Appendix A: Integrated model

Aleutian Islands Golden King Crab (Lithodes aequispinus) Stock Assessment Model
Development- East of 174" W (EAG) and west of 174" W (WAG) Aleutian Island stocks

Basic population dynamics
The annual [male] abundances by size are modeled using the equation:

Niyqj = Z{:l[Nt,ie_M - (ét,i + ﬁt,i + ﬂt,i)e(%_l)M]Xi,j + Riyq ) (A1)

where N; is the number of [male] crab in length class i on 1 July (start of fishing year)

of year t; ém D, , and Try; are respectively the predicted fishery retained, pot fishery
discard dead, and groundfish fishery discard dead catches in length class i during year t;
D, is estimated from the intermediate total (Tt,itemp) catch and the retained (Ct,i) catch
by Equation A.2c. X, ; is the probability of length-class i growing into length-class j
during the year; y; is elapsed time period from 1 July to the mid —point of fishing period
in year t; M is instantaneous rate of natural mortality; and R.,, ; recruitment to length
class j in year t+1.

The catches are predicted using the equations

~ FosT.

Tejtemp = % Ny je™M(1 — e™7eJ) (A.2a)

~ FthjSEj —yM —Z,

Cej= =, Neje™ (1—e %)) (A.2b)

Et,j = O-Z(Tt,j,temp - ét,j) (A.2c)

— Ffrsfr M _7. .

Try; = 0.65 ~ N je yeM (1 — e7%ti) (A.2d)
tJj

Tij=Cej+ Dy, (A.2¢)

where Z, . is total fishery-related mortality on animals in length-class j during year t:
Zyj = Fusljstj+0.2Fs{ (1 —s{;)+0.65F"s/" (A.3)

F. is the full selection fishing mortality in the pot fishery, F" is the full selection fishing
mortality in the trawl fishery, sgjis the total selectivity for animals in length-class j by the
pot fishery during year t, szT is the selectivity for animals in length-class j by the trawl
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fishery, sgj is the probability of retention for animals in length-class j by the pot fishery
during year t. Pot bycatch mortality of 0.2 and groundfish bycatch mortality of 0.65
(average of trawl (0.8) and fish pot (0.5) mortality) were assumed.

The initial conditions are computed as the equilibrium initial condition using the
following relations:

The equilibrium stock abundance is
N=XSN+R (A4)

The equilibrium abundance in 1960, Nigeo , IS
Nigeo = (I—XS)7'R (A.5)

where X is the growth matrix, S is a matrix with diagonal elements given by € " | I is the
identity matrix, and R is the product of average recruitment and relative proportion of
total recruitment to each size-class.

We used the mean number of recruits from 1987 to 2012 in equation (A.5) to obtain the
equilibrium solution under only natural mortality in year 1960, and then projected the
equilibrium abundance under natural mortality with recruitment estimated for each year
after 1960 up to 1985 with removal of retained catches during 1981/82 to 1984/85.

Growth Matrix
The growth matrix X is modeled as follows:

0 ifj<i
X j={P;+@-m) ifj=i

Py ifj>i
(A.6)
where:
(725N (x |wg, 0?) dx if j=i
Pj=m f]-jlz__LLiiN (x i, o) dx ifi<j<n,
kfjo:_LiN (x |, 0%) dx if i=n
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y; is the mean growth increment for crabs in size-class i:
W= o + o, * L. (A7)

®w; , o, ando areestimable parameters, and j; and j, are the lower and upper limits
of the receiving length-class j (in mm CL), and L; is the mid-point of the contributing
length interval i. The quantity m; is the molt probability for size-class i:

mj = ———— (A.8)

T 14 ec(—d)

where ¢ and d are parameters.

Selectivity and retention
a) Selectivity and retention are both assumed to be logistic functions of length.
Selectivity depends on the fishing period for the pot fishery:

Si= !

(A.9)

T;—6
—In(19)5 30 ]
1+ e[ ( )995—950

where 095 and s are the parameters of the selectivity/ retention pattern (Mark Maunder,
unpublished generic crab model). In the program, we re-parameterized the denominator
(695 - 650 ) to log(delta®) so that the difference is always positive.

