Abstract.- Optimal harvesting
policies were developed for a model
of the Washington-Oregon-Califor-
nia trawl fisheries for bocaccio Sebas-
tes paucispinus, chilipepper S. goodei,
widow rockfish S. entomelas, split-
nose rockfish S. diploproa, and short-
belly rockfish S. jordani. In the simu-
lated management systern, the annual
quota for each species was based on
an intended fishing mortality rate (F)
and an estimate of stock biomass.
Traditional constant F policies were
compared with variable F policies in
which F was a linear function of
either stock biomass (single-species)
or the combined biomass of all other
species (multispecies). Variable F
policies were ineffective for increas-
ing total harvest of all species com-
bined, when compared with constant
F policies. However, both single-
species and multispecies variable F
policies were found to reduce the
variance for total harvest substan-
tially with no significant loss in yield.
The reduction in variance was rough-
ly equal to the reduction that would
be achieved by lowering the coeffi-
cient of variation (CV) for biomass
estimates from 50% to 25% or from
25% to 0%. The reduction in vari-
ance generally was greater for the
multispecies than for the single-
species variable F policy. Compared
with the case where CV = 0%, aver-
age total yield was reduced slightly
for both constant F and variable F
policies when CVs for biomass esti-
mates were greater than 0%.
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In the Washington-Oregon-California
(WOC) trawl fisheries for rockfish
(Sebastes spp.), the landings are com-
prised of many species, including
bocaccio S. paucispinus, chilipepper
S. goodet, Pacific ocean perch S. alu-
tus, canary rockfish S. pinninger,
widow rockfish S. entomelas, and yel-
lowtail rockfish S. flavidus (PFMC
1982). There is little evidence of sub-
stantial biological interaction among
the adults of these species. Techno-
logical interactions (Pope 1979) are
significant in the shelf rockfish fish-
ery (Pikitch 1987), which accounts for
most of the landings of bocaccio,
chilipepper, and canary and yellow-
tail rockfish. Fishermen have some
control over the species composition
of the catch in this fishery by vary-
ing the areas or depths fished. The
other significant rockfish fishery is
the midwater trawl fishery for widow
rockfish. Catches of other rockfish
species are negligible in that fishery.

Most currently marketed Sebastes
species have similar or equal value to
fishermen; consequently, fishermen
are more concerned about the aggre-
gate yield than about the species
composition of the catch. Thus, it
seems reasonable to ask whether ef-
forts to vary the annual proportions
harvested for these species would
result in benefits to the resource or
to the fishing industry. For example,
reducing the variability of annual
quotas has been an important con-
cern for the west coast fishing in-
dustry. The objective of this study
was to evaluate multispecies harvest-

ing policies for the WOC trawl fish-
eries for rockfish to determine whe-
ther total yield (all species combined)
can be increased or the variance for
total yield can be reduced. Specif-
ically, I compared the performance
of policies obtained using (1) risk-
neutral and risk-averse objective
functions, (2) constant and variable
fishing mortality rates (F), and (3)
abundance estimates for a single
species or multiple species.

Except for widow rockfish, rela-
tively little is known about the pop-
ulation dynamics of these stocks. For
that reason, this study should be
viewed as an exploratory analysis of
alternative harvesting policies, and
not as a basis for regulatory changes
by the Pacific Fishery Management
Council. It may be worthwhile to
develop similar harvesting policies
for Council review once we have ade-
quate life-history information about
the commercially important ground-
fish stocks. The harvesting policies
examined in this study should be
useful in other cases where fishermen
derive income from several species
and have some control over the spe-
cies composition of the catch.

Methods

This section provides an overview of
the model structure, harvesting
policies, and life-history data. A de-
tailed description of methods is pro-
vided elsewhere (Hightower 1990).

I developed optimal harvesting
policies for two-, three-, and five-
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species models in order to evaluate changes in policy
performance as additional species were included. The
selected species (bocaccio, chilipepper, widow rockfish,
splitnose rockfish S. diploproa, and shortbelly rockfish
S. jordani) all occur off California, support or could sup-
port significant commercial fisheries, and have a wide
range of life-history types. I used bocaccio and chili-
pepper for the two-species model because they were
estimated to have similar biomass levels. I included
widow rockfish for the three-species model because it
was estimated to have about twice the maximum sus-
tainable yield level of biomass of bocaccio and chili-
pepper. For the five-species model, shortbelly and split-
nose rockfish were added as examples of relatively
short- and long-lived rockfish species, respectively.
Shortbelly rockfish biomass also is substantially higher
than that of the other four species.

