
Effect of forecast skill on management of the
Oregon coast coho salmon (Oncorhynchus kisutch)
fishery

David E. Rupp, Thomas C. Wainwright, and Peter W. Lawson

Abstract: Better fisheries management is often given as one justification for research on improving forecasts of fish sur-
vival. However, the value gained from expected improvements in forecast skill in terms of achieving management goals is
rarely quantified as part of research objectives. Using Monte Carlo simulations of population dynamics, we assessed the ef-
fect of forecast skill under two strategies for managing Oregon coast natural (OCN) coho salmon (Oncorhynchus kisutch).
The first, or status quo, strategy is currently being used to rebuild threatened OCN coho populations. This strategy deter-
mines harvest based on both a forecasted marine survival rate and parental spawner abundance. The second strategy relies
on a forecast of preharvest adult abundance to achieve a constant spawner escapement target. Performance of the status quo
strategy was largely insensitive to forecast skill, while the second strategy showed sensitivity that varied with escapement
target and specific performance metric. The results imply that effort towards improving forecasts is not justifiable solely on
the basis of improved management under the status quo strategy, though it may be were the management strategy altered.

Résumé : Une meilleure gestion des ressources halieutiques est une des raisons communément évoquées pour justifier les
recherches sur l’amélioration de la capacité de prévision de la survie du poisson. Cela dit, la quantification de la valeur dé-
coulant des améliorations attendues de la capacité de prévision pour ce qui est de l’atteinte des objectifs de gestion est rare-
ment incluse dans les objectifs de recherche. En utilisant des simulations de Monte Carlo de la dynamique des populations,
nous avons évalué l’effet de la capacité de prévision dans le contexte de deux stratégies de gestion du saumon coho (Onco-
rhynchus kisutch) naturel de la côte de l’Oregon (OCN). La première stratégie, celle du statu quo, est actuellement utilisée
pour reconstituer les populations menacées de saumon coho OCN. Selon cette stratégie, la récolte est établie en fonction des
prévisions concernant le taux de survie en mer et l’abondance de géniteurs parentaux. La deuxième stratégie repose sur la
prévision de l’abondance des adultes avant la récolte pour en arriver à une cible d’échappée de géniteurs constante. Le ren-
dement de la stratégie du statu quo s’est avéré peu sensible à la capacité de prévision, alors que la sensibilité de la deuxième
stratégie variait selon la cible d’échappée et le paramètre de mesure du rendement utilisé. Ces résultats indiquent que l’amé-
lioration de la gestion dans le contexte d’une approche axée sur le statu quo ne justifie pas, à elle seule, les efforts visant
l’amélioration des prévisions, mais que ces efforts pourraient être justifiés si la stratégie de gestion était modifiée.

[Traduit par la Rédaction]

Introduction
Since the late 1800s, Pacific salmon have been a major

component of the commercial fishery along the western coast
of North America from California to Alaska (Magnuson et al.
1996). However, many salmon populations south of Alaska,
including Oregon coast natural (OCN) coho salmon (Onco-

rhynchus kisutch) populations, have seen dramatic declines
during the last several decades (Williams et al. 1991; Good
et al. 2005). OCN coho adult abundances were estimated to
reach as high as 2 000 000 during the first half of the 20th
century, but fell below 100 000 in the late 1990s. Concerns
over the viability of the Oregon coast coho salmon evolutio-
narily significant unit, a subset of OCN coho populations, led
to their listing as “threatened” in 1998 under the US Endan-
gered Species Act (National Marine Fisheries Service 1998).
This status was reconfirmed in 2008 and 2011 (National Ma-
rine Fisheries Service 2011).
Since 1995, the Oregon Plan for Salmon and Watersheds

(Oregon Plan) has been developed and implemented with the
goals of improving freshwater habitat and recovering salmon
runs (Oregon Watershed Enhancement Board 2006). An early
product of the Oregon Plan was a harvest management strat-
egy for OCN that selected a maximum allowable harvest im-
pact rate (which included both directed and nondirected, or
incidental, mortality) based on parental spawner abundances
and an expectation of marine survival for a given cohort.
This management strategy, based on an exploitation rate ma-
trix, was adopted by the Pacific Fishery Management Coun-
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cil in Amendment 13 (A13) to its Salmon Fishery Manage-
ment Plan (Pacific Fishery Management Council 1998). Fur-
thermore, a review and risk assessment was performed using
a detailed habitat-based life-cycle model (Nickelson and Law-
son 1998) coupled to a harvest management model to esti-
mate extinction probabilities under the A13 strategy (Pacific
Fishery Management Council 2000).
A key feature of the A13 strategy is that the maximum al-