Maturity

Maturity is assumed to be a logistic function of length formulated similar to Eq (A.9),

Mati = L

Ti—matso ] (AlO)

-In(19)—r——>—"7—
1+ e[ ( )matgs—matso

where matgs and matsg are the parameters of the maturity curve. In the program, we re-
parameterized the denominator (matgs - matsg ) to log(delta_mat) so that the difference
is always positive.

Recruitment
Recruitment to length—class i during year t is modeled as R, ; = Re€i); where Q; is a
normalized gamma function
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(A.11)

with o, and g (restricted to the first six length classes).

Parameter estimation

Table Al lists the parameters of the model indicating which are estimated and which are
pre-specified. The objective function includes contributions related to the fit of the model
to the available data and penalties (priors on the various parameters).

Tables A2 lists parameter values (with the corresponding coefficient of variations in
parentheses) used to weight the components of the objective functions for EAG and
WAG.

Likelihood components

Catches

The contribution of the catch data (retained, total, and groundfish discarded) to the
objective function is given by:

LLE =2, > (> C, w, +¢) - in(>.C, w, +C)F (A.12a)
t i i

LL§ M = 20 ¥ {In(X; T jw; + ) —In(E,; Tpjw; + ©)}F (A.12b)

LLEEM = Agp 2e{In(E; T1 jwj + ¢) — In(Z, Try jwj + )} (A.12c)

where A, A1, and Agp are weights assigned to likelihood components for the retained, pot
total, and groundfish discard catches; w; is the average mass of a crab is length-class j;

C.;» Ttj, and Trare, respectively, the observed numbers of crab in size class j for

retained, pot total, and groundfish fishery discarded crab during year t, and c is a small
constant value. We assumed ¢ = 0.001.

An additional retained catch likelihood (using Equation A.12a without w) for the retained
catch in number of crabs during 1981/82 to 1984/85 was also considered in all scenarios.

Catch-rate indices
The catch-rate indices are assumed to be lognormally distributed about the model
prediction. Account is taken of variation in addition to that related to sampling variation:

(in(CPUET +¢)— ln(cp’ﬁ,_nc))z
2(af e+ ad)

LLSPYE = A, cpyg {0.5 YeIn[2n(a? + o2)] + . } (A.13)



where CPUE; is the standardized retain catch-rate index for year t, o, is standard error
of the logarithm of CPUE, and CPUE] is the model-estimate of CPUE; :

CPUE] = qi %; S| S} (Nj —05[C, + Dy, + Try, |)e V™ (A.14)

in which g is the catchability coefficient during the k-th time period (e.g., pre- and post-
rationalization time periods), o, is the extent of over-dispersion, c is a small constant to

prevent zero values (we assumed ¢ = 0.001), and A, cpyg is the weight assigned to the
catch-rate data. We used the same likelihood formula (A.14) for fish ticket retained catch
rate indices for scenario 3 model.

Following Burnham et al. (1987), we computed the In(CPUE) variance by:
Length-composition data

The length-composition data are included in the likelihood function using the robust
normal for proportions likelihood, i.e., generically:

LLF =053 Y m(2z07)) - ZZén[exp( Gfy )+001} (A.16)

where B, is the observed proportion of crabs in length-class j in the catch during year t,

Atyj |sthe model-estimate correspondingto B, ;, i.e.:
z:r _ Ct;]‘
t,j - n A

X} Crj
t] n 4

2jTe;

Lej = YiTr;

(A.17)

o;; is the variance of P, :

01
oy :[(1_3,1)31 }/S
(A.18)
and S, is the effective sample size for year t and n is the number of size classes.



Note: The likelihood calculation for retained length composition starts from length-class
6 (mid length 128 mm CL) because the length-classes 1 to 5 mostly contain zero data.