Model structure

I used Schnute’s (1985) generalization (eq. 2.7) of
Deriso’s (1980) delay-difference model to represent the
dynamics of each stock:

By = (1+P)S;_1Bi_1 - #8;_18; 2B »
+ Ry = P(vIV)S_Ry_ 0

where B; was the fishable population biomass at the
beginning of year t; S; was the survival rate in year
t; P, v, and V were parameters for the growth curve;
and R, was the recruitment biomass at the beginning
of year t. Growth parameters ¢, v, and V were esti-
mated by fitting the following curve relating mean
weight at age a (w,) to age:

w, = v + (V-v)(1-pl+a-k)/(1-p) 2

where V and v were parameters representing mean
weight at the age of recruitment (age k) and at age
k-1, respectively, and ¢ was a parameter describing
the growth rate (Schnute 1985, eq. 1.14). Following
Kimura et al. (1984), I assumed that B, (needed to
calculate B;) equaled the starting biomass level B,.
Recruitment was calculated from a Beverton-Holt
stock-recruitment curve (Kimura 1988):

Ri.k = Ro(B/B,)/(1- A(1-By/B,)) exp(z)  (3)

where R was the virgin recruitment level associated
with virgin stock biomass B_, A was the level of
density-dependence assumed in the stock-recruitment
relationship, and exp(z;) was the lognormal error term
used to introduce random variability in recruitment.
Estimates of A were not available for any of the stocks

used in this study. To introduce a degree of density-
dependence into the model, I assumed arbitrarily that
recruitment decreased by 10% when spawning stock
decreased by 50%. That assumption has been used in
earlier stock-assessment studies (Lenarz 1984, Henry
1986, Methot and Hightower 1988, Tagart 1988) to ob-
tain harvest recommendations assumed to be conser-
vative when information on the stock-recruitment rela-
tionship was unavailable. The normal random variate
z, was assumed to have mean 0 and variance o2. [
assumed that R, . . R, were produced by a stock equal
in size to B; because the actual B values producing
those year-classes were not known.

Harvesting policies
In the harvesting policies used in this study, the annual
fishing mortality rate for species j in year t (F;[t])
was either a constant

Fift] = by (constant F), (4)

a function of stock biomass

Fj[t] = Djo + bj,l BJ[t] / Bm’j (variable F), (5)
or a function of the combined biomass of all other
stocks

Fj[t] = Dj0 + bj,l ; Bl[t] / z Bm'i,
%)

i#
(multispp. var. F)  (6)

Policies (5) and (6) were similar in form to a linear
model Hilborn (1985) used to calculate catch as a fune-
tion of stock biomass. Biomass estimates were scaled
by virgin biomass so that the policy parameters were
relatively independent of absolute biomass levels.
Estimates of the policy parameters (bj 0, b 1;i=1,..,s
species in model) were obtained using stochastic ap-
proximation (Ruppert et al. 1984).

Objective functions

As in earlier optimization studies (Ruppert et al. 1984,
Hilborn 1985), I obtained policies for maximizing total
catch

max > C[t], where C[t] = 3 C;[t]
£ 3
(maxh objective function)

and the natural logarithm of total catch
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max » log(C[t]) (logh objective function).
t

For most of the WOC trawl fisheries, the goal of the
Pacific Fishery Management Council is to maximize
long-term average yield by maintaining F at a specified
level. Thus the maxh objective function corresponds to
the current approach to management. Relative to maxh
policies, logh policies tend to provide less variable
catches so they may be more appropriate in fisheries
where price is sensitive to volume, the fishery provides
a substantial fraction of a fisherman’'s annual income,
or stability of volume is critical for marketing reasons
(Deriso 1985). Mendelssohn (1982) and Ruppert et al.
(1985) used maxh and logh policies to represent ex-
tremes along a risk continuum, in that maxh policies
are risk-neutral (marginal utility does not change with
increasing catch) and logh policies are risk-averse
(marginal utility decreases with increasing catch).

I also evaluated a third more conservative objective
function for maximizing an exponential function of total
catch:

max Z(l - exp(-C[t]/d)) (negx objective function)
t

where d was a scaling factor (Raiffa 1968). At small
values of d (relative to C[t]), the marginal utility of ad-
ditional units of catch decreases rapidly. If d is large,
utility increases linearly with increasing catch. In order
to obtain highly risk-averse policies, I used d = 5 for C[t]
values of about 5 (2-species case) to 30 (5-species case).
Using this d value, negx policies were even more con-
servative than logh policies (Fig. 1). Of course, other
objective functions (and harvesting policies) could be
chosen that would provide greater reductions in the
variance of catch. For example, Murawski and Idoine
(1989) compared a series of constant-catch harvesting
policies for Georges Bank haddock Melanogrammus
aeglefinus. For a sufficiently low target catch (45% of
the average catch under a constant F = F,; policy),
year-to-year variability in catch was zero. The logh and
negx objective functions used in this study were in-
tended to provide a compromise between maximizing
catch and minimizing variability of catch.

