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Abstract

The Pacific halibut harvest strategy uses a minimum size limit of 32 inches (81.3 cm) in its
commercial fishery. The stock assessment estimates increasing trends in total halibut numbers and
total biomass in spite of a decade long of declining trend in exploitable biomass. The differing
estimated trends have been interpreted as resulting from decreasing availability of larger halibut
to the commercial gear due to a decade’s long decline in size-at-age, and increased estimates
of recent recruitment. The estimated coastwide accumulation of halibut below the size limit has
prompted requests to consider lowering or eliminating the current minimum size limit. This report
evaluates the potential effects of modifying the current minimum size limit (MSL), along with the
effect of different assumptions and methods on evaluating results. Three main methods were used.
First was a comparison between female maturity at age with both potential future and observed
historical changes in selectivity and commercial landings. Second was a coastwide yield per
recruit and spawning biomass per recruit analysis. Third was a spatially structured and migratory
yield per recruit and spawning biomass per recruit analysis. A fourth analysis was conducted by
gradually decreasing the MSL, using simulated changes in selectivity shapes under the assumption
of gradual changes in weights at age of the resulting catch. Reducing or eliminating the MSL is
expected to increase the capture of immature females, as supported by comparing expected changes
in selectivity at age and cumulative distributions of observed catch at age for different historical
periods with different MSL. A reduction or elimination of MSL does increase the proportion
females at older ages relative to status quo, with as much as 80% improvement, however the actual
proportions in the population are still quite low (12% to 22% at age 25). Eliminating the MSL and
assuming that retention will be similar to that of the survey, results in decreased coastwide yield
per recruit and decreased spawning biomass per recruit when accounting for smaller weights-at-
age expected from changes in commercial selectivity. When assuming that elimination of the MSL
results in commercial landings similar to the IPHC survey, the proportion of females in the catch
and in the population only marginally changes from status quo conditions. A larger decrease in
the proportion of females in the catch and increase in the proportion in the population could be
achieved by a major change in commercial selectivity towards smaller sizes and younger ages.
However, this would result in the capture of immature females as much as four years before
they mature, would require precise control of a low harvest rate (around 0.1) and would achieve
lower yield per recruit than the status quo. The migratory analysis produced similar results to the
coastwide yield per recruit and spawning biomass per recruit and it had low sensitivity to different
assumptions on migration. Minor reductions in the MSL along with harvest rate reductions are
expected to produce at most 3% increases in yield per recruit but greater reductions in the MSL
including its elimination are expected to reduce both yield per recruit and spawning biomass per
recruit. The proportion of females in the population between the extremes of current MSL and a
MSL of 65cm would change from 44% to 45% for ages 6 and older, and from 12% to 22% at age
25. Overall, decreasing the MSL is expected to reduce yield per recruit and spawning per recruit
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under most conditions evaluated in this work. At the extreme of MSL of 65cm, the proportion of
females in the catch would be still predominantly female and although the proportion of females at
older ages would increase, the actual proportions in the population would still be quite low.

Introduction

Size limits are one of the available harvest tactics to implement a harvest strategy (Hilborn
and Walters 1992). Pacific halibut has been commercially exploited since 1888 using a variety
of fishing gear types until 1944 when nets were prohibited and longline became the main fishing
gear in the directed commercial fishery (Bell 1981). The commercial fishery operated without a
minimum size limit (MSL) between 1888 and 1940 when a 5 Ib minimum weight was established.
In 1944 a 26 inch, or 66 cm (equivalent to the 5 b set in 1940) minimum size limit was introduced
and remained in place until 1973 when it was changed to a minimum size limit of 32 inches or 81.3
cm (Myhre 1974) that still stands today. Reasons behind past changes in MSL included protection
of juveniles and expected increased yield per recruit. The stock assessment has estimated increasing
trends in total halibut numbers and total biomass during the last decade in spite of a decade long
of declining trend in estimated exploitable biomass. The differing estimated trends have been
interpreted as resulting from decreasing availability of larger halibut to the commercial gear due
to a decade’s long decline in size-at-age, and increased estimates of recent recruitment. The stock
assessment estimated coastwide accumulation of halibut below the size limit has prompted requests
to consider lowering or eliminating the current MSL.

Female halibut have a faster growth rate than males. The current size limit of 81.3 cm,
combined with the sexual dimorphism in growth of halibut, results in a commercial fishery that is
predominantly comprised of females. The sex ratio in the commercial catch is not known as the
fish are eviscerated at sea, though survey data are used to estimate sex ratio at length (Clark 2004).
The IPHC setline survey does provide direct estimates of the variability in sex ratio at length (Fig.
1). The potential higher ratio of males in the commercial catch, as evidenced by their increased
preponderance in the survey catch below the current MSL, has also been part of the rationale for
considering lowering the MSL.

Selectivity is one of the main components of models of populations under exploitation and
relates to the fishing process. Changes in selectivity, along with the assumptions regarding how to
model selectivity, are expected to have profound effects on the performance of stock assessments
and harvest policies. Since the beginning of the commercial fishery for Pacific halibut in 1888,
selectivity has been determined by the operational characteristics of the longline gear (hook size
and spacing), behavior of the fishermen (e.g. historical expansion of the fishery towards deeper and
northern waters and fishing grounds selection) and varying MSL. Changes in MSL are expected
to result in changes in fishery selectivity. The selectivity of fish to the commercial fishing gear is
affected by availability and vulnerability. Typically, selectivity describes the vulnerability of fish
of a particular characteristic (say its age, size, sex) to the fishing gear as well as the availability
of fish to the gear. The availability may be related to spatial differences in size or age of fish, for
example different areas may have different age structure as fish migrate from nursery to adult areas.
Selectivity can be a function of length, age, or both. Selectivity may also may differ between sexes,
or change over time and/or space. Different assumptions on the processes that selectivity describes
can have a large influence on the stock assessment results and management advice (Parma 2002).
In the case of Pacific halibut, the modeling of selectivity has changed over time. In the past it was
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modeled as a sole function of the age of the fish, however changes in size at age over time created
issues that were partially resolved by including size in the modeling of selectivity. This attempted
to capture the changes in size at age, but also described part of the mechanics of the fishing gear:
halibut of different sizes had different probabilities of being caught by the gear used, fish too small
to be taken by the gear characteristics (say their mouth size too small for a typical hook size) were
less likely to be caught than halibut large enough to be taken by the fishing gear. However, halibut
size did not seem to be the only characteristic affecting its selectivity and age seemed to have an
effect, probably affecting the availability of fish of different ages as they migrated through different
areas. During that time (early 1990s to 2006), different selectivities were used for different areas
on their closed-area models. The recent renewed understanding that halibut continue migrating
after the age/size at which they enter the fishery (Webster and Clark 2007, Valero and Webster
2012, Webster et al. in prep.) resulted in the adoption of a coastwide model with a single common
coastwide selectivity schedule modeled as a function of halibut size.

The objective of this report is to illustrate the effect of alternative assumptions, methods and
criteria on the evaluation of potential pros and cons of changing the current MSL in the Pacific
halibut commercial fishery.

Materials and Methods

1. Selectivity and maturity at age

Changes in fishery selectivity following management changes such as changes in MSL are
difficult to predict (Clark and Parma 1995, Allen and Pine 2000). For this part of the analysis, we
assumed that a reduction in the MSL would result in either:

1) The commercial fishery selectivity changes to the selectivity currently estimated for the
IPHC survey (Fig. 2).