lowable harvest rate for a given year is based in part on a
forecast of the marine survival rate; the maximum allowable
harvest rate, as a percentage of adults, increases with increas-
ing expected marine survival rate. The accuracy of a forecast
thus determines how close the chosen harvest rate is to the
“desired” harvest rate (the harvest rate that would be chosen
given perfect knowledge of the actual marine survival rate). It
follows, therefore, that the forecast accuracy, or skill, impacts
how well management objectives are being met under the
harvest strategy. The value of an improvement in forecast
skill can be quantified by how much closer the improvement
brings us to some management objective that would be
reached under ideal conditions (i.e., with perfect forecasts).
Walters (1989) found that the value of short-term recruit-

ment forecasts could decline very rapidly as forecast skill de-
creased and concluded that a forecast method should explain
at least 60%–80% of recruitment variation to be of practical
use. However, the impact of forecast skill on management
performance depended on the specific harvest management
strategy; precise forecasts notably improved performance
when annual catch quotas were fixed, but not for flexible
strategies that adapted in-season to updated stock size esti-
mates. Moreover, for fixed annual catch quotas, the impact
of forecast skill was greater when the stock was productive
(e.g., salmon) as opposed to being unproductive and long-
lived (e.g., Pacific halibut, Hippoglossus stenolepis).
Indeed, the importance of accurate forecasts to particular

salmon harvest management strategies has been questioned
in previous studies. For example, Kaje and Huppert (2007)
evaluated the effects of forecast skill on strategies that ac-
counted for both wild and hatchery coho salmon and both
offshore and inshore allocation of catch. They found only mi-
nor relative gains (on the order of 1%) in terms of total catch
for perfect forecasts compared with naïve forecasts of marine
survival (i.e., using the long-term mean as the forecast),
though gains in total economic value ranged from 2% to
24%, depending on the particular mechanism of how catch
was allocated between offshore (more valuable recreational
fishing) and inshore (less valuable). Yet smaller relative eco-
nomic gains (∼1.5%) were found by Costello et al. (1998) in
perfect over naïve stock abundance forecasts using a bio-
economic model of the Pacific Northwest salmon fishery.
Because of the stock- and strategy-dependent conclusions

of previous studies, we examined the sensitivity of harvest
management strategies for OCN coho to forecast skill. In
two separate analyses we looked at (i) sensitivity of the A13
exploitation rate decision strategy to marine survival forecast
skill and (ii) sensitivity of constant spawner escapement man-
agement strategies to preharvest adult abundance forecast
skill. Escapement goal management and various forms of ex-
ploitation rate management are the two most common man-
agement strategies for Pacific salmon. Although the A13
matrix is more complex than most, conclusions from this

comparison should provide insight into the relative merits of
the variety of management systems currently applied to Pa-
cific salmon.
To perform the sensitivity analysis, we applied manage-

ment strategy evaluation (MSE) methods (e.g., Link and Pe-
terman 1998; Bue et al. 2008; Dorner et al. 2009). Punt et al.
(2001) provide a good general overview of the MSE ap-
proach. In brief, our MSE method consists of (i) scenario de-
velopment, (ii) Monte Carlo simulations of population
dynamics with harvest strategy implementation, and (iii) strat-
egy evaluation based on performance metrics. Scenarios are
defined by the management strategy (i.e., harvest rules), the
particular population dynamics model and associated param-
eter values, and errors in harvest management implementa-
tion (e.g., imperfect forecasts; differences between target and
actual harvest impact rates).

Materials and methods

Data
The OCN coho salmon stock aggregate is defined here as

consisting of natural (wild) runs from rivers and lakes along
the Oregon coast south of the Columbia River. This stock ag-
gregate is a component of the greater Oregon Production In-
dex (OPI) area coho stock, which also includes hatchery and
natural coho from the Columbia River and hatchery coho
from the Oregon coast (though coast hatchery coho have his-
torically been a minor component of the OPI and are cur-
rently inconsequential because most coastal hatcheries are
closed).
An annual time series of aggregated OCN coho preharvest

adult recruitment for the period 1970–2009 from Oregon
coastal rivers and lakes was generated from spawner escape-
ment estimates and harvest-related mortality (table III-2 in
Pacific Fishery Management Council 2010). Data for this pe-
riod were selected because they were deemed more reliable
than earlier estimates because of improvements in surveying
methods, which are described in Jacobs and Nickelson
(1998) and Lewis et al. (2009). Annual time series of adult
recruitment were similarly generated for each of four subag-
gregate units denoted “Northern”, “North–Central”, “South–
Central”, and “Southern”; however, these times series were
limited to 1990–2009, the range of the available
subaggregate-scale data (Robin Ehlke, Washington Depart-
ment of Fish and Wildlife, 600 Capitol Way North, Olympia,
WA 98501, USA, unpublished data). The geographical ex-
tents of the four subaggregate populations are defined in
Amendment 13 to the Pacific Coast Salmon Plan (see figure 2
in Pacific Fishery Management Council 1999). Fishery ex-
ploitation rates were assumed to be equal across subaggre-
gates.
The OCN coho data set described above does not include