Planning horizon

The optimization studies were done using a 100-year
planning horizon in order to obtain steady-state har-
vesting policies. In the two- and three-species cases,
the bocaccio, chilipepper, and widow rockfish stocks
declined to varying degrees at the start of the plan-
ning horizon but reached steady-state levels by about
year 50 (Fig. 2). In the five-species case, sharp initial
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Figure 1
Alternative measures of the utility of the total rockfish catch in vear
t (C[t]). as determined by objective functions maxh:Utility(C[t]) = C{t],
logh: Utility(C[t]) = log, (C[t]), and negx:Utility(C[t]) = 1 -exp(~ C{t}
5). Utilities for each objective function were scaled to a maximum
value of 1.

declines were noted for the unexploited splitnose and
shortbelly rockfish stocks. Because of its long life-span
and slow growth-rate, the splitnose rockfish stock con-
tinued to decline throughout the planning horizon.
Based on a series of optimization runs, I found that the
constant F for splitnose rockfish that maximized mean
harvest decreased as the horizon length increased for
policies up to 200 years in length. Planning horizons
greater than 100 years were impractical, however, due
to computing costs. Therefore, in order to obtain
results that were not dependent on the length of the
planning horizon, I obtained policies for the five-species
model using a 75-year transient phase within a 100-year
horizon (Law and Kelton 1982). Using this approach,
the objective function was based only on harvests
in years 75-100. Steady-state biomass levels were
reached within 100 years for all species except possibly
splitnose rockfish; thus, declines in stock size at the
start of the planning horizon were due only to high
initial biomass levels (Fig. 3).

Errors in biomass estimates

Most of the harvesting policies evaluated in this study
required biomass estimates for one or more species in
order to calculate the policy F's used to determine the
annual quotas. To evaluate the practicality of these
policies, I introduced a random error term so that the
harvesting policy and resultant catch quota in year t
were based on simulated estimates B'|[t]..B’,[t] of
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Figure 2
Mean rockfish biomass from 100 replicate 100-year simulation runs
for the three-species model. using the constant fishing mortality rates
that maximized harvest and assuming that the coefficient of varia-
tion for biomass estimates was 0. Results for the two-species model
with only bocaccio and chilipepper were similar and are not shown
here.

the actual biomass levels B,[t]. . B,[t]. Following an
assumption made by Pope and Gray (1983) regarding
data used in stock assessments, I assumed that errors
in biomass estimates were lognormally distributed and
independent over time. The coefficient of variation
(CV) for biomass estimates was either 0, 25, or 50%,
based on a review of the stock-assessment literature
(Rivard 1981, Pope 1983, Pope and Gray 1983, Sen
1984, Weinberg et al. 1984, Methot 1986).

Because the WOC trawl fisheries for rockfish are
regulated through catch quotas, F’ (the policy F based
on estimates B';[t]. . B'{[t]) was used to calculate the
. annual quota C;[t] as B'j[t]F';[t](1 - exp(-M; - F';[t])/
Z'i[t]. B ; (the virgin biomass level used in the vari-
able F policies) and M; were assumed to be known
without error. The actual F required to obtain C;[t]
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Figure 3
Mean rockfish biomass from 100 replicate 100-year simulation runs
for the five-species model, using the constant fishing mortality rates
that maximized harvest and assuming that the coefficient of varia-
tion for biomass estimates was 0.

from By[t] (F{t]) was either higher or lower than the
intended F (F'j[t]), depending on the direction and
magnitude of errors in B',[t]. . B’ [t].

Life-history information

The reliability of the parameter estimates (Table 1)
varies, depending on the length and magnitude of the
historical fishery for each species. A significant fishery
for widow rockfish developed in 1979, with average
1980-85 landings of 17200 t (Hightower and Lenarz
1986). Fisheries for bocaccio and chilipepper have ex-
isted for decades; average 1980-85 landings were 3200
t for bocaccio and 1700 t for chilipepper (PFMC 1986).
Preliminary stock assessments based on catch-at-age
data have been completed for all three species. Land-
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Table 1
Parameters used in delay-difference models for each rockfish species. Methods used to estimate
the life-history parameters are described in detail by Hightower (1990).

five-species models.

widow bocaccio chilipepper splitnose shortbelly
k 6 4 8 12 4
v (kg) 0.436 0.061 0.581 0.327 0.078
V (kg) 0.598 0.553 0.796 0.343 0.110
3 0.903 0.933 0.878 0.984 0.825
M 0.15 0.25 0.20 0.05 0.20
B, (t) 180.0 60.0 47.7 80.0 295.0
B[1] (t) 71.0 20.0 21.4 80.0 295.0
Table 2

