BLOCK), and components of the model population (specified by SEX,
MATURITY STATE, and SHELL CONDITION). Using indices to identify which parameters and
selectivity and retention functions apply to a given combination of fishery/time block/sex/maturity
state/shell condition allows one to “share” individual parameters and selectivity and retention functions
across different fishery/time block/sex/maturity state/shell condition combinations.

The second section (following the “PARAMETERS” keyword) determines the characteristics for each of
the fishing process parameters, organized by parameter name (note: the parameters associated with the
different selectivity and retention functions are specified in a different section of the
ModelParametersinfo file). Here, each parameter name corresponds to an ADMB
“param_init_bounded_number_vector” in the model code—the exception being pDevsLnC, which
corresponds to an ADMB “param_init_bounded_vector_vector”.

Each row under a “non-devs” parameter name in the fisheries section (e.g., pLnC) specifies the index
used to associate an element of the parameter with the fishing processes defined in the
PARAMETER_COMBINATIONS section, as well as characteristics of the element in the associated
ADMB number_vector (upper and lower bounds, initial value, and initial estimation phase), various flags
for initialization (“jitter”, “resample”), definition of an associated prior probability distribution, and a
label. Each row under a “devs” parameter name (e.g., pDevsLnC) specifies much the same information
for the associated ADMB devs vector, with the “read” flag replacing the “initial value” entry. If “read?” is
TRUE, then a vector of initial values is read from the file after all “info” rows for the devs parameter have



been read. The “jitter” flag (if set to TRUE) provides the ability to change the initial value for an element
of a non-devs parameter using a randomly selected value based on the element’s upper and lower bounds.
For a devs parameter, an element with jitter set to TRUE is initialized using a vector of randomly-
generated numbers (subject to being a devs vector within the upper and lower bounds). The “resample”
flag was intended to specify an alternative method to providing randomly-generated initial values (based
on an element’s prior probability distribution, rather than its upper and lower bounds), but this has not yet
been fully implemented.

Some model processes apply only to specific segments of the population (e.g., growth only applies to
immature, new shell crab). In general, though, a model process element can be defined to apply to any
segment of the population (by specifying SEX, MATURITY STATE, and SHELL CONDITION
appropriately) and range of years (by specifying YEAR_BLOCK). In turn, an element of a parameter may
be “shared” across multiple processes by specifying the element’s index in multiple rows of a
PARAMETERS_COMBINATION block.



fisheries #process name

PARAMETER_COMBINATIONS

42 #number of rows defining parameter combinations for all fTisheries
#Directed Tanner Crab Fishery (TCF)

# |MATURITY | SHELL | |pDevs] pLn | pLgt] idx | idx | eff |

#id FISHERY YEAR_BLOCK SEX | STATE |JCOND | pHM pLnC pDC1 pDC2 pDC3 pDC4 | LnC | EFFX] Ret |SelFcn]RetFcn| AvglD | label

1 1 [-1:1964] MALE ALL ALL 1 1 0 0O O 0 0 0 0 9 5 0 TCF:_M_T1
2 1 [1965:1984;1987:1990] MALE ALL ALL 1 2 0 0O o 0 1 0 0 9 5 0 TCF:_M_T2
3 1 [1991:1996] MALE ALL ALL 1 2 0 0O O 0 1 0 0 10 6 0 TCF:_M_T3
4 1 [2005:2009] MALE ALL ALL 1 2 0 0O O 0 1 0 1 11 7 0 TCF:_M_T4
5 1 [2013:-1] MALE ALL ALL 1 2 0 0O O 0 1 0 1 12 8 0 TCF:_M_T5
6 1 [-1:1964] FEMALE ALL ALL 1 1 0 1 o0 0 0 0 0 13 0 0 TCF:_F_T1
7 1 [1965:1984;1987:1996] FEMALE ALL ALL 1 2 0 1 0 0 1 0 0 13 0 0 TCF:_F_T2
8 1 [2005:2009;2013:-1] FEMALE ALL ALL 1 2 0 1 0 0 1 0 0 14 0 0 TCF:_F_T3
PARAMETERS

pHM #handling mortality (0-1)

3 #number of parameters

# | limits | | initial | start | 1- priors -1

#id | lower upper|jitter?| value | phase |resample?] wgt] type| params| consts| label