2) Although hook size and spacing are standardized in the IPHC survey, there are no regulations
regarding hook size and spacing in the commercial gear, so reductions or elimination of
the MSL could result in departures beyond those expected when assuming the commercial
fishery selectivity would only change to that of the IPHC survey. In this scenario, the
commercial fishery selectivity shape is unaltered but it is centered 20 cm towards smaller
sizes as currently estimated (Fig. 2). A similar approach, with a larger selectivity shift
towards smaller sizes was used by Parma (1998) in order to illustrate tradeoffs between
yield gains and spawning biomass reductions if a reduction or elimination in MSL results
in commercial selectivity to change towards smaller sizes than those of the IPHC survey.
This scenario could be expected if potential reductions of elimination of the MSL results in
major changes in commercial fishing gear, for example smaller hooks and shorter spacing.
Intermediate commercial selectivity values are calculated in a subsequent section of this
report. The goal of this part of the analysis was to capture the overall impact rather than try
to predict gradual changes.

For each potential change in selectivity at size, resultant selectivity at age and sex was
computed using coastwide lengths-at-age averaged (only average lengths and the mean predicted
age at length are presented for the conversion) between 2008 and 2010 (Fig. 2, bottom). Potential
reductions in MSL are expected to change not only the fishery selectivity but also the weight-
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at-age of the catch. Under the current MSL, the commercial fishery cannot legally retain halibut
smaller than 32 inches, therefore the minimum weight of legally landed halibut is (on average)
somewhat larger than the weight of fish in the population associated with the MSL. Modeling
work for Pacific halibut at the IPHC typically assumes that the weight-at-age of halibut caught
in the survey is a good approximation of the weight-at-age of the population, at least for halibut
older than age 6. We assumed that an elimination of the MSL would result in the weight-at-age of
the commercial catch to be that of the survey. The rationale for this assumption is straightforward
for the assumed selectivity changes (commercial selectivity changes to that of the survey): if the
selectivity is assumed to be that of the survey, the weights-at-age should be expected to be the
ones of the survey. In the second case of the shifted commercial selectivity towards smaller sizes,
departures from the weight-at-age of the survey could be expected if average weight-at-age of
younger (but now selected at smaller sizes) ages were smaller under the lower MSL. However, that
does not appear to be the case as average weights associated with MSLs of 65 cm and 60 cm are
lower than those of the younger ages in both the survey and commercial catches (Fig. 3).

The benefits of delaying the capture of fish after maturity have being pointed out early and
frequently in the history of fisheries science (Holt 1895, Hilborn and Walters 1992, Smith 1994,
Myers and Mertz 1998). Selectivities in the commercial fishery for Pacific halibut and IPHC survey
are currently modeled as a sole function of fish size, although the potential joint effect of fish age
was noted when this formulation was adopted. Female halibut grow faster than males and this
result in sex specific selectivities. Female maturity is determined by age (Hare 2010). Although
coastwide fishery and survey selectivities at size are currently used in halibut stock assessment
work, different sizes-at-age among IPHC regulatory areas results in different selectivities at age
among areas. Sex and area specific selectivities at age were computed based on average 2008-2010
sizes-at-age. Female maturity was compared with selectivities at age for the commercial fishery,
the IPHC survey, and a commercial fishery selectivity shifted 20 cm towards smaller sizes (Fig. 2).
Area-specific cumulative distributions of female halibut captured by the commercial fishery and
[PHC survey during 2009 were also plotted against female maturity. Changes in the relationship
between commercially landed halibut and female maturity for historical periods with different
MLS were also compared by plotting female maturity at age and cumulative catch at age. The
sex composition of the commercial catch for years after 1996 is estimated based on the sex ratio
of survey catches at length (Clark and Hare 2006). For earlier years, the sex composition of the
commercial catches is not available so cumulative distributions of age for sexes combined was
used instead for the following periods: 1935-1939 (No MSL), 1945-1973 (MSL: 65 cm) and 1974-
1990 (MSL: 81.3 cm).

2. Yield per recruit and biomass per recruit

A standard age-based (ages 6 to 55) two-sex model was used to calculate yield per recruit and
female spawning biomass per recruit. Size and weight-at-age were averaged for the 2008-2010
years. The basic equations are:

(1) N, =05

.. _ ~(M+S/F)
(11) Na+1,s, - Na,se
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where N, is numbers of fish at age a and sex s, M is natural mortality (fixed at 0.15yr", the value

used in the assessments); S/ is the selectivity of the commercial fishery for age a and sex s, S
is the selectivity of the IPHC survey for age a and sex s, F is the instantaneous rate of fishing
mortality, C is catch in numbers, Y is yield in weight, EB is exploitable biomass, SB is spawning
biomass, HR is harvest rate and Mat is female maturity.

Yield per recruit and female spawning biomass per recruit were calculated for the following
scenarios:

(1) Status quo: MSL: 81.3, commercial selectivity as estimated for 2008-2010 and harvest rate
of 0.215. Weight-at-age of the commercial catch is set at the 2008-2010 average commercial
weight-at-age.

(2) Commercial selectivity set to the 2008-2010 IPHC survey selectivity, harvest rate of 0.215,
weight-at-age of the commercial catch from the 2008-2010 average weight-at-age in the [IPHC
survey.

(3) The commercial fishery selectivity shape is unaltered but it is centered 20 cm towards smaller
sizes as currently estimated (Fig. 2), harvest rate of 0.215. Weight-at-age of the commercial
catch is set at the 2008-2010 average weight-at-age in the IPHC survey. This approach will
tend to overestimate population weight at age; it is presented here to allow for comparisons
with recent per-recruit analysis (e. g., Hare 2011)

(4) Same as scenario 2 but with HR at a level that reduces spawning biomass per recruit at a level
equivalent to that of the status quo.

(5) Same as scenario 3 but with HR at a level that reduces spawning biomass per recruit at a level
equivalent to that of the status quo.

(6 to 9) Same as scenarios 2 to 5 but with weight-at-age of the commercial catch set at the 2008-
2010 average commercial weight-at-age. This approach will tend to overestimate population
weight at age; it is presented here to allow for comparisons with recent per-recruit analysis (e.
g., Hare 2011)

In addition to calculating yield per recruit and spawning biomass per recruit, female proportion
at age in the population and in the commercial catch was calculated for scenarios 1 to 3.
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3. Migratory yield per recruit and biomass per recruit

In addition to the coastwide per recruit modeling described in the previous section, area-
specific yield per recruit and biomass per recruit were calculated for a spatially structured model
with migration similar to the one used in Valero and Hare (2010a, 2011). The model includes ages
1 to 50, which is an accumulating age or plusgroup. Sex-specific size at age, maturity at age, and
selectivity (survey and commercial) at size are the same as described in the previous section. The
model used here includes six areas: Area 4 (a combination of IPHC regulatory Areas 4A, 4B,
and 4CDE) and regulatory Areas 3B, 3A, 2C, 2B, and 2A (Fig. 4). The basic equation describing
population dynamics and migration is the following:

K

(viti) Nowsi = %0, (k> DN,

k=1
where © is a matrix of annual migration rates among areas and (k — i) denotes the matrix
element containing the migration rate between area k and area i. Migration is assumed to occur
instantaneously at the beginning of the year, before any source of mortality occurs. Analysis of
traditional (Hoag et al. 1983, Quinn et al. 1985) and PIT tag (Webster and Clark 2007, Webster
et al. in prep.) recoveries suggest that the fraction of fish migrating is a function of fish size/age,
with smaller/younger fish more likely to migrate than larger/older fish. Two migration scenarios
were used. In the first scenario (“1M”) fish of all sizes migrate following a single migration matrix
based on results of the PIT tag model (Webster 2009). In the second scenario (“2M”), migration of
halibut smaller than 65 cm is based on tagging results of juveniles (Hilborn et al. 1995, Valero and
Webster 2012) whereas migration of halibut larger than 65 cm is based on PIT tag model results
(Webster 2009, Webster et al. in prep.). Other equations are area specific versions of equations iii
to vii listed in the previous section (For more details see Valero and Hare 2010a). The distribution
of age 1 halibut was based on the relative distribution of age one halibut based on IPHC juvenile
trawl surveys (Best 1977, see Fig. 2 in Valero and Hare 2010b). Yield per recruit and spawning
biomass per recruit were calculated for each area under different migration scenarios for scenarios
1 to 5 described in the previous section. Per recruit calculations were based on age six halibut.

4. Gradual changes in MSL and gradual changes in selectivity

To analyze the potential effects of gradual changes in the size limit upon fishery yield and
female spawning biomass, we used a deterministic per-recruit model very similar to that used by
Hare (2011) to quantify the effect of differentially accounting for the catch of U32 halibut. The
model is age- and sex-specific as follows:

N, =05

58

EBio = Z N, *comm.w, *comm.sel,

a,s

FSBio = i N,

a=8,y

* *
oy Tsurvw, . *Mat,
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fora>8

(—0.563*(a—11.59))
— % %
oy =HR*N, *comm.sel,

— *
CW,,=CN, *comm.w,
— * * A7
DN, =HR*N, *discsel,
— *
DW, =DN, *commw,

N,.,=(N, *e¢"?~CN, -DN, )*e™”

Where, a is age, s is sex, M is natural mortality (set at 0.15yr!), maximum age is 50, Mat is
female maturity, HR is harvest rate, N is numbers in the population, CN and CW are commercial
numbers and weight, respectively, in the catch, DN and DW are discard numbers and weight,
respectively, killed but not retained in the catch, EBio is exploitable biomass, FSBio is female
spawning biomass, surv.w is survey weight, comm.w is commercial weight which varies as a linear
function of the MSL as described below, comm.sel is commercial selectivity, and disc.sel is discard
selectivity.

The length-based selectivities used in this part of the analysis are illustrated in Figure 13.
Two different sets of selectivities, termed Pattern A and Pattern B are derived, both on the basis of
modifying the current commercial selectivity curve estimated from the halibut stock assessment.
For Pattern A, we assume that relative selectivity for halibut over 90 cm would not be affected by
a reduced size limit, but that selectivities below 90 cm would increase. Such a pattern might arise
if less “shaking” of fish visually judged to be near the size limit occurs as the size limit decreases.
Selectivity at length in the current halibut assessment is estimated as a piecewise linear function at
every 10 cm interval, with intermediate values interpolated. Selectivity is assumed to be 1.0 at a
length of 120 cm and other sizes are computed relative to that size. Selectivities are 0.27, 0.06, and
0.004 at 90, 80, and 70 cm respectively (note that despite the size limit of 81.3 cm, halibut below
that size are still landed thus resulting in selectivities greater than 0 down to 70 cm). To model
how selectivity would change with a reduced size limit, we incrementally shifted the relative
selectivities at 80 and 70 cm. Thus, for a size limit reduced by 2 cm, the 0.06 selectivity at 80 cm
was shifted to 78 cm and the 0.004 selectivity at 70 cm was shifted to 68 cm, with intermediate
values linearly interpolated.

Pattern B was derived by modeling selectivity as a logistic function. A logistic function was
first fitted to the 10 cm interval values of the assessment commercial selectivity. This fit, which is
very similar to the piecewise linear model, provides two parameters: k (slope) and L50 (length at
50% selectivity). The estimated values for the logistic fit were: 0.1677 (k) and 97.132 (L50). We
then shifted the logistic curve to the left to mimic the commercial fishery response to a decreasing
size limit. This was accomplished by keeping the same value of the k parameter and decreasing
L50 by 1 cm for each cm the size limit was reduced. This type of pattern might result if more
fishers shift to smaller gear, or lower their discard rates on smaller fish. The effective selectivities
of sequentially shifting both selectivity patterns are illustrated as dashed red lines in Figure 13.

The capture, release, and subsequent mortality of halibut is termed discard (or release)
mortality. On the basis of previous work, discard mortality is estimated to be 16% of discarded
catch if careful release procedures are followed. The precise level of discard catch and mortality,
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absent cameras or onboard observers, cannot be precisely known. For the halibut assessment,
commercial discard is estimated from the relative numbers of commercially legal (over 32
inches, or 032) to commercially sublegal (under 32 inches, or U32) halibut in the top 33% of
the IPHC survey stations and applied to the total commercial catch. For the purposes of this
analysis, however, we need an estimate of discard selectivity at length. In theory, a reduction in
the size limit should result in a reduction in discard mortality and an increase in yield. To estimate
discard mortality, we proceeded as follows. We assumed that the actual capture selectivities by
the commercial fishery are described by the selectivity estimated for the IPHC setline survey (blue
line in Fig. 13). Discard probability (or selectivity) was set equal to the difference between survey
selectivity at length and the appropriate (for the reduced size limit) commercial size limit. As the
size limit is increasingly lowered, the commercial selectivity curve begins to reach, or exceed,
the survey selectivity curve. For lengths where the commercial curve exceeds the survey curve,
discard selectivities were set to zero. Discard mortality was then computed as 16% of the discard
selectivity. The parameters of the female maturity curve were taken from Hare and Clark (2005).
Survey weights at age were taken from the halibut stock assessment dataset and averaged across
the years 2008 through 2010.

Commercial weight-at-age, which is a key factor in estimating YPR, was linearly interpolated
between the survey weight-at-age and the 2008-2010 mean commercial weight-at-age as the MSL
was changed in the simulations. The form of the interpolation was as follows: Survey weights-
at-age were used for a MSL of 65 cm and commercial weights at age for MSLs of 81-85 cm. A
linear interpolation was used to set weights-at-age for each cm change in the MSL, thus adding
1/16 of the difference in mean weight-at-age between the survey and commercial weights-at-age
to the survey weight-at-age, for each cm the MSL was greater than 65 cm (up to 81 cm). The
effect of this interpolation can be visualized from Figure 3 which illustrates the smaller survey and
larger commercial observed weights-at-age. While more sophisticated approaches are possible,
involving growth modeling and integration across variability in size-at-age, this method provides
an approximation of the effect of capturing smaller halibut in the commercial catch as a result of
a decreased size limit, and is more realistic than using a static commercial weight-at-age for all
MSLs. The reduced commercial weights-at-age were interpolated similarly for both selectivity
patterns, even though Selectivity Pattern A assumed no change in selectivity above 90 cm.