Fishing mortality rates of rockfish obtained for constant F policies maximizing harvest (maxh),
log (harvest) (logh), or a negative exponential function of harvest (negx) for two-, three-, and

Fishing mortality rate

Objective
Species function bocaccio chilipepper widow splitnose shortbelly
Two maxh 0.200 0.269 - — -
logh 0.195 0.255 - - -
negx 0.194 0.250 - — —
Three maxh 0.201 0.264 0.181 - -
logh 0.196 0.254 0.174 - —
negx 0.191 0.242 0.163 — -
Five maxh 0.182 0.222 0.153 0.056 0.229
logh 0.181 0.218 0.152 0.055 0.224
negx 0.187 0.211 0.146 0.055 0.204

ings of splitnose and shortbelly rockfish have been
negligible to date; consequently, parameter estimates
for those species should be viewed as highly prelim-
inary.

Results and discussion

Objective functions

Results were similar for constant F policies using dif-
ferent objective functions. Optimal constant Fs gen-
erally were comparable with M, although the F for
chilipepper (M = 0.20) was higher than that for bocac-
cio (M =0.25) (Table 2). That apparently was due to the
higher age at first recruitment for chilipepper. (For
bocaccio and chilipepper, the slight differences in con-
stant F's in the two- and three-species cases were due
to random error.) Optimal Fs were lower for the five-
species case than for the two- and three-species cases
because harvests in years 1-74 were excluded from the
five-species objective function. Policies obtained assum-
ing a transient period may be unacceptable on socio-

economic grounds but can probably be viewed as a prac-
tical lower bound for F.

For each of the models, the differences in F, total
yield, and variance for total yield showed a consistent
trend: highest for maxh policies, intermediate for logh
policies, and lowest for negx policies (Tables 2-5).
Relative to the variance for maxh policies, logh con-
stant F policies resulted in about a 2% reduction in total
variance, whereas variances for the negx policies were
3 (2-species case) to 10% (5-species case) lower. These
results illustrate that moderately lower variances can
be achieved by using slightly lower Fs and accepting
slightly lower total yields.

Constant vs. variable F policies

The variable F policies (5)—(6) for maximizing harvest
did not increase total yield significantly compared to
the constant F policies (Tables 3-5). Results from
earlier studies suggest that the degree of increase due
to a variable F policy may depend on the assumed life-
history characteristics. For example, a 17% increase
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Table 3
Comparison of average rockfish catches and year-100 variances for constant F, single-species variable F, and multispecies harvesting
policies. CVs for biomass estimates were assumed to be 0%.
Mean yield Var[100]
Harvesting Objective chili- split-  short- chili- split-  short-
Species policy function bocaccio pepper widow nose belly total bocaccio pepper widow nose belly total
Two const F maxh 3.02 2.96 — — — 598  0.97 1.46 — — — 2.87
logh 3.02 2.96 — - — 598  0.96 1.42 — — — 2.81
negx 3.02 2.95 — - - 5.97 0.95 1.40 - — — 2.78
variable F maxh 3.05 3.02 — — — 6.05  1.49 3.81 - — — 6.00
logh 3.03 296 - - — 596 091 1.17 - - - 2.44
negx 3.02 295 - - — 595 084 1.09 - - - 2.27
multispp. maxh 3.02 2.96 - — - 598  0.95 1.48 — — - 2.83
logh 3.00 2.95 — — — 595  0.92 1.36 - - - 1.94
negx 2.99 2.94 — — — 593  0.95 1.32 — — — 1.70
Three const F maxh 3.02 2.95 7.78 — — 1375 101 1.28 492 - - 7.40
logh 3.04 2.94 7.77 - — 1375 101 1.26 485 — — 7.29
negx 3.03 2.93 7.75 - — 1371 100 1.23 472 — - 7.12
variable F maxh 3.06 3.01 7.92 — — 1393 147 3.08 1412 - - 18.55
logh 3.05 2.97 7.82 - —  13.78 118 1.34 4.86 — - 7.59
negx 3.03 2.93 7.70 — — 1361 0.93 1.04 372 - — 575
multispp. maxh 3.03 2.94 7.77 — - 13.74 1.01 1.28 496 — — 7.74
logh 3.02 2.94 7.75 — — 1370  1.02 1.26 468 — — 5.60
negx 2.98 291 7.70 — — 13.60 1.06 1.20 4.36 — — 4.08
Five const F maxh 3.04 2.85 7.82  1.97 1992 35.59 1.13 0.74 5.90 0.08 69.56 78.05
logh 3.05 2.86 7.84 194 1993 3548 1.13 0.73 586 0.08 67.97 76.42
negx 3.05 2.85 7.82 194 1958 35.09 1.14 0.72 573 0.08 61.90 70.19
variable F maxh 3.06 2.90 795 230 20.84 36.91 1.53 1.22 16.96 0.21 431.37 460.41
logh 3.06 2.89 7.91 243 20.02 36.17 1.40 0.84 756 0.25 70.84 82.13
negx 3.03 2.85 7.70 1.49 18.58 33.53 0.99 0.70 3.70 0.20 26.41 32.10
multispp. maxh 3.03 2.87 7.85  1.99 20.07 35.67 1.18 0.74 590 0.08 7092 7816
logh 2.89 2.58 7.52  1.37 19.61 3383 1.28 0.93 6.01 0.63 68.64 44.60
negx 2.46 2.64 7.72  1.41 19.37 33.46 1.64 0.69 552 0.20 59.66 43.70