1 0 1 OFF 0.321 -1 OFF 1 none none none handling_mortality_for_crab_pot_fisheries

pLnC #base (In-scale) capture rate (mature males)

9 #number of parameters
# | limits | ] initial | start | 1- priors -1
#id |lower upper|jitter?] value | phase |resample?]| wgt]| type| params| consts| label

1 -15 15 OFF -2.995732274 -1 OFF 1 none none none TCF:_base_capture_rate,_pre-1965_(=0.05)

2 -15 15 ON -1.164816291 1 OFF 1 none none none TCF:_base_capture_rate,_1965+

pDC1 #main temporal In-scale capture rate offset

0 #number of parameters

pDC2 #In-scale capture rate offset for female crabs

6 #number of parameters
# | limits | | initial | start | 1- priors -1
#id |lower wupper |jitter?| value | phase |resample?] wgt type params consts| label

1 -5.0 5.0 ON -2.058610432 1 OFF 1.0 none none none TCF:_female_offset

pDevsLnC #annual In-scale capture rate deviations

#number of parameter vectors

# | index | index | | limits | |initial |start | |- priors -1
#id | type | block | read? |lower upper | jitter?| value |phase |resample?]| wgt | type | params | consts |label

1 YEAR  [1965:1984;1987:1996;2005:2009;2013:-1] FALSE -15 15 ON [o] 1 OFF 2.0 normal 01 none TCF:_T2345

Text Box 1. Abbreviated example of process and parameter specifications in a “ModelParametersinfo” file for fishing mortality in TCSAMO2.
Only parameter combinations and parameters relevant to the directed fishery are shown. Input values are in black text, comments are in green,
triple blue dots indicate additional input lines not shown.



C. Model processes: natural mortality

The natural mortality rate applied to crab of sex x, maturity state m, shell condition s, and size z in year y,
M, » m,s,z» €an be specified using one of two parameterizations. The first parameterization option uses a
In-scale parameterization with an option to include an inverse- size dependence using Lorenzen’s
approach:

2
lnMy,x,m,s = .ug,x,m,s + Z L 611;/,x,m,s C.la
1=
exp(lnMy,x_m,S) if Lorenzen option is not selected C.1b
M = Z
ymsa exp(lnMy,x,m,S) . Dase if Lorenzen option is selected C.1c

where the 1° and the 8u* s are (potentially) estimable parameters defined for time block T, sex S
(MALE, FEMALE, or ANY), maturity M (IMMATURE, MATURE, or ANY), and shell condition S
(NEWSHELL, OLDSHELL, or ANY), and {y,x,m,s} falls into the set {T,X,M,S}. In Eq. C.1c, z} 4.
denotes the specified reference size (mm CW) for the inverse-size dependence.

The second parameterization option uses an arithmetic parameterization in order to provide backward
compatibility with the 2016 assessment model based on TCSAM2013. In TCSAM2013, the natural

mortality rate M,, .., s , Was parameterized using:

_ pgqbase
My xm=1mm,sz =M SMiym C.2a

MPSe - My yur otherwise

C.2b
Mbase . My piar - 5M§,MAT 1980 <y < 1984

My,x,m=MAT,s,z = {

where M?%5¢ was a fixed value (0.23 yr), M, was a multiplicative factor applied for all immature
crab, the M, y, 47 Were sex-specific multiplicative factors for mature crab, and the 8M§_MAT were
additional sex-specific multiplicative factors for mature crab during the 1980-1984 time block (which has
been identified as a period of enhanced natural mortality on mature crab, the mechanisms for which are
not understood). While it would be possible to replicate Eq.s C.2a and C.2b using In-scale parameters,
TCSAM2013 also placed informative arithmetic-scale priors on some of these parameters—and this could
not be duplicated on the In-scale. Consequently, the second option uses the following parameterization,
where the parameters (and associated priors) are defined on the arithmetic-scale:

4 .
lnMy,x,m,s = 1n[ﬂg,x,m,s] + 2 . ln[&u;/,x,m,s] C.3a
i=

A system of equations identical to C.2a-b can be achieved under the following assignments:

0 _ base
:u{y,x,m,s}E{T=ALL,X=ALL,M=ALL,S=ALL} =M C.da
1 —
6ﬂ{y,x,m,s}E{T:ALL,X:ALL,M:IMM,S:ALL} - 8M1MM C.de
1 —
Su{y,x,m,s}E{T=ALL,X=x,M=MAT,S=ALL} - 6Mx,MAT C.4f

2 — o7
5.“{y,x,m,s}e{T=1980—1984,X=x,M=MAT,s=ALL} = 6My mar C.4g




where unassigned 5M§,x,m,s are set equal to 1. Pending further model testing using alternative model
configurations, the TCSAM2013 option is standard.