Summary statistics were computed as follows:

YPR=> CW

. FSBio fished

SPR_==———"—"
e F SB iounﬁshed

50
ZNa,S:f *Mat, *age
AAFS ==

0
*
N, *Mat,
8

a=
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YPR

AWC =——
NIC
D> CN
RNIC =—*——x100
statusquo
DPR=) DW

Where YPR is yield per recruit, SPR__ is ratio of FSBio per recruit to unfished FSBio per
recruit, AAFS is average age of female spawners in the population, AWC is average weight in the
catch, NIC is numbers in the catch, RNIC is NIC relative to NIC at status quo (i.e., MSL of 81.3
cm, HR of 0.215), and DPR is discard weight per recruit.

These six sets of summary statistics were used to characterize changes in both the at-sea
population as well as in the commercial catch as the size limit was varied. Computations were
conducted across two control variables: MSL and harvest rate (HR). The HR was defined as the
fraction of the EBio taken as commercial catch. Because the EBio was defined on the basis of
the commercial selectivity curve, EBio increased with decreasing size limit. Thus, for example,
at a given HR of 0.2, more yield would be taken at a size limit of 75 cm than at a size limit of 81
cm. However, the increased yield would also result in a greater reduction in SPR__ . In order to
maintain the same level of SPR__ , the HR needs to be decreased in concert with the lowered size
limit. This is a fundamental and necessary aspect of the precautionary IPHC harvest policy and
critical to an understanding of how selectivities and HRs are tied to the definitions of EBio and
Constant Exploitation Yield (CEY). The combinations of MSL and HR that maintain the same
reduction in SPR_ . as the status quo values of 81.3 cm and 0.215 HR are hereafter termed “status
quo equivalents”. The per-recruit calculations were made for a MSL ranging from a high of 85 cm
down to a low of 65 cm, in 1-cm intervals. Harvest rate was varied across the range of 0 (i.e., no
fishing) to 0.30. This structure allowed for two dimensional plotting of the summary statistics. All
summary plots illustrate both the performance of the status quo (MSL of 81.3 cm, HR 0f 0.215) as
a black dot and the status quo equivalents as blue “x’s”.

The interpretation, and utility, of the six summary statistics are as follows:

SPR_ . — Spawning biomass per recruit ratio. Recruitment is defined as halibut entering the
fishable population at age six. Thus, the calculations are based on initiating the population with
a proportion of 0.5 males and 0.5 females. The population is then fished until the age six recruits
reach age 50. Summing the mature females across ages gives the equilibrium FSBio. The ratio of
FSBio to the unfished FSBio is the SPR_ . . Note that there is no feedback loop between spawning
biomass and recruitment, thus the ratio of FSBio is the same as the ratio of SPR.

YPR - Yield per recruit. This is the cumulative commercial catch per age-six recruit. For
halibut, YPR tends to monotonically increase with increased HR and lowered MSL.

AAFS — Average age of female spawners. This provides a measure of how the age of female
spawners in the population varies with HR and MSL.

AWC — Average weight in the catch. This is total number of halibut in the catch divided by
total weight of the catch.
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RNIC — Relative numbers in the catch, expressed as percentage. This is how many fish
comprise the catch and is displayed relative to the numbers in the catch given the status quo values
of the control parameters (i.e., MSL of 81.3 cm and a HR of 0.215).

DPR — Discard mortality per recruit. This is the cumulative loss of halibut due to capture and
release. This decreases with MSL but increases with HR.

An additional set of summary statistics are provided next to better characterize the relative
sex contributions to YPR, numbers in the catch, and numbers in the ocean across the range of
MSLs and HRs. These output statistics are restricted to the “status quo equivalent” values and
are reported in Table 6. These additional statistics are the percent female and male contribution to
YPR, numbers in the catch (NIC) and numbers in the ocean (NIO).

Results

1. Selectivity and maturity at age

Coastwide, status quo conditions result in female maturity to be to the left of female commercial
selectivity by around one year (Fig. 2, Bottom). That is, the rate at which females mature by age
outpaces the rate at which they are captured by around a year. If the commercial selectivity of
females were to match that of the [IPHC survey the maturity and selectivity would be very close until
about the age of 50% maturity, afterwards the maturity outpaces the selectivity (Fig. 2, Bottom). A
shift in the commercial selectivity towards smaller sizes (20 cm smaller) would result in the female
commercial selectivity outpacing female maturity by about four years (Fig. 2, Bottom). Results by
IPHC regulatory area are similar to the coastwide results, with selectivities of Areas 2A, 2B, 2C,
and 4 having greater proportions of immature females than the other areas (Fig. 5). Cumulative
distributions of females at age in the commercial catch observed in 2009 show greater proportion
of immature females in the commercial catch of Areas 2B, 2A, 3B (and to a lesser degree 4A) than
in other areas (Fig. 6, Top). The proportion of immature females in the catch is larger for the [IPHC
survey selectivity and shifted towards younger females (2 to 3 years younger than 50% maturity)
than in the commercial catch (less than 2 years younger than the 50% maturity) depending on the
area (Fig. 6, Bottom). The proportion of immature females in survey catches is smallest for areas
3A and 4B (Fig. 6, Bottom). Several caveats for the comparisons of maturity at age and observed
cumulative age distributions of the commercial catch during historical periods with different MSL
should be noted. Since the sex composition of the commercial catch is unknown before 1996, the
distributions include both sexes. In addition, the female maturity at age used corresponds to recent
estimates in the absence of historically cotemporaneous estimates of maturity at age. Observed
cumulative combined-sex age distributions of the available historical years with no MSL (1935-
1939) show female maturity at age being to the right of the cumulative catch for all available
areas (Area 4 was not fished at the time). That is, the capture of fish outpaced the maturity at age
by up to 3 to 4 years depending on the area. Areas 2A, 2B and 2C showed the greatest proportion
of immature fish in the catch (Fig. 7, Top). In a similar way, observed cumulative combined-sex
age distributions of historical years with MSL: 65 cm (1945-1973) show female maturity at age
being to the right of the cumulative catch for all available areas (Area 4 was not fished at the time),
although the age of fish captured was larger than was the case with no MSL (Fig. 7, Center). The
period 1974 to 1990 (MSL: 81.3) shows an increase in the age of capture, although except for
Area 4, maturity at age still is to the right of the cumulative age distribution on the catch (Fig. 7,
Bottom).
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2. Yield per recruit and biomass per recruit

Coastwide yield per recruit and spawning biomass per recruit decrease when maintaining a
harvest rate of 0.215 for the scenario with commercial selectivity changing to that of the [IPHC
survey (Table 1). A further shift of commercial selectivity towards smaller sizes results in an
increase in yield per recruit but a drop in spawning biomass per recruit of 0.17 of the unfished
level, compared to the status quo of 0.37. Using harvest rates that result in reductions in spawning
biomass per recruit equivalent to the status quo reduces available yield per recruit and harvest rates
of 0.165 with survey selectivity and 0.101 with shifted commercial selectivity (Table 2). Results
are sensitive to the assumed weight at age of the commercial catch under changing selectivities.
If weight at age of the commercial catch is assumed fixed (even if changing selectivity) then
estimates of yield per recruit increase (Tables 3 and 4) under comparable spawning biomass per
recruit reductions as the previous cases with changing weight at age of the commercial catch
(Tables 1 and 2).