Tagging data

Let v, be the number of males that were released in year t that were in length-class j

when they were released and were recaptured after y years, and V V., be the vector of

recaptures by length-class from the males that were released in year t that were in length-
class j when they were released and were recaptured after y years. The multinomial
likelihood of the tagging data is then:

InL = Ay,tag Zj Zt Zy Zi pj,t,y,ilnﬁj,t,y,i (Alg)

where 4,44 is the weight assigned to the tagging data for recapture year y, p, . is the

proportion in length-class i of the recaptures of males which were released during year t
that were in length-class j when they were released and were recaptured after y years:

Piry =8 IXTQY (A.20)

where Q' is a vector with Vv, at element j and 0 otherwise, X is the growth matrix,

and s7 is the total selectivity vector (Punt et al. 1997).

This likelihood function is predicted on the assumption that all recaptures are in the
pot fishery and the reporting rate is independent of the size of crab. The expected number
of recaptures in length-class | is given by:

s[XT;,

2% et

(A.21)
The last term, ZVJ «¢ » 1S the number of recaptured male crab that were released in
length-class j af h X 5y he predicted numb
ength-class j after t time-steps. The term ZZ >, Z ik IS the predicted number

of animals recaptured in length-class | that were at liberty for t time-steps.

Maturity proportion likelihood

~ 2
LLmaturity = Amaturity Z](Pj - P]) (A.22)
where Amsturity 1S the weight assigned to the maturity likelihood component; P; and 13]- are
the observed and expected maturity proportions respectively of male crab in size class j.

We assumed Apqryricy = 1.0.

Penalties



Penalties are imposed on the deviations of annual pot fishing mortality about mean pot
fishing mortality, annual trawl fishing mortality about mean trawl fishing mortality,
recruitment about mean recruitment, and the posfunction (fpen):

P, =4 Y (nF, —nF)? (A.23)
t
P = /1,:Tr Z(ﬁnFtTr - gnlfw)z (A.24)
t
P, =) (Ing)’ (A.25)
t
Ps = Aposfn * fpen (A.26)

Standardized Residual of Length Composition
P¢j—Pt,

Std.Res; j = (A.27)
fZagj
Output Quantities
Harvest rate
Total pot fishery harvest rate:
E, = 2=Get i) (A.28)

n
Zj=1 Njt

Exploited legal male biomass at the start of year t:

\ Tar
LMB, = Z SISIN, W,
j=legal size (A.29)
where w; is the weight of an animal in length-class j.

Mature male biomass on 15 February spawning time (NPFMC 2007) in the following
year:

MMB, = Y1 {Njre™™ — (€ + Dy + Try ) e0r Yy M, (A.30)

j=mature size

where y'is the elapsed time from 1 July to 15 February in the following year.

For estimating the next year limit harvest levels from current year stock abundances, a
For. Vvalue is needed. Current crab management plan specifies five different Tier
formulas for different stocks depending on the strength of information available for a
stock, for computing Fqop;, (NPFMC 2007). For the golden king crab, the following Tier
3 formula is applied to compute Fopy:

If,
MMB_yrrent > B3ssy Forr, = Fas



If,
MMBcurrent < B35% and MMBcurrent > O-25B35%1

(MMBcurrent= 0()
B35%

e (A.31)

ForL = F3sg

If,
MMB_yrrent < 0'25835% !

ForL = 0.

where o is a parameter, MMB_.,rent 1S the mature male biomass in the current year and
Bs3sy, is the proxy MMBsy for Tier 3 stocks. We assumed o = 0.1.

Because projected MMB; (i.e., MMB_,rent ) depends on the intervening retained and

discard catch (i.e., MMB, is estimated after the fishery), an iterative procedure is applied
using Equations A.30 and A.31 with retained and discard catch predicted from Equations
A.2b-d. The next year limit harvest catch is estimated using Equations A.2b-d with the
estimated Fqop, Vvalue.

Additional Penalty Functions for Profiles

M estimation:

We used the following penalty function (P6) to estimate M for scenario Oa :

P, = ﬁ[(ln(M) — In(0.18))?] (A.32)

where a CV of 50% is assigned to the penalty and 0.18yr™ is the M value used for king
crab stock assessments.