It is worth noting explicitly that, given the number of potential parameters above that could be used,
extreme care must be taken when defining a model to achieve a set of parameters that are not confounded
and are, at least potentially, estimable.

D. Model processes: growth

Because Tanner crab are assumed to undergo a terminal molt to maturity, in TCSAMO2 only immature
crab experience growth. Annual growth of immature crab is implemented as using two options, the first
based on a formulation used in Gmacs and the second (mainly for purposes of backward compatibility)
based on that used in TCSAM2013. In TCSAMO2, growth can vary by time block and sex, so it is
expressed by sex-specific transition matrices for time block t, ©, . , ./, that specify the probability that
crab of sex x in pre-molt size bin z' grow to post-molt size bin z at molting.

In the Gmacs-like approach (the standard approach as of May, 2017), the sex-specific growth matrices are
given by:

z+bin/2 S Sex-specific (x) transition matrix for
Otxzz = Crxsl " f T %) dz" grpvvth from pre-molt z' to post-molt z, D.1a
z—bin/2 t.x Wlth zZ = Z’

-1 Normalization constant so

ZII _ Z—t’x, , .,
Cexz = f r <_'th z )dz 1= Z (;_)t’x'z'z, D.1b
i Z

ZI

Mean size after molt, given pre-molt size
Z_tle = eat.x . Z’bt,x Z, g p D1C

where the integral represents a cumulative gamma distribution across the post-molt (z) size bin. This
approach may have better numerical stability properties than the TCSAM2013 approach below.

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

A, Sex-specific (x) transition matrix for
0 _ A sl Bux growth from pre-molt z' to post-molt z, | D.2a
txzz = Ctxz' "Bzz v° e ’ withz > 2’
A, 1t Normalization constant so
a -1 3
Ct,x,z' = [Z AZ'Z, txz' ‘e ﬁt,x] 1= Z Ot,x,z,z' D.2b
z' z
A,y =z—12 Actual growth increment D.2c
Uy = |Zexy —2']/Benx Mean molt increment, scaled by B, , D.2d
Mean size after molt, given pre-molt size
Z_t,x,z’ = eaf,x . Z’bt,x ZI g p D2€

In both approaches, the atx, bix, and B , are arithmetic-scale parameters with imposed bounds. ©, , , 7 is
used to update the numbers-at-size for immature crab, n,, , ,, from pre-molt size z' to post-molt size z
using:
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nt. . = E o) T o numbers at size of immature crab after
V.X,Z tx,z,z V,X,Z
~ growth

where y falls within time block t (see also Eq.s Al.4a-b and A2.2a-b).

Priors using normal distributions are imposed on a:x and btx in TCSAM2013, with the values of the
hyper-parameters hard-wired in the model code. 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.

E. 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 v, @nd those maturing, n yar s ., are given by:

+ — - - -
Ny x,IMM,NS,z — (1 - ¢>t,x,z) "My x,IMM,NS,z crab remaining immature E.la
crab maturing (terminal molt) E.1b

+ — .
Ny x, MAT NS,z = Dt x,z Ny x,IMM,NS,z

where y falls in time block t and n,, , ;pm 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 logit-scale model
parameters p{% by:

1
_ )T pmat— % < z{¥em female probabilities of maturing at E 23
Peremz = |1+ ePerims post-molt size z '
1 z > 2]y
1 mat e .
_ )7 pma _— 2 < Zt,MALE male probabilities of maturing at E 2b
e i mat post-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.

Second difference penalties are applied to the parameter estimates in TCSAM2013’s objective function to
promote relatively smooth changes in these parameters with size. Similar penalties (smoothness, non-
decreasing) can be applied in TCSAMO2.