in yield was reported for Atlantic menhaden Brevoor-
tia tyrannus (Ruppert et al. 1985), compared with
only 1-2% for Pacific whiting Merluccius productus
(Swartzman et al. 1983) and widow rockfish (Hightower
and Lenarz 1989). Because, in this study, there was no
apparent advantage in using variable F policies to max-
Imize harvest, the remaining results and discussion
focus on a comparison of the traditional constant F
policy for maximizing harvest versus variable F policies
(5) and (6) for the logh and negx objective functions.

Compared with a constant F policy, variable F
policies (5) and (6) provided a substantial reduction in
the variance of total yield with only a negligible loss
in yield. (The reductions in variance would be slightly
less if constant F and variable F policies for the same
objective function were compared.) The reduction in
variance did not appear to be particularly sensitive to
the number of species included, their life-history char-
acteristics, or the degree of correlation among species
for recruitment perturbations (Hightower 1990). How-

ever, the level of density-dependence in the stock-
recruitment relationship may affect the relative per-
formance of different harvesting policies. In limited
additional runs, I found that the difference between
constant F and variable F policies generally decreased
as the degree of density-dependence increased (i.e., as
stock-recruitment parameter A decreased). When re-
cruitment declined markedly with reductions in spawn-
ing stock, both types of harvesting policies were
necessarily quite conservative.

The advantage of the variable F policies can be illus-
trated by examining a Pareto Frontier (Walters 1975),
which shows the relationship between mean catch and
its variance. [ developed frontiers for the two-, three-,
and five-species cases by simulating the fishery at 20,
40, 60, 80, and 100% of the constant F levels that max-
imized harvest (Fig. 4). When results for the variable
F policies were compared to the constant F frontiers,
it was clear that the reduction in variance was much
greater than could be accounted for by the lower yield
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Table 4
Comparison of average rockfish catches and year-100 variances for constant F, single-species variable F, and multispecies harvesting
policies. CVs for biomass estimates were assumed to be 25%.
Mean yield Var{100]
Harvesting Objective chili- split-  short- chili- split-  short-
Species policy function bocaccio pepper widow nose belly total bocaccio pepper widow nose belly  total
Two const F maxh 3.01 2.95 - — - 597 1.66 2.05 — - - 4.10
logh 3.01 2.95 - — — 596  1.65 2.01 - - - 4.04
negx 3.01 2.95 — - — 5.96  1.64 2.00 - — — 4.02
variable F maxh 3.04 3.00 - — — 6.02  3.33 5.57 - - - 9.60
logh 3.01 2.95 - - — 593 1.28 141 — — - 3.00
negx 3.00 2.93 — — — 591 117 1.26 — — - 2.72
multispp. maxh 3.01 2.95 — — — 597  1.65 2.06 - - — 4.10
logh 299 294 - - — 592 179 1.9 - - - 2.44
negx 2.98 2.93 - - - 590 1.86 1.95 - - - 2.25
Three const F maxh 3.03 2.94 7.76 - - 1372 181 2.05 858 — - 11.58
logh 3.02 2.94 7.75 - - 13.72 161 2.03 851 — - 11.50
negx 3.02 293 773 - - 1368  1.60 2.00 839 — - 11.34
variable F maxh 303 299 784 — — 1380 648 466 1125 — - 22.37
logh 3.04 295 774 - — 1367 158 1.78 6.09 — — 9.01
negx 3.01 2.92 7.65 - — 1353 116 1.48 516 — — 7.47
multispp. maxh 3.03 2.94 7.76 - — 1372 161 2.04 8.56 — - 12.17
logh 3.01 293 7.78 - -~ 1367 1.83 2,15 873 — - 7.97
negx 2.93 288  7.72 - - 1353 233 2.36 839 — - 6.01
Five const F maxh 3.04 2.86  7.84 1.97 20.00 35.56 1.64 1.26 7.06 0.19 108.60 120.11
logh 3.04 286 7.82 197 19.92 3546 1.63 1.25 7.03 0.19 105.84 117.31
negx 3.03 2.83 7.80 191 19.54 3496 1.62 1.22 6.95 0.18 96.32 107.63
variable F maxh 3.05 289 790 233 20.70 36.74 2.88 3.95 14.34 2.75 958.44 987.02
logh 3.04 287 784 225 1955 3543 1.80 1.54 6.71 0.34 66.07 78.42
negx 2.99 282 766 222 1810 3367 1.04 0.84 4.70 034 31.20 40.20
multispp. maxh 3.01 2.86 7.84 2.00 20.01 35.59 1.71 1.27 7.07 0.19 107.71 11541
logh 291 256 7.35 1.39 19.60 33.66 1.82 1.51 872 1.13 11050 66.74
negx 2.22 2.31 7.08 1.14 1947 32.09 2.79 1.77 9.08 1.48 9597 40.77