A reduction or elimination of MSL does increase the proportion females at older ages relative
to status quo, with as much as 80% improvement, however the actual proportions in the population
are still quite low (12% to 22% at age 25) (Fig. 8). A larger decrease in the proportion of females in
the catch and increase in the proportion in the population would be expected in the scenario with a
shift in commercial selectivity towards smaller sizes and younger ages (Fig. 8), although that will
require a reduction of target HR to 0.101 (Fig. 8).

3. Migratory yield per recruit and biomass per recruit

Coastwide estimates of yield per recruit and spawning biomass per recruit reductions from
the migratory model were similar (Figs. 9 to 12) to that of the single area coastwide analysis
presented in the previous section. The distribution of yield per coastwide recruit varies depending
on the migration scenario (Figs. 9 and 10, Top panels) but the total is similar. Under both scenarios
considered here, spawning biomass per recruit reductions are greater in Areas 2 than in Areas 3
and 4 (Figs. 9 and 10, Bottom panels). Yield per recruit is lower than that of the status quo when
using harvest rates that result in equivalent spawning biomass per recruit reductions as the status
quo (Figs. 11 to 12, Top panels). The difference among areas in the reduction of spawning biomass
per recruit is smaller when using equivalent harvest rates (Figs. 11 and 12, Bottom panels).

4. Gradual changes in MSL and gradual changes in selectivity

The purpose of this exercise is to estimate impacts on commercial yield and FSBio as the size
limit is incrementally reduced, as requested by the Commission. Given the lack of a feedback
loop between FSBio and recruitment, the effect of increasing selectivities at smaller sizes will be
to increase the definition of EBio and generate higher yields per recruit. However, increased yield
comes at the expense of reduced FSBio. To maintain the current level of FSBio conservation,
decreases in the commercial MSL must be accompanied by a decrease in the HR. Given the
parameter values and model structure described in the Methods section, the present MSL of
81.3 c¢m, together with the present commercial and discard selectivity schedules, the SPR__ is
approximately 37.0%. While we will present results across the full spectrum of MSLs (65 to
85 cm) and HRs (0 to 0.30), we will focus attention on the combinations that result in the same
equilibrium SPR_ . as the status quo, i.e., the status quo equivalents.

There are two sets of results, corresponding to selectivity Patterns A and B, and they are
illustrated in Figures 14 and 15, respectively, and discussed below. In general, the results of
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lowering the size limit are qualitatively similar between the two selectivity patterns. However,
while qualitatively similar, there are some important differences, thus we now compare and contrast
the six sets of summary statistics for the two selectivity patterns. Table 5 contains summary
statistics of interest for the status quo equivalents and provides the most compact depiction of
expected equilibrium impacts of reducing the size limit while maintaining the current level of
FSBio conservation.

A second set of summary statistics, focusing on the sex composition of YPR, numbers in the
catch (NIC) and numbers in the ocean (NIO) are listed in Table 6. This table similarly is restricted
to the status quo equivalents of MSL and HR.

4.1 Impact on SPR,_ . (Panel a)

SPR_. is a monotonically decreasing function of fishing mortality. The rate at which it
declines varies, for a given HR, between the two selectivity patterns, with a steeper decline for
Pattern B. The status quo value of 37.5% is indicated by a large black dot on the plots. The HR
that maintains SPR__ at (or slightly above) 37.5%, for any given MSL, can be found by drawing a
horizontal line from the blue “x’s” to the HR axis. These are the HR values listed in Table 5. For
Pattern A, the HR that maintains SPR . at status quo declines by approximately .01 for every 5
cm the size limit is lowered; for Pattern B, the HR declines by just under .01 for every 1 cm drop

in the size limit.

4.2 Impact on YPR (Panel b)

Across the range of HRs and MSLs considered in this analysis, YPR tends to increase with
increasing harvest rate for any given MSL, but shows a more complex response, yet relatively
flat, to MSL for a given harvest rate. Restricting acceptable outcomes to the MSL/HR status quo
equivalents (indicated by blue x’s in Figures 14 and 15 and listed in Table 5), YPR remains equal
to, or just slightly greater (3% higher at most) than, current YPR (MSL=81.3 cm, HR = 0.215)
for a decreased MSL of up to 3 cm (Selectivity Pattern A) or 12 cm (Selectivity Pattern B), after
which YPR decreases below the status quo. The projected increased YPR is at most 3% larger than
the status quo. Beyond a MSL of about 77 cm (Selectivity Pattern A) or about 68 cm (Selectivity
Pattern B), there is a steady decrease in YPR. The harvest rate required to maintain SBR at status
quo also drops steadily under both patterns, though at a much greater rate for Selectivity Pattern B.

4.3 Impact on AAFS (Panel ¢)

Similar to SBR ., AAFS decreases monotonically across the range of MSLs and HRs,
although the effect of lowering MSL for a given harvest rate is minimal with selectivity pattern
A. In the absence of fishing, the average age of female spawners in the ocean is 17; the average
age would decline by at least five years at the highest HRs and would decline more rapidly under
Selectivity Pattern B. The status quo AAFS is just over 13 years of age, and this would actually
increase slightly (around 1% to 4%) under any of the status quo equivalent MSL (less than 81 cm)/
HR combinations. This occurs because a larger fraction of the yield is expected to be composed of
males, thereby reducing harvest on larger, older females. The increase in AAFS is between 0.01
(Selectivity Pattern A) and 0.03 (Selectivity Pattern B) years per cm decrease in the MSL
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4.4 Impact on AWC (Panel d)

One of the biggest changes that would occur with a lowered MSL would be the average
weight of halibut comprising the commercial catch. The increased selectivity at smaller sizes
steadily decreases the overall average weight of fish in the catch. Under status quo, average weight
is around 25 pounds; this average would be around 16 to 17 pounds at the MSL/HR extreme
combination. For the status quo equivalent combinations, AWC declines between .2 and .3 pounds
per cm decrease in MSL.

4.5 Impact on RNIC (Panel e)

This summary statistic provides a more straightforward indicator of how much more fish
would be handled with a reduced size limit than can be easily ascertained from AWC. If we once
again restrict ourselves to the status quo equivalent MSL/HR combinations, there is potential for
an increase of as much as a 30% (Selectivity Pattern A) to 50% (Selectivity Pattern B) increase in
RNIC at the extreme MSL of 65 cm. As the MSL is decreased from 81 cm, the RNIC increases at
a rate of between 2 and 3% per cm.

4.6 Impact on DPR (Panel f)

Under status quo, DPR is approximately 0.25 pounds, or about 6.5% of YPR. For any given
MSL, DPR increases with harvest rate. For any given HR, DPR decreases with MSL. Across the
status quo MSL/HR combinations, DPR decreases steadily and, in the case of Selectivity Pattern
B, is reduced to zero at the smallest MSLs. The decrease in DPR is around 0.015 (Selectivity
Pattern A) and 0.030 (Selectivity Pattern B) per cm decrease in the MSL.