F. Model processes: recruitment

Recruitment in TCSAMO2 consists of immature new shell crab entering the population at the end of the
model year (June 30). Recruitment in TCSAMO2 has a similar functional form to that used in
TCSAM2013, except that the sex ratio at recruitment is not fixed at 1:1 and multiple time blocks can be
specified. In TCSAM2013, two time blocks were defined: “historical” (model start to 1974) and “current”
(1975-present), with “current” recruitment starting in the first year of NMFS survey data. In TCSAMO02,
recruitment in year y of immature new shell crab of sex x at size z is specified as



.. recruitment of immature, new shell crab

Ryxz =Ry Ryx Ry, by sex and size bin A1

where Ry represents total recruitment in year y and R'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

R, = ePImRetoRey gy e ¢ total recruitment in year y F.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
over the time block).

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

1
.. _— = MALE - . e .
Ry x =41+ ePLgtRx x yEtL sex-specific fraction recruiting in year y F.3

1—Ry,yae x =FEMALE

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

The size distribution for recruits in time block t, R, ,, is assumed to be a gamma distribution and is
parameterized as

R,=c! 'Az%_l . e‘% size distribution of recruiting crab F.4

€t = Z Az%_l : 6_% normalization constant so that 1 = ), R, , | F.5
Z

A,=2z2+82/2 — Zpin offset from minimum size bin F.6

a, = ePlnRa gamma distribution location parameter F.7

B = ePLnRbe gamma distribution shape parameter F.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 process representing the In-
scale coefficient of variation (cv) in recruitment variability in time block t. These parameters are used to
apply priors on the recruitment “devs” in the model likelihood function.

G. Selectivity and retention functions

Selectivity and retention functions in TCSAMO2 are specified independently from the fisheries and
surveys to which they are subsequently applied. This allows a single selectivity function to be “shared”
among multiple fisheries and/or surveys, as well as among multiple time block/sex/maturity state/shell
condition categories, if so desired.

Currently, the following functions are available for use as selectivity or retention curves in a model:



S, ={1+ e‘f"‘(z‘zso)}_1 standard logistic G.1
P -1 logistic w/ alternative
S, = {1+ e FEmexplinZso)} parameterization G2
(z=250)) " logistic w/ alternati
_ ~In(19)5—% ogistic w/ alternative
Sz = {1 te 295_50} parameterization G3
Cin(19)—&=zs0) )7 logistic w/ alternati
B In(19)- =% ogistic w/ alternative
S, = {1 +e p(inA 95—50)} parameterization c4
(z—exp(inZse))) ™ logisti -
-1 Az—€XpiinZse)) ogistic w/ alternative
S, = {1 +e " eXp(’"A295-5°)} pa%ameterization G5
1 1
= . double logistic G.6
Sz 1 + e Ba(z—zas0) 1 + eBa(z—zdso) 0 g
S, = 1 ( = 1 ( ; double logistic with alt. G.7
_ \Z=Zgs0 \Z=Zgds0 i7ati :
1+e In(19) Maws—s0) 1 + eln(19) AZato5-50) parameterization
s 1 1
z = 1o (Zaso) ___(z—Zaso) double logistic with alt.
14 e "Wz 0s0) 1 4 " o Za0550) parametegzation G8
where zgs0 = [Zaso + exp(InAzq(os-s0)) + exp(Indzqgs-s0))]
¢ 1 1
z = (z=exp(Inzgso))_ (z=Zas0) double logistic with alt.
—11’1(19)'W In(19)——F—F"—— ) A .
14+e P(InAzg(95-50)) 1 4 ¢ exp(InAzg(9s-s50)) parameterization G.9
where zgs = [exp(Inzaso) + exp(Indzqos_s0)) + exp(Indzy(es—so))]
¢ = 1 _ 1 double logistic with alt. G10
27 1 + ePa(z=2a50) 1 + eBa'(z—[2zaso+exp(InZgso-aso0)]) 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., B, zsq, AZg5_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 a
time block. To accommaodate 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 to specify the parameterization of individual selectivity/retention functions. Thus, for example,
zs in eq. F1 is actually expressed as zso, = Zso + 825, in terms of model parameters pS1 and
pDevsS1y, where Zs, = pS1 is the mean size-at-50%-selected over the time period and 6zs,, =

pDevsS1,, is the annual deviation.