obtained. In some cases, the reduction was comparable
to the reduction that would be achieved by lowering
the CVs for biomass estimates from 50% to 25% or
from 25% to 0%. The percent reduction typically in-
creased as the CVs for biomass estimates increased,
although the loss in mean yield also increased some-
what (Hightower 1990).

Single-species vs..multispecies policies

When single-species (5) and multispecies (6) policies
were compared, the variance for total catch generally
was lower for the multispecies policy, except for some
cases for the five- species model or when biomass CVs
were 50%. In those cases, the better performance of
the single-species policy probably was due to the feed-
back mechanism it contained. For example, in the five-
species models, the single-species policies for shortbelly
and splitnose rockfish could adapt to the large changes
in the size of those stocks. When the five-species model

was rerun using five “‘stocks’ having chilipepper life-
history characteristics, the variance for total catch was
lower for the multispecies policy.

For the single-species policy, the variance of total
catch typically was reduced by stabilizing the catch of
each individual species (Tables 3-5). For the multi-
species policy, reductions in the variance for total catch
were sometimes achieved by increasing the variance
for some of the less abundant individual species (Tables
3-5). The reduction in variance obtained using policy
(6) is consistent with Clark’s (1984) prediction that a
multispecies system could be managed to reduce the
variance of total yield, relative to the variance of the
individual yields.

For the multispecies policies, the optimal parameter
estimates were relatively insensitive to the objective
function and to the CV for biomass estimates (High-
tower 1990). The slope parameter b; ; was less than
zero for all cases; consequently, fishing pressure varied
inversely with the abundance of the other species.
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Table 5
Comparison of average rockfish catches and year-100 variances for constant F, single-species variable F, and multispecies harvesting
policies. CVs for biomass estimates were assumed to be 50%.
Mean yield Var([100]
Harvesting Objective chili- split- short- chili- split-  short-
Species policy function bocaccio pepper widow nose belly total bocaccio pepper widow nose  belly total
Two  const F maxh 3.00 2.94 - - — 593 340 3.63 - - - 7.39
logh 3.00 2.93 - - - 593 3.38 3.59 - — - 7.33
negx 2.99 2.93 — - — 592  3.38 3.58 — - - 7.31
variable F maxh 3.02 2.97 - - - 596  8.49 12.36 - — - 21.14
logh 2.97 291 - - — 585 184 1.83 - - - 4.06
negx 2.95 2.90 — — — 583  1.68 1.69 — — - 3.77
multispp. maxh 3.00 2.94 — - — 593 3.40 3.65 - - - 7.48
logh 2.96 2.91 — - — 587 4.04 3.76 — - — 4.24
negx 2.96 2.90 - - — 586 4.06 3.91 - — - 4.09
Three const F maxh 3.01 2.92 7.72 - — 1365 3.35 442 19.06 — - 24.74
logh 3.01 2.92 7.72 - — 13.64 3.35 4.37 19.03 — - 24.70
negx 3.01 291 7.69 — — 1361 3.34 430 1890 — — 24.53
variable F maxh 3.02 2.94 7.78 — - 13.70  11.44 6.07 3398 — — 48.11
logh 3.00 292 166 — —~ 1353 217 264 1035 — - 14.49
negx 2.97 288 158 — — 1337 1.66 2.02 947 — - 12.76
multispp. maxh 3.01 2.92 7.72 - — 13656 3.43 442 1891 — — 24.88
logh 297 289  1.69 - — 1355 4.58 5.09 2090 — — 15.79
negx 2.91 284 768 — 1343  6.01 5.34 2042 — — 13.29
Five  const F maxh 3.02 2.84 7.80 196 19.84 3532 3.15 3.87 1526 047 19276 219.04
logh 3.02 284 778 196 19.73 3518 3.14 3.85 15.21 047 188.46 214.56
negx 3.02 282 772 195 19.38 3475 3.16 3.80 1496 047 177.72 203.35
variable F maxh 3.03 286 781 218 2043 36.18 5.26 10.09 120.32 4.15 1356.71 1540.97
logh 3.02 282 7.78 143 1864 33.56 2.90 1562 1161 0.54 64.10  84.87
negx 2.96 278 7.51 152 17.32 31.96 1.53 1.26 7.28 0.42 43.02  55.69
multispp. maxh 3.00 284 7.79 197 1991 3538 3.34 388 15.26 0.47 191.10 209.32
logh 2.92 264 7.44 157 19.58 34.01 3.58 345 18.95 168 20831 135.32
negx 2.08 228 7.05 1.37 1920 31.84 17.13 4.10 2026 246 173.92 81.64