4.7 Impact on sex composition of YPR, NIC and NIO (Table 6)

The forgoing summaries aggregated sex-specific information regarding YPR and RNIC. It
is of interest to more closely examine how the sex composition of certain variables, specifically
YPR, numbers in the catch (NIC) and numbers in the ocean respond to a change in MSL. Under
status quo, females comprise approximately 82% of the YPR, 73% of the catch (in numbers) and
449% of the age-eight and older fish remaining in the ocean (in numbers). Each of these variables
changes smoothly with decreasing MSL, with rates of change slightly greater under Selectivity
Pattern B. As the MSL decreases, the share of YPR derived from females declines by about 0.5%
per cm decrease. The percentage female NIC drops approximately 0.8% per cm decrease while
the female NIO slowly increases, though by less than 0.1% per cm decrease. At the extreme MSL
of 65 cm, values for female YPR, NIC, and NIO would be between 72-74%, 61-63%, and 45.4-
45.5%, respectively under the two selectivity patterns.

Discussion

An effective harvest strategy should provide a framework and tools to achieve the objectives
of the fishery for which it was developed. A harvest strategy often involves a number of tradeoffs
(such as between conservation and exploitation) and major decisions such as the treatment of
uncertainty in biological processes, observation/estimation capabilities, and implementation of
management actions. Tools to implement a harvest strategy are often called harvest tactics or
control rules, with size limits being one of the most widely used. Different size limits have been
used throughout the history of the Pacific halibut fishery with a progression towards increasingly
larger MSL and subsequently older age composition, and a greater proportion of females, in the
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commercial catch. On a coastwide scale, fewer immature female halibut are currently caught in
the commercial fishery than could be inferred from past distributions of commercial catch at age
with no MSL or lower MSL than at present. However, regulatory areas such as Areas 2A, 2B,
2C, and Area 3B are characterized by a larger proportion of immature females in the commercial
catch. Decreasing the MSL to 65 cm, the overall percentage of females in the catch is expected
to decrease relative to status quo from 73% to 63% (or 74% to 61% depending on assumed
selectivity), intermediate MSL result in smaller decreases. Decreasing the MSL is expected to have
smaller effects on the percentage of females in the ocean with a maximum expected change from
44% to 45% if the MSL is reduced or eliminated. As noted, the largest change would be expected
for age 25 where the percentage female would change from 12% (status quo) to 22% (MSL = 65
cm). However, potential reductions of the current MSL are expected to increase the proportion of
immature females in the catch in those areas and widen the gap between the rate at which females
are caught and the rate at which they mature. The benefits of delaying the capture of fish after
maturity have being pointed out early and frequently in the history of fisheries science (Holt 1895,
Hilborn and Walters 1992, Smith 1994, Myers and Mertz 1998, Parma 1998). One of the benefits
of delaying capture until after fish mature is an additional level of protection for the spawning
stock to uncertainty, and potential stock assessment errors. Myers and Mertz (1998) showed that a
spawn-at-least-once policy could prevent a collapse of a stock even in cases when fishing mortality
targets are exceeded. A spawn-at-least-once policy requires that fish become vulnerable to the
commercial gear only after having spawned once. Myers and Metz (1998) analysis was based on
simulated stocks with spawning stock/recruitment functional forms. Although similar spawning
stock/recruitment relationships are not used for halibut, management still relies on reference points
that are based on relative levels in female spawning biomass relative to unfished. A precautionary
approach to fisheries management would not support potential policies that are expected to
increase the risks to the stock. In the context of basic life history theory, lowering or eliminating
the MSL is expected to increase the capture of immature female halibut at the area specific and
coastwide levels and therefore goes against a precautionary approach. In theory, the increased
capture of immature females could be offset by applying lower target harvest rates to achieve
similar reductions of female spawning biomass to the status quo. In practice, the historical control
of realized harvest rates has been affected by retrospective bias in the stock assessment and subject
to misspecifications such as in the closed-area assessments conducted before the 2006 change to
a coastwide assessment. The retrospective bias in assessment estimates has resulted in departures
between realized and target harvest rates, as much as 63% higher than target at the coastwide level
(Valero 2012b). Misspecification in the closed-area stock assessments resulted in realized harvest
rates, estimated by recent coastwide stock assessments with survey-partitioned biomass, as much
as three times higher than the target in areas 2B and 2C and as low as half the target harvest rate
for Area 4 during part of the last decade (Valero 2012b).

A potential concern of the current MSL is the higher proportion of females relative to males in
the commercial catch and resultant lower proportion of females in the population. However, only
major changes in the commercial selectivity towards smaller sizes would result in a more balanced
sex ratio of the commercial catch, with a resultant much lower target harvest rate and the risk
associated with harvesting a larger proportion of immature females as much as four years before
they mature. Since a harvest strategy has to make tradeoffs between conservation and exploitation,
the risks associated with reducing or dropping the size limit would need to be evaluated with the
potential yield gains. A single-area coastwide yield per recruit and spawning biomass per recruit was
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conducted along with a multi-area migratory analysis. If the yield per recruit analysis (conducted
assuming that fishing mortalities can be perfectly controlled) indicated substantial potential gains
in yield then consideration of further trade-offs with principles of life history theory mentioned
before would have merit. However, both single area and migratory analyses indicated substantial
reductions in spawning biomass per recruit associated with reductions/elimination of the MSL and
no substantial increase in yield per recruit. When constraining harvest rates to produce equivalent
reductions of spawning biomass per recruit to the status quo, yield per recruit is lower when
accounting for reduced weight at age of the commercial catch under changing selectivities.

These results are highly sensitive to assumptions on the weight at age resulting from different
selectivities. If commercial weight at age is assumed not to change even with changes in commercial
selectivity then harvest rates equivalent to the status quo results in higher yield per recruit. Since
current commercial weight at age is strongly influenced by the current MSL, assuming no changes
in weight at age when the current MSL is either reduced or eliminated seems to be problematic.
Assuming that the weight at age of the commercial catch will change seems more realistic and
the approach taken here was to assume it would be that of the IPHC survey. Approaches that are
more realistic were followed by Clark and Parma (1995) and Parma (1998) by using numerical
integration to compute the average weight at age for males and females in the commercial catch
as a function of the size at age distribution in the population, the size selectivity and the legal size
limit. That approach implies modeling growth, its variability at age and the effects of size-selective
fishing as part of the analysis. Previous work on the potential effects of size-selective fishing
mortality on Pacific halibut found that yield per recruit analyses that ignored changes in size at age
by using constant selectivities and weights at age may result in biased estimates of mean spawning
biomass per recruit and serious overestimation of optimal fishing levels (Deriso and Parma 1988,
Parma and Deriso 1990).