For M profile investigation, we disregarded the M penalty and estimated total and
component negative log likelihood values at fixed input M values varied by = 0.30
proportion of the base scenario estimate.

Mean MMB profile:
If the current_phase = 1,

P, = al(meanMMB - rneanMMBinINt)2

If the current_phase > 1 and the current_phase <= selectivity_phase, (A.33)
P, = a2(meanMMB — meanMMBi“p”‘t)2

If the current_phase > selectivity phase,



P, = a3(meanMMB — meanMMBi“pllt)2

where al, a2, and a3 are weights 0.05 (for EAG) or 0.01 (for WAG), 0.25 (for EAG) or
0.02 (for WAG), and 1.5 (for EAG) or 0.025 (for WAG), respectively. The superscript
‘input” refers to a fixed input value. The fixed input values were varied by + 0.25
proportion of the scenario 1 estimate.



MMB depletion rate profile:
If the current_phase = 1,
Py = b1 (MMBepierion — MMBIPS )’
If the current_phase > 1 and the current_phase <= selectivity phase, (A.34)

. t 2
Pg = b2 (MMBdepletion - MMBiinerI))llletion)

If the current_phase > selectivity_phase,
. 2
_ input
Pg = b3 (MMBdepletion - MMBdepletion)

Where b1, b2, and b3 are weights 0.05, 0.25, and 15,000, respectively. The superscript

. . . MMB . .
‘input” refers to a fixed input value. MMBgepjetion = Wms. The fixed input values
1960

were varied by + 0.25 proportion of the scenario 1 estimate.
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Table Al. Pre-specified and estimated parameters of the population dynamics model

Parameter

Number of parameters

Initial conditions:
Length specific equilibrium abundance,

N1960,l
Fishing mortalities:

Pot fishery, F,

Mean pot fishery fishing mortality, F
Groundfish fishery, F,"

Mean groundfish fishery fishing mortality, F™
Selectivity and retention:

Pot fishery total selectivity, 81,
Pot fishery total selectivity difference, deltad”
Pot fishery retention, 6<,

Pot fishery retention selectivity difference, delta8™

Groundfish fishery selectivity

Maturity:

maturity, matsg

maturity difference, delta_mat
Growth:

Expected growth increment, o, @,

Variability in growth increment, o
Molt probability (size transition matrix with tag
data), a
Molt probability (size transition matrix with tag
data), b

Natural mortality, M

Recruitment:

Number of recruiting length-classes
Mean recruit length

Distribution to length-class, £,
Median recruitment, R

Recruitment deviations, &,
Fishery catchability, q

Additional CPUE indices standard deviation, g,
Likelihood weights (coefficient of variation)

17 (estimated)

1985-2015 (estimated)

1 (estimated)

1989-2015 (the mean F for 1989 to
1994 was used to estimate trawl
discards back to 1985 (estimated)

1 (estimated)

2 or 3 (1985-2004; 2005+) (estimated)
2 or 3 (1985-2004; 2005+) (estimated)
1 (1985+) (estimated)

1 (1985+) (estimated)

fixed at 1 for all size-classes

1 (estimated)
1 (estimated)

2 (estimated)

1 (estimated)
1 (estimated)

1 (estimated)

1 (pre-specified, 0.224yr™)

5 (pre-specified)
1 (pre-specified, 110 mmCL)

1 (estimated)
1 (estimated)
56 (1961-2016) (estimated)

2 (1985-2004; 2005+) or 3 (1985—
1994; 1995-2004; 2005+) (estimated)
1 (estimated)

Pre-specified, varies by scenario
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Table A2. Specifications for the weights with corresponding coefficient of variations* in parentheses for each scenario for EAG and
WAG. select. phase = selectivity phase.