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.

H. Fisheries

Unlike TCSAMZ2013, 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. All fisheries are modeled as “pulse” fisheries occurring at the same time.

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| - Pfyxms.z fishing mortality rate H.1

where hy . is the handling (discard) mortality for fishery f in time block t (which includes year y) and
Pry.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 assumed to be identically 0 for females in a directed fishery and for
both sexes in a bycatch fishery.

In TCSAM2013, the same retention function (in each of two time blocks) was applied to male crab
regardless of maturity state or shell condition. Additionally, full retention of large males was assumed,
such that the retention function essentially reached 1 at large sizes. In TCSAMO2, different retention
functions can be applied based on maturity state and/or shell condition, and “max retention” is now an
(potentially) estimable logit-scale parameter. Thus, in TCSAMO2, the retention function pf y, x 1 s, 1S

given by

1

Prysmss =T aproems’ Rfyxmsz retention function H.2

where f corresponds to the directed fishery, y is in time block t, x=MALE, pf ¢ x m s IS the corresponding
logit-scale “max retention” parameter, and Ry ,, x . s, IS the associated selectivity/retention curve.

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

_gT number of crab
1—e Fy,x,m,s,z] “n H3
[ yiXm.s2 captured

_ ¢f.y.x,m.s,z
Cfyxmsz = ET
V.X,M,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

o number of
1-e Fy'x,m.s'Z] ‘n i H.4
[ Yxm,s,z retained crab

_Pryxmsz’ bryxmsz
Tfyxmsz =

T
FJ/.x.m.S,Z

while the number of discarded crab, dy y, x m .-, IS given by



d — (1 - pfry,x,m,s,z) . ¢fry,X,m,s,z . [1 . e_F;x,m,s.z] ‘n nymber of H.5
fy.xms.z Fl s,z Yxms,z discarded crab '
and the discard mortality, dmy ,, x m s 7, 1S
hey-(1=p )b discard
_ Ty fyxms,z fyxms,z —FT .
dmg .,y msz = T : [1 —e y'x'm'S'Z] "Ny xmsz | Mortality H.6
V,X,m,s,z (numbers)

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

fishing capture
Dryxms * Sfyxms.z rate I H.7

d’ f.y,x,m,s,z

where ¢¢ ,, x m s 1S the fully-selected capture rate in year y and S¢ ,, .. s, IS the size-specific selectivity.

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

bryxms = exp(mﬂt’xms + pDevsC f,y,x,m,s) H.8

where the pDevsCy ,, , ., - are elements for yeary in time block t of a “devs” vectors representing annual

variations from the In-scale mean fully-selected capture rate InC; ; , ., 5. The latter is expressed in terms
of model parameters as

4 .
lan,t,x,m,s = anCf,t,x,m,s + Z L 6C)£,t,x,m,s H.9
i=

where the pLnCy ¢ x m s is the mean In-scale capture rate (e.g., for mature males) and the SC},t,x,m,S are In-
scale offsets.

l. Surveys
If nyxmsz IS the number of crab classified as x, m, s, z in year y just prior to the prosecution of a survey,
then the survey abundance, a,, ,, x m sz, Of crab classified in that state by survey v is given by

Ay xmsz = oyxmsz Myxmsz survey abundance 1.1

Where g,y xm.s 2 1S the size-specific survey catchability on this component of the population.

The survey catchability g,y 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 1.2

where q,, + x m,s 1S the fully-selected catchability in time block t and S,, ; 1 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:

4 .
Qv,tx,ms = €XpP (anQv,t,x,m,s + Z 16Q1lﬂ,t,x,m,s) 1.3
1=

where the pLnQ, ¢ » m s 1S the mean In-scale catchability (e.g., for mature males) and the 6Qf,,t,x,m,S are In-
scale offsets.