Most of the analyses and discussion in this paper reflect a comparison between the current
MSL of 81.3 cm and elimination of the size limit. The analysis on gradual changes in the MSL
attempts to interpolate between the extremes and consider the effect of small changes, assuming
a linear decrease of weights-at-age in the catch with decreasing MSL. At the extreme MSL of 65
cm, which is similar to having no size limit, the results of the gradual analysis are similar to the
other analyses: there would a loss in terms of yield per recruit when controlling for spawning
biomass per recruit. Maintaining the status quo SBR would necessitate managing at a lower HR,
the commercial catch would be comprised of a much larger number of small fish though there
would be at most a 10% decrease in the female component of the catch as well as an increase in
the proportion (at most 3%) and average age (from 13.1 to 13.6) of females the population. In one
part of our analysis we estimated weight at age for ages derived from lengths, but assuming no
variation in the age-length relationship. A simple linear interpolation method was used to predict
how average weight at age in the commercial catch would respond to gradual changes in MSL,
in other part of our analysis. Like many aspects of this modeling work attempting to estimate the
effect of a changed size limit, it is uncertain how realistic the interpolated values are, although
it is reasonable to assume that a MSL between the current and an eliminated MSL would result
in commercial weights at age intermediate between the IPHC survey and commercial weight-at-
age. Thus, while acknowledging the uncertainty of the magnitude and shape of the interpolated
commercial weight-at-age, the gradual analysis suggests the following: YPR remains near, or
marginally above (at most 3% higher) the status quo for a few cm below the current MSL and that
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the proportion of females in the catch decreases gradually from around 73% to 63%, while the
proportion of females in the ocean increases at most from 44% to 45%.

Other works suggest it can be extremely difficult to measure the efficacy of size limits given
the effects of non-stationary population processes such as variable recruitment and the number of
years required to see an effect (Allen and Pine 2000). Analyses presented here rely on equilibrium
condition assumptions. Short or medium term population projections based on recent stock
assessment population estimates could be used to illustrate the effect of changing MSL. However,
there are a number of population trends (e.g. size at age) and revisions of recent estimates (e.g.
recruitment) that have made those projections unreliable (Valero 2012a, 2012b). In addition,
requests for eliminating the size limit should be put in the context of current regulations, which
at present do not regulate the characteristics of the fishing gear such as hook size and spacing.
There is no guarantee that reducing or eliminating the size limit would not result on a shift towards
fishing gear (for example smaller hooks, different hook spacing) that could target progressively
smaller fish efficiently. It could be argued that careful monitoring of changes in commercial
selectivity from potential MSL changes could be possible in areas where the commercial fishery
is monitored (for example Area 2B at present). An illustration on potential problems of relying
on monitoring to detect selectivity changes can be illustrated by the distribution of U32 halibut in
commercial landings, along with the percentage of U32 halibut relative to the total landed by area
and coastwide (Fig. 16). Even though the current MSL of 32 inches has been in place coastwide
since 1974, there are substantial percentages of U32 commercially landed halibut in the catch, with
one of the highest percentage (8.24% as of 2008) corresponding to the only area that is currently
fully observed (Area 2B). Under these conditions, modifications of fishers behavior and resultant
changes in selectivity due to changes in MSL (potentially including differences among areas) are
expected to not only be unpredictable but also difficult to monitor. Finally, part of the rationale
for requests to reduce or eliminate the size limit are based on recent stock assessment estimates of
large and increasing trends in total halibut numbers and total biomass in spite of decreasing trends
of exploitable biomass. Recent analysis show that ongoing retrospective bias in recent assessment
estimates has resulted in consistent downward revisions of previous biomass estimates, along with
reversing of originally increasing to revised decreasing trends, including on total biomass (Valero
2012b). Given the effects of retrospective bias and the potential effects of assumed selectivity
types on trends and levels of total biomass (Valero 2012c), independent validations of the large
and increasing numbers and biomass of small halibut estimated by recent stock assessments seems
necessary. Overall, minor reductions in the MSL along with harvest rate reductions are expected
to produce at most 3% increases in yield per recruit but greater reductions in the MSL including
its elimination are expected to reduce both yield per recruit and spawning biomass per recruit. The
proportion of females in the population between the extremes of current MSL and a MSL of 65¢cm
would change from 44% to 45% for ages 6 and older, and from 12% to 22% at age 25.
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Table 1. Coastwide yield per recruit and female spawning biomass per recruit under status
quo (MSL: 81.3, commercial selectivity as estimated for 2008-2010 and target harvest rate of
0.215) and assuming commercial selectivity changes to either the 2008-2010 estimated IPHC
survey selectivity or a modified 2008-2010 commercial selectivity shifted 20 cm towards smaller
sizes. Weight at age of the catch is either that of the commercial catch for 2008-2010 (08-10
Commercial) or that of the 2008-2010 IPHC survey (08-10 Survey and 08-10 Commercial shift).

Yield per recruit Spawning biomass per recruit
Relative to Relative to
Selectivity HR 1b status quo Relative to max status quo
08-10 Commercial 0.215 | 4.14 1.00 0.37 1.00
08-10 Survey 0.215 | 4.01 0.97 0.31 0.82
08-10 Commercial shift 0.215 | 4.72 1.14 0.17 0.47

Table 2. Coastwide yield per recruit and female spawning biomass per recruit under status
quo (MSL: 81.3, commercial selectivity as estimated for 2008-2010 and target harvest rate
of 0.215) and status quo equivalent scenarios assuming commercial selectivity changes to
either the 2008-2010 estimated IPHC survey selectivity or a modified 2008-2010 commercial
selectivity shifted 20 cm towards smaller sizes. Status quo equivalent scenarios use HR that
reduces spawning biomass per recruit to the same level as the status quo. Weight at age of the
catch is either that of the commercial catch for 2008-2010 (08-10 Commercial) or that of the
2008-2010 IPHC survey (08-10 Survey and 08-10 Commercial shift).

Yield per recruit Spawning biomass per recruit
Relative to Relative to
Selectivity HR 1b status quo Relative to max status quo
08-10 Commercial 0.215 | 4.14 1.00 0.37 1.00
08-10 Survey 0.165 | 3.67 0.89 0.37 1.00
08-10 Commercial shift 0.101 | 3.75 0.91 0.37 1.00
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Table 3. Coastwide yield per recruit and female spawning biomass per recruit under status
quo (MSL: 81.3, commercial selectivity as estimated for 2008-2010 and target harvest rate of
0.215) and assuming commercial selectivity changes to either the 2008-2010 estimated IPHC
survey selectivity or a modified 2008-2010 commercial selectivity shifted 20 cm towards smaller
sizes. Weight at age of the catch is that of the commercial catch for 2008-2010 for all scenarios.

Yield per recruit Spawning biomass per recruit
Relative to Relative to
Selectivity HR Ib status quo Relative to max status quo
08-10 Commercial 0.215 | 4.14 1.00 0.37 1.00
08-10 Survey 0.215 | 5.03 1.22 0.31 0.83
08-10 Commercial shift 0.215 | 6.82 1.65 0.18 0.47

Table 4. Coastwide yield per recruit and female spawning biomass per recruit under status
quo (MSL: 81.3, commercial selectivity as estimated for 2008-2010 and target harvest rate
of 0.215) and status quo equivalent scenarios assuming commercial selectivity changes to
either the 2008-2010 estimated IPHC survey selectivity or a modified 2008-2010 commercial
selectivity shifted 20 cm towards smaller sizes. Status quo equivalent scenarios use HR that
reduces spawning biomass per recruit to the same level as the status quo. Weight at age of the
catch is either that of the commercial catch for 2008-2010 for all scenarios.