Particularly in the three- and five-species cases, it
appeared that the optimal multispecies strategy was
to maintain stable catches for the species accounting
for the majority of total yield, such as shortbelly or
widow rockfish. Catches of less-abundant species (e.g.,
bocaccio or splitnose rockfish) varied depending on the
abundance of the dominant species. For example, in
the five-species case, the annual catch of splitnose
rockfish was 0 in 24-30 of 100 years for the logh
policies.

Errors in biomass estimates

Constant F policies were essentially identical when
different CVs for biomass estimates were used. This
indicates that the current management approach for
Pacific Coast groundfish is robust to random, non-
autocorrelated errors in estimating biomass. One ob-
vious impact in the simulated fishery of introducing
errors in estimating biomass was that the variance for

total catch increased substantially (Tables 3-5, Fig. 4).
This increased variability was due to differences be-
tween the intended (F) and actual (F') fishing mortal-
ity rate. Such errors are nonlinearly related to esti-
mated stock size and can be substantial (Rivard 1981).
Rivard (1981) argued for higher precision in estimates
of stock size in order to reduce the biological risk of
applying F'>>F or the economic loss if F'<<F. In this
study, the variation in F' due to errors in estimating
biomass was much greater than that caused by using
the variable F policies. For example, when CV =0%,
F's for chilipepper in the five-species case ranged from
0.00 to 0.24 when using the multispecies logh model.
When CV =25%, the actual F's ranged from 0.06 to 0.61
when the intended policy was a constant F of 0.22.
Actual F's ranged from 0.00 to 0.63 when CV =25% and
a multispecies logh policy was used, which suggests
that multispecies policies do not introduce substantial
additional risk, relative to the risk introduced by esti-
mating biomass with error.
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Figure 4

Relationship between mean total rockfish catch and the variance of
total catch for the two- (bocaccio, chilipepper), three- (bocaccio,
chilipepper, widow rockfish), and five-species (bocaceio, chilipepper,
widow, splitnose, and shortbelly rockfish) models. Open symbols
represent Pareto Frontiers derived by simulating the fishery at 20,
40, 60, 80, and 100% of the constant fishing mortality rate (F) that
maximized harvest. Shaded and closed symbols represent the
catch:variance relationship for the variable F and multispecies
policies, respectively (equations 5-6). Simulation runs were made
assuming a 0, 25, or 50% coefficient of variation for annual estimates
of stock size.

Mean yield was only slightly lower at higher biomass
CVs; the decrease was similar for constant F and
variable F policies (Tables 3-5). Thus, in this model at
least, there was no apparent disadvantage in using the
more complex policies, even when biomass was esti-
mated imprecisely. This was an interesting result
because, although all policies used biomass estimates
to calculate catch, the variable F policies also use the
estimates to calculate F's.

When biomass CVs were 50%, the variance for total
catch was in all cases lower for the single-species (5)
than for the multispecies policy (6). Apparently it was
important to readjust continuously for the changes in
stock size due to previous errors in estimating biomass.
Based on limited additional runs using the three-species
model, it appears that further gains in stability of total

Table 6
Average total rockfish catches and year-100 variances for con-
stant F', variable F, multispecies, and three-parameter har-
vesting policies for the three-species model.
Biomass Objective
CVs Policy function Yield Var[100]
0 4) maxh 13.75 7.40
(5) logh 13.78 7.59
(6) logh 13.70 5.60
(7) logh 18.77 6.39
(5) negx 13.61 5.75
6) negx 13.60 4.08
(7) negx 13.60 4.09
25 (4) maxh 13.72 11.58
(5) logh 13.67 9.01
(6) logh 13.67 7.97
7 logh 13.63 6.99
(5) negx 13.53 7.47
(6) negx 13.53 6.01
(@] negx 13.51 5.40
50 (4) maxh 13.70 24.74
(5) logh 13.53 14.49
(6) logh 13.55 15.79
(7) logh 13.50 11.39
(5) negx 13.37 12.76
(6) negx 13.43 13.29
()] negx 13.33 8.21

catch could be achieved by using a three-parameter
harvesting policy (Table 6):

B.;+ b2 2 Bilt]/ 2 B..;. ™
i#j i#]

The primary disadvantage of this policy is the computa-
tional expense required to obtain the policy parameter
estimates.