J. 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 Ap - In(gp) — 2 Z A+ In(Ly) model objective function | J.1
D ]

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) = > e > {pgh (pyied +8) = pgls, - In(pgls, +6)} | multinomial |,
m ~ 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

2
In(zhy. = A |ag — age?] normal log- 13
) oZ. 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(Lv), = _lz [In(a)% + &) — In(a2* + 6] lognormal log- 14
cT 2 o2, likelihood '
m :
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 o7 . is the In-scale variance associated with the observation.
For consistency with TCSAM?2013, a third type, the “norm2”, may also be specified
N2 — 1 obs mod]? . .
In(LY4), = —3 [a%hs — aled] “norm2” log-likelihood | J.5
y

This is equivalent to specifying a normal log-likelihood with Uf,x = 1.0. This is the standard likelihood
function applied tin TCSAMZ2013 to fishery catch time series.

Growth data
Growth (molt increment) data can be fit as part of a TCSAMO02 model. Multiple datasets can be fit at the

same time. The likelihood for each dataset (L) is based on the same gamma distribution used in the
growth model:

Zi = Zy. i g
Ly = _2 In {r <M>} gamma log-likelihood J.6
Byilxi

ied

where z; and Z; are the pre-molt and post-molt sizes for individual i (of sex x; collected in year yi) in
dataset d, respectively, z,, . ,. is the predicted mean post-molt size for individual i, and 3, . is the scale
factor for the gamma distribution corresponding to individual i.

Maturity ogive data
Annual maturity ogive data, the observed proportions-at-size of mature crab in a given year, can also be

fit as part of a TCSAMO02 model. This data consists of proportions of mature crab observed within a size
bin, as well as the total number of observations for that size bin. The proportions are assumed to represent
the fraction of new shell mature crab (i.e., having gone through terminal molt within the previous growth
season) to all new shell crab within the size bin in that year. Multiple datasets can be fit at the same time.
The likelihood for each observation is based on a binomial distribution with sample size equal to the



number of observations within the corresponding size bin, so the likelihood for each dataset (L,,,) is given
by:

L = >y (05 - In(p9 +8) + (1= pgle) - In(1 - pJi2 + 5)} binomial log-| 5 7
e likelihood '

where y is a year, z is a size bin, n,, , is the total number of classified crab in size bin z in year y, pf}f}s is
the observed ratio of mature, new shell males to total new shell males in size bin z in year y, p%s is the
corresponding model-predicted ratio, and & is a small constant to prevent trying to calculate In(0).

Effort data
In both TCSAM2013 and TCSAMO2, fishery-specific effort data is used to predict annual fully-selected

fishery capture rates for Tanner crab bycatch in the snow crab and Bristol Bay red king crab fisheries in
the period before at-sea observer data is available (i.e., prior to 1991), based on the assumed relationship

Fry =aqr - Ery

where Fy ,, is the fully-selected capture rate in fishery f in year y, g is the estimated catchability in
fishery f, and Ef ,, is the reported annual, fishery-specific effort (in pots). In TCAM2013, the fishery q’s
are estimated directly from the ratio of fishery mean F to mean E over the time period (t;) when at-sea
observer data is available from which to estimate the Fy ,,’s as parameters:

_ YyetpFry
Yyet Ery

ar

Note that, in this formulation, the fishery q’s are not parameters (i.e., estimated via maximizing the
likelihood) in the model. In TCSAMZ2013, the time period over which q is estimated for each fishery is
hard-wired. This approach is also available as an option in TCSAMO02, although different time periods for
the averaging can be specified in the model options file.

A second approach to effort extrapolation in which the fishery q’s are fully-fledged parameters estimated
as part of maximizing the likelihood is provided in TCSAMO2 as an option, as well. In this case, the
effort data is assumed to have a lognormal error distribution and the following negative log-likelihood
components are included in the overall model objective function:

Fy 2
(in(E +8) =1n (q—fy +5))

Ls =
f 2,0.2
y f

where afz is the assumed In-scale variance associated with the effort data and § is a small value so that the
arguments of the In functions do not go to zero.