estimates of smolt production, which are necessary to deter-
mine rates of smolt-to-adult marine survival needed to esti-
mate the parameters in the population models. Therefore,
using existing time series of OPI hatchery (OPIH) coho ma-
rine survival from 1970 to 2009 as a proxy for OCN coho
marine survival, we reconstructed OCN smolt abundance
and marine survival time series. Given that marine survival
of wild coho has been observed to be higher than that of
hatchery coho (Nickelson and Lawson 1998), we adjusted
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the OPIH coho marine survival based on wild coho marine
survival estimates from a small number of streams along the
Oregon coast; details are given in Appendix A. Our interest
for this analysis was only in obtaining parameter values that
resulted in reasonable approximations of the dynamics of real
populations; our primary objective was to examine sensitivity
to forecast skill under given management strategies, not to
make specific inferences about the OCN coho population.

Salmon population dynamics
We modeled annual abundance of OCN coho salmon pre-

harvest adults A surviving to their third year as the product of
smolt recruitment R the previous year and a time-varying ma-
rine survival rate S: At = StRt–1. After log-transformation, this
relationship can be expressed as

ð1Þ ln ðAtÞ ¼ ln ðRt�1Þ �Mt

where t is year and M is a marine instantaneous mortality
rate. M is related to the marine survival rate S through S =
exp(–M), where the time step is implicit. For simplicity, we
made no adjustment for early returns of 2-year-old males
(jacks) (Koslow et al. 2002; Logerwell et al. 2003). The pro-
portion of coho that return as jacks in this region is estimated
to be less than 10% (Suring et al. 2009).
Marine mortality was treated as a stochastic process. Spe-

cifically, the marine mortality rate anomaly _M (deviation
from the mean) was modeled as an autoregressive (AR) proc-
ess of order p to capture the autocorrelative properties of ma-
rine environmental variables that influence marine survival:

ð2Þ _Mt ¼ f1
_Mt�1 þ f2

_Mt�2 þ :::þ fp
_Mt�p þ lt

where the fi, i = 1, 2,…, p, are constants and lt � Nð0; s2
lÞ.

Annual recruitment of smolts was modeled with each of
two commonly used stock and recruitment models: Ricker
(Ricker 1954) and Beverton–Holt (Beverton and Holt 1957).
(We also used the hockey-stick model (e.g., Barrowman and
Myers 2000), but as results were very similar to those from
the Beverton–Holt model, it is not discussed further.) These
models can be expressed as

ð3aÞ Ricker: Rt�1 ¼ aPt�3 exp �log ðaÞ
b

Pt�3

� �
expðntÞ

ð3bÞ Beverton� Holt:

Rt�1 ¼ aPt�3 1þ a� 1

b
Pt�3

� ��1

expðntÞ

where Rt–1 are the smolt recruits in year t – 1 resulting from
parent spawners Pt–3 in year t – 3, vt are the residuals, and a

and b are constants. Though these may not be the most famil-
iar parameterizations of these models, we express them as such
so that the parameters have the same meaning across all mod-
els. Specifically, when the residual term is zero, a is the max-
imum recruits per spawner that occurs as Pt–3→0, and b is the
number of spawners at which the number of spawners exactly
equals the number of recruits (i.e., Rt–1 = Pt–3 for Pt–3 > 0).
We considered cross-correlation of the residuals vt among

the four subaggregate populations. Letting vt be a vector of
residuals from k populations, we assumed that the vt are nor-

mally distributed with mean zero and variance that is given
by the symmetrical covariance matrix S:

ð4Þ S ¼

s2
1 C12 � � � C1k

C21 s2
2 � � � C2k

..

. ..
. . .

. ..
.

Ck1 Ck2 . . . s2
k

0BBBBBB@

1CCCCCCA
where the Cij are the covariances of each vi and vj pair, for
i ≠ j.
The recruitment models given by eqs. 3a and 3b could be

generalized further to account for autocorrelation of the resid-
uals vt. However, we assumed vt had no memory, after an ex-
ploratory analysis revealed that no significant autocorrelation
was found among the residuals vt for the aggregate smolt
time series, regardless of stock–recruitment model (