Yield per recruit Spawning biomass per recruit
Relative to Relative to
Selectivity HR Ib status quo Relative to max status quo
08-10 Commercial 0.215 | 4.14 1.00 0.37 1.00
08-10 Survey 0.166 | 4.52 1.09 0.37 1.00
08-10 Commercial shift 0.101 | 4.97 1.20 0.37 1.00
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Figure 1. Illustration of sex ratio at length of halibut caught (and sexed) on the IPHC setline survey
between 2009 and 2011. Male frequencies are in blue, females in red. Vertical lines indicate lengths
of 65 and 81.3 cm.
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Figure 2. Coastwide selectivity at length for the commercial fishery (Commercial), the IPHC
survey (Survey) and that assumed under a reduction in MSL (Com. Shift).
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Figure 3. Observed weight-at-age in commercial (CWAA) and survey (SWAA) catches of female
(F) and male (M) halibut. Horizontal lines represent average weights of halibut corresponding
to MSL of 81.3 cm (solid line), 65 cm (dashed line) and 60 cm (dotted line).
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Bering Sea

Gulf of Alaska

Figure 4. Map of areas included included in the migratory spatially structured model. Areas
3B to 2A are IPHC regulatory areas, area 4 is a combination of 4A, 4B and 4CDE areas.
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Figure 5. Female selectivities at age corresponding to selectivities at length estimated for the
commercial fishery (Top), the IPHC setline survey (Center) and one resulting from shifting
the commercial fishery 20 cm towards smaller sizes (Bottom). The red line (no marker)
represents female maturity.

221

IPHC REPORT OF ASSESSMENT AND RESEARCH ACTIVITIES 2011



1.00

4CDE
0.75 - - o -4B
- e -4A
0.50 - 3B
—o—3A
0.25 2C
—o—2B
0.00 | S-8=8mort-8< ‘ A
1 3 5 7 9 11 13 15 17 19 21 23 25 Maturity
Age
1.00 -
4c
0.75 - - o -4B
- e -4A
0.50 - 3B
—o—3A
0.25 | 2C
—o—2B
Y —— A
1 3 5 7 9 11 13 15 17 19 21 23 25 Maturity

Age

Figure 6. Female cumulative age distributions for the commercial fishery (Top) and the IPHC
setline survey (Bottom) during 2009. The red line (no marker) represents female maturity.
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Figure 7. Cumulative age distributions for the commercial fishery during time periods of
different minimum size limits (MSL): No MSL during 1935-1939 (Top), MSL: 65 ¢cm during
1945-1973 (Center) and MSL: 81.3 cm during 1974-1990 (Bottom). The red line (no marker)
represents female maturity.
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Figure 8. Proportion of female halibut in the population (Top) and in the commercial catch
(Bottom) under three scenarios: 2008-2010 commercial selectivity, size limit of 81.3, HR:
0.215 (Status Quo), commercial selectivity equal to the 2008-2010 IPHC survey selectivity
and HR: 0.165 (Survey Status Quo Equivalent), commercial selectivity shifted 20 cm towards
smaller sizes and HR: 0.101 (ComShift Status Quo Equivalent). Status Quo equivalent HR
are calculated to result in equivalent spawning biomass per recruit reductions compared to
the status quo.
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Figure 9. Yield per recruit (Top) and spawning biomass per recruit relative to unfished
conditions (“SB/SB0”, Bottom) at the coastwide (“All”) and area specfic level, corresponding
to the 1 migration matrix scenario (“1M”) and harvest rate of 0.215. Selectivity of the
commercial fishery is either the average for 2008-2010 with MSL: 81.3 (“Status quo”), the
2008-2010 average IPHC survey selectivity (“Survey”) or the 2008-2010 commercial selectivity
shifted 20 cm towards smaller sizes (“ComShift”). Weight at age of the commercial catch is
that of the 2008-2010 IPHC survey except for the Status quo where it is that of the 2008-2010
commercial catch.
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Figure 10. Yield per recruit (Top) and spawning biomass per recruit relative to unfished
conditions (“SB/SB0”, Bottom) at the coastwide (“All”’) and area specfic level, corresponding
to the 2 migration matrices scenario (“2M”) and harvest rate of 0.215. Selectivity of the
commercial fishery is either the average for 2008-2010 with MSL: 81.3 (“Status quo”), the
2008-2010 average IPHC survey selectivity (“Survey”) or the 2008-2010 commercial selectivity
shifted 20 cm towards smaller sizes (“ComShift”). Weight at age of the commercial catch is
that of the 2008-2010 IPHC survey except for the Status quo where it is that of the 2008-2010
commercial catch.
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Figure 11. Yield per recruit (Top) and spawning biomass per recruit relative to unfished
conditions (“SB/SB0”, Bottom) at the coastwide (“All”’) and area specfic level, corresponding
to the 1 migration matrix scenario (“1M”). Selectivity of the commercial fishery is either the
average for 2008-2010 with MSL: 81.3 (“Status quo”), the 2008-2010 average IPHC survey
selectivity (“Survey”) or the 2008-2010 commercial selectivity shifted 20 cm towards smaller
sizes (“ComShift”). Weight at age of the commercial catch is that of the 2008-2010 IPHC
survey except for the Status quo where it is that of the 2008-2010 commercial catch. Coastwide
harvest rate set at a level that results in equivalent coastwide SB/SB0 to the Status quo (HR:
0.215). Equivalent HR are 0.17 for “Survey” and 0.11 for “ComShift”.

227

IPHC REPORT OF ASSESSMENT AND RESEARCH ACTIVITIES 2011



Migration: 2M
4.50 -

)
= s;
2
3 3.00 -
. | | O Status quo
2 W Survey
5 150 - | |@Comshift
2
0.00 - 1
4 3B 3A 2C 2B 2A Al
1.00 7 Migration: 2M
0.90 -
0.80 -
0.70 ~
S 0.60 [ Status quo
g 0.50 I Survey
» 040 |z Com Shift
0.30 - -+ --B+ -1+ - Threshold
0.20 —— Limit
0.10 - & 8 B2 B 88 g8

4 3B 3A 2C 2B 2A Al

Figure 12. Yield per recruit (Top) and spawning biomass per recruit relative to unfished
conditions (“SB/SB0”, Bottom) at the coastwide (“All”’) and area specfic level, corresponding
to the 2 migration matrices scenario (“2M”). Selectivity of the commercial fishery is either the
average for 2008-2010 with MSL: 81.3 (“Status quo”), the 2008-2010 average IPHC survey
selectivity (“Survey”) or the 2008-2010 commercial selectivity shifted 20 cm towards smaller
sizes (“ComShift”). Weight at age of the commercial catch is that of the 2008-2010 IPHC
survey except for the Status quo where it is that of the 2008-2010 commercial catch. Coastwide
harvest rate set at a level that results in equivalent coastwide SB/SB0 to the Status quo (HR:
0.215). Equivalent HR are 0.18 for “Survey” and 0.11 for “ComShift”.
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Figure 13. Illustration of selectivity patterns used in the analysis of gradual changes in
selectivity. Present (or status quo) commercial and survey selectivities are indicated by black
circles/lines and blue circles/lines, respectively. Dashed red lines are shown for selectivity
patterns corresponding to sequential two-cm reductions in the size limit.
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Percentage of U32 halibut in commercial landings and fraction by size
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Figure 16. Size distribution of commercially landed halibut below the current 32 inch (U32)
minimum size limit for each IPHC regulatory area and coastwide (“All”’) during 2008. U32%
is the percentage of halibut under 32 inches relative to total numbers commercialy landed in
2008.

232

IPHC REPORT OF ASSESSMENT AND RESEARCH ACTIVITIES 2011