Aggregation fitting levels
A number of different ways to aggregate input data and model estimates prior to fitting likelihood

functions have been implemented in TCSAMO02. 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 using the ADMB C++
libraries, so TCSAMO2 uses an alternative implementation of devs vectors from that implemented in
ADMB. For the 2017 assessment, an n-element “devs” vector was implemented using an n-element
bounded parameter vector. with the final element of the “devs” vector defined as — ,,_; v;, where v; was
the ith value of the parameter (or devs) vector, so that the sum over all elements of the devs vector was
identically 0. Penalties were placed on the final element of the devs vector to ensure it was bounded in the
same manner as the parameter vector. However, this approach was problematic when initializing the
model with the values for the n-1 elements that defined the n-element devs vector, the value of the n-th
element (— ),,_1 v;) was not guaranteed to satisfy the bounds placed on the vector. Thus, this approach
was revised to allow specification of all n element values (the v,, = — ).,,_1 v; constraint was removed)
while the likelihood penalty was changed to ensure the sum of the elements was 0. The new approach also
has the advantage that it more closely follows the one used in ADMB to define “devs” vectors. Test runs
with both approaches showed no effect on convergence to the MLE solution.

L. Priors for model parameters
A prior probability distribution can be specified for any element of model parameter. The following

distributions are available for use as priors:

indicator parameters constants description

none none none no prior applied

arl_normal U none random walk with normal deviates
cauchy X0,V none Cauchy pdf

chisquare v none x? pdf

constant min, max none uniform pdf

exponential A none exponential pdf

gamma U none gamma pdf

invchisquare v none inverse y2 pdf




invgamma U none inverse gamma pdf
invgaussian u, A none inverse Gaussian pdf
lognormal median, CV none lognormal pdf
logscale_normal median, CV none normal pdf on In-scale
normal U none normal pdf
scaled_invchisquare U,S none inverse y2 scaled pdf
scaledCV_invchisquare | v, CV none inverse y2 pdf, scaled by CV
t v none t distribution

truncated _normal U, min, max truncated normal pdf

M. Parameters and other information determined outside the model
Several nominal model parameters are not estimated in the model, rather they are fixed to values

determined outside the model. These include Tanner crab handling mortality rates for discards in the crab
fisheries (32.1%), the groundfish trawl fisheries (80%), and the groundfish pot fisheries (50%), as well
the base rate for natural mortality (0.23 yr?). Sex- and maturity-state-specific parameters for individual
weight-at-size have also been determined outside the model, based on fits to data collected on the NMFS
EBS bottom trawl survey (Daly et al., 2016). Weight-at-size, Wxm_, IS given by

— . b
Wx,m,z - ax,m z7xm

where
sex maturity state Aym bym
male all states 0.000270 3.022134
female immature 0.000562 2.816928
mature 0.000441 2.898686

and size is in mm CW and weight is in kg.

N. OFL calculations and stock status determination
Overfishing level (OFL) calculations and

stock status determination for Tanner crab are

based on Tier 3 considerations for crab stocks ) Fore = Fusy o7 proxy Fusr
as defined by the North Pacific Fishery
Management Council (NPFMC; NPFMC
2016). Tier 3 considerations require life
history information such as natural mortality
rates, growth, and maturity but use proxies ol
based on a spawner-per-recruit approach for o P 0.5 1 18

Fumsy, Bumsy, and MSY because there is no _ B/ Busrora proxy Busr

reliable stock-recruit relationship. Fig. 2. The For. harvest control rule.

Equilibrium recruitment is assumed to be

equal to the average recruitment over a selected time period (1982-present for Tanner crab). For Tier 3
stocks, the proxy for Busy is defined as 35% of longterm (equilibrium) mature male biomass (MMB) for
the unfished stock (Bo). The proxy Fusy for Tier 3 stocks is then the directed fishing mortality rate that
results in Basy (i.€., Fssu), while the MSY proxy is the longterm total (retained plus discard) catch
mortality resulting from fishing at Fmsy. The OFL calculation for the upcoming year is based on a sloping
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harvest control rule for For. (Fig. 2), the directed fishing mortality rate that results in the OFL. If the
“current” MMB (projected to Feb. 15 of the upcoming year under the Fory) is above Busy (Basw), then
ForL=Fmsy=Fsse. If the current MMB is between § - By;sy and Busy, then For. is determined from the
slope of the control rule. In either of these cases, the OFL is simply the projected total catch mortality
under directed fishing at For.. If current MMB is less than S - By,sy, then no directed fishing is allowed
(ForL=0) and the OFL is set to provide for stock rebuilding with bycatch in non-directed fisheries. Note
that if current MMB is less than Busy, then the process of determining For. is generally an iterative one.