Value
Weight Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7
Catch:
Retained catch for 500 (0.032) 500 500 500 500 500 500
1981-1984 and/or
1985-2015, A,
Total catch for 1990 Number of Number of Number of Number of Number of Number of Number of
2015, At sampled pots  sampled pots sampled pots sampled pots sampled pots sampled pots sampled pots
scaled to a scaled to a scaled to a scaled to a scaled to a scaled to a scaled to a
max 250 max 250 max 250 max 250 max 250 max 250 max 250
Groundfish bycatch 0.2 (3.344) 0.2 0.2 0.2 0.2 0.2 0.2
for 1989-2015, Agp
Catch-rate:
Observer legal size
crab catch-rate for
1995-2015, A4, cpe 1(0.805) 1 (1991~ 1 1 1 1
2015)1
Fish ticket retained 1(0.805) 1 1 1 1 1
crab catch-rate for
1985-1998 , A, o
Penalty weights:
Pot fishing mortality Initially 1000, Initially 1000, Initially Initially Initially Initially Initially
dev, A relaxed to relaxed to 1000, relaxed 1000, relaxed 1000, relaxed 1000, relaxed 1000, relaxed
0.001 at 0.001 at to 0.001 at to 0.001 at to 0.001 at to 0.001 at to 0.001 at
phases > phases > phases > phases > phases > phases > phases >

select. phase

select. phase

select. phase

select. phase

select. phase

select. phase

select. phase
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Table A2 Scenarios 1 to 7 continued.

Groundfish fishing Initially 1000, Initially 1000, Initially Initially Initially Initially Initially

mortality dev, A_,, relaxed to relaxed to 1000, relaxed 1000, relaxed 1000, relaxed 1000, relaxed 1000, relaxed
0.001 at 0.001 at to 0.001 at to 0.001 at to 0.001 at to 0.001 at to 0.001 at
phases > phases > phases > phases > phases > phases > phases >
select. phase  select. phase  select. phase select. phase select. phase select. phase  select. phase

Recruitment, A, 2 (0.533) 2 2 2 2 2 2

Posfunction (to keep 1000 (0.022) 1000 1000 1000 1000 1000 1000

abundance estimates

always positive),

/1posfn

Maturity 1(0.805) 1 1 1 1 1 1

Tagging likelihood EAG EAGtagdata EAGtagdata EAGtagdata EAG tagdata EAG tagdata EAG tag data
individual tag
returns

* Coefficient of Variation, CV = exp[ﬁ] -1, w=weight
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Table A2 continued.

Weight Value
Scenario 8 Scenario 9 Scenario 10 Scenario 11
Catch:
Retained catch. A, 500 (0.032) 500 500 500
Total catch, Ar Number of sampled Number of Number of Number of

Groundfish bycatch, Acp
Catch-rate:

Observer legal size crab catch-
rate, 4

r,CPUE

Fish ticket retained crab catch-
rate, 4 coue

Penalty weights:

Pot fishing mortality dev, A.

Trawl fishing mortality dev,
ﬂ’ Tr

F

Recruitment, A,
Posfunction (to keep
abundance estimates always
positive), A,osrn

pots scaled to a max
250

0.2 (3.344)

1(0.805)

1(0.805)

Initially 1000,
relaxed to 0.001 at
phases > select.phase

Initially 1000,
relaxed to 0.001 at
phases > select.
phase

2(0.533)

1000 (0.022)

sampled pots
scaled to a max
250

0.2

Initially 1000,
relaxed to 0.001 at
phases >
select.phase
Initially 1000,
relaxed to 0.001 at
phases > select.
phase

2

1000

sampled pots
scaled to a max
250

0.2

Initially 1000,
relaxed to 0.001 at
phases > select.
phase
Initially 1000,
relaxed to 0.001 at
phases > select.
phase

2

1000

sampled pots
scaled to a max
250

0.

Initially 1000,
relaxed to 0.001
at phases >
select. phase
Initially 1000,
relaxed to 0.001
at phases >
select. phase

2

2

1000
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Table A2 Scenarios 8 to 11 continued.
Maturity 1(0.805) fixed 1 fixed
Tagging likelihood EAG tag data EAG tag data EAG tag data EAG tag data
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