Model limitations

One of the primary assumptions underlying this model
is that trawlers can, on an annual basis, control the
relative proportions of the individual rockfish species
in the catch. That appears to be a reasonable assump-
tion for widow rockfish, which are caught primarily
in a directed midwater trawl fishery. Catches of other
rockfish species should be low in a midwater trawl
fishery for shortbelly rockfish (Lenarz 1980), and the
Pacific Fishery Management Council is unlikely to per-
mit a bottomtrawl fishery for that species. Peak abun-
dance of splitnose rockfish is in deeper water than for
the other species used in this model; however, some
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catches (particularly in the 100-149 fm depth interval)
would likely contain bocaccio and chilipepper as well
(Gunderson and Sample 1980). The greatest degree of
overlap would be for bocaccio and chilipepper. Bocac-
cio occur over a greater latitudinal range than chilipep-
per, but in the area off California where both species
are abundant, it could be difficult to maintain marked-
ly different catch levels for the two species. An im-
proved version of this model would incorporate prob-
abilities for different levels of bycatch, so that the
optimal policies would be constrained by the degree of
targeting that was feasible (Pope 1979).

Another important assumption is that the species in-
cluded in the objective function are interchangeable in
the marketplace. That is a valid assumption for the
commerically important Sebastes species, including
widow rockfish, bocaccio, and chilipepper. However,
demand for splitnose rockfish has been low because of
its small size and low fillet yield (Lenarz 1986). A low
price would be expected for shortbelly rockfish because
they are small in size and must be processed rapidly
(Lenarz 1986). Lenarz (1986) suggested that better
marketing approaches will be needed before significant
quantities of either splitnose or shortbelly rockfish can
be harvested. For the model used in this study, dif-
ferences in price among species could be accommodated
easily and the objective function could be modified to
maximize some function of income. It would also be of
practical importance to determine whether all vessels
participating in these fisheries caught all the species
used in the objective function. Policies that result in
variable catches of the species used in the model would
be less appropriate if some fishermen did not catch or
were unable to market some of the species.

The objective function could also be modified to in-
clude costs of fishing (see, for example, Pikitch 1987).
However, the current practice of the Pacific Fishery
Management Council is to manage for maximum sus-
tainable yield; costs of fishing are not considered. Stock
assessments are restricted to estimation of Acceptable
Biological Catch (ABC), and the Council considers some
socioeconomic factors when determining ‘“‘Optimum
Yield” from the ABC.

A limitation of this study was the assumption that
mode] parameters M, B_, and A were known. Those
parameters strongly affect equilibrium yields; conse-
quently, when they are not well estimated, the passive
policies used in this study might be outperformed by
an adaptive probing strategy (Walters 1986). Under
such a strategy, short-term fluctuations in fishing mor-
tality and yield would be accepted in order to better
estimate the productivity of the stock and improve
long-term management.

Another potential limitation of the model used in this
study was the assumption that errors in estimating

biomass were not autocorrelated. That assumption may
be valid when estimates are based on methods such as
a swept-area trawl survey, although the fishery man-
ager would be expected to balance any single estimate
of stock size against observations from prior years.
Autocorrelated errors would be likely in cases where
estimates were based on a time-series of catch data.
Such errors would be expected to have more serious
consequences than the independent errors assumed
here. An approach for introducing autocorrelated
errors might be to use CVs of the same magnitude as
assumed here but to use a 2- or 3-year moving-average
estimate of biomass to set quotas. Errors in estimating
biomass might also be correlated among species; for
example, swept-area trawl surveys may underestimate
the biomass of several species.

A possible limitation of this model was the assump-
tion that the reliability of assessment data was equi-
valant for all species. If differences in the reliability
of estimates were substantial, it might be found that
a reliable single-species policy would be preferable to
a multispecies policy that incorporated unreliable in-
formation on additional species.

Summary

1 When constant F policies for different objective
functions were compared, the optimal F, total yield,
and variance for total yield decreased as the level of
risk aversion increased.

2 Single-species and multispecies variable F policies
for maximizing harvest did not increase total yield
significantly compared with constant F policies.

3 Single-species and multispecies variable F policies
for the logh and negx objective functions provided a
substantial reduction in the variance of total yield, com-
pared with a constant F policy for maximizing harvest.
4 For the logh and negx objective functions, the
variance for total catch was lower for the multispecies
than for the single-species variable F policies, except
for some cases for a five-species model or when biomass
CVs were 50%.

5 Constant F policies for maximizing harvest (the cur-
rent management approach) were essentially identical
for different levels of random, non-autocorrelated
errors in estimating biomass. Mean yield was slightly
lower at higher biomass CVs for both constant F' and
variable F policies.
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