Stock status is determined by comparing “current” MMB with the Minimum Stock Size Threshold
(MSST), which is defined as 0.5xBwsy: if “current” MMB is below the MSST, then the stock is
overfished—otherwise, it is not overfished.

N.1 Equilibrium conditions

Both OFL calculations and stock status determination utilize equilibrium considerations, both equilibrium
under unfished conditions (to determine By and Bsse,) and under fished conditions (to determine Fsso).
For Tier 3 stocks, because there is no reliable stock-recruit relationship, analytical solutions can be found
for equilibrium conditions for any fishing mortality conditions. These solutions are described below (the
notation differs somewhat from that used in previous sections).

N.1.1 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).

N.1.2 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)

S2 — 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.



N.1.3 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} (N-l)
io* = S2i0 " {(1 - q)in) “Siin in+ (1 - cI)io) " Stio iO} (N-Z)
mn* = Somn * {®in "Tin " Pin " Stin "+ 045~ Tip - P " S1io iO} (N-3)
mo™ = Symo * {S1mn - MmN + Simo - MO} (N.4)

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

N.1.4 Equilibrium equations
The equations reflecting equilibrium conditions (i.e., in* = in, etc.) are simply:

m=R+Syn {(1—=04) Ty P Sy in+ (1 —0) Ty @i, * Sy - 10} (N.5)
0 =Sz {(1 - q)in) “Siin in + (1 - (Dio) " Stio " io} (N-G)
mn = Symp {G)in "Tin " Pin " S1in "N+ 045 " Tip * P " S14o io} (N-7)
mo = Somo * {S1mn - Mn + Symo - Mo} (N.8)

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

N.1.5 Equilibrium solution
The equilibrium solution can be obtained by rewriting the above equilibrium equations as:

in=R+A-in+B-io (N.9)
io=C-in+D-io (N.10)
mn=E-in+F-io (N.11)
mo=G-mn+H-mo (N.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}1-C-in (N.13)
Plugging eg. 13 into 9 and solving for in yields

in={1—-A-B-[1-D]"*-C} ' R (N.14)
Equations 13 for io and 14 for in can simply be plugged into eq. 11 to yield mn:

mn=E-in+F-io (N.15)
while eq. 12 can then be solved for mo, yielding:

mo={1-H}1-G-mn (N.16)

where (for completeness):

A=S55n " (1=0p) Tin P - Stin (N.17)
B =Sm(1=0;) T Pio - S14o (N.18)
C =530 (1= D) " Syin (N.19)
D =S50 (1 — @) - S1io (N.20)

E = SomnOin Tin " Pin - Siin (N-21)



F=S8mn"0i Tio " Pio " S1io (N-22)
G = Symo " Simn (N-23)
H = S5m0 " S1mo (N-24)

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))-

N.2 OFL calculations
Because a number of the calculations involved in determining the OFL are iterative in nature, the OFL

calculations do not involve automatically-differentiated (AD) variables. Additionally, they are only done
after model convergence or when evaluating an MCMC chain. The steps involved in calculating the OFL
are outlined as follows:

1. The initial population numbers-at-sex/maturity state/shell condition/size for the upcoming year
are copied to a non-AD array.
2. Mean recruitment is estimated over a pre-determined time frame (currently 1982-present).
3. The arrays associated with all population rates in the final year are copied to non-AD arrays for
use in the upcoming year.
4. Calculate the average selectivity and retention functions for all fisheries over the most recent 5-
year period.
5. Determine the average maximum capture rates for all fisheries over the most recent 5-year period.
6. Using the equilibrium equations, calculate By for unfished stock (B35% = 0.35*Bj).
7. Using the equilibrium equations, iterate on the maximum capture rate for males in the directed
fishery to find the one (Fsse) that results in the equilibrium MMB = Bssy.
8. Calculate “current” MMB under directed fishing at F=Fss¢, by projecting initial population (1) to
Feb. 15.
a. |If current MMB > Bssw, For = Fasw. The associated total catch mortality is OFL.
b. Otherwise
i. setdirected F based on the harvest control rule and the ratio of the calculated
current MMB t0 Basy
ii. recalculate current MMB
iii. iterate i-iii until current MMB doesn’t change between iterations. Then Fpp, =
F (< F350,) and the OFL is the associated total (retained plus discard) catch
mortality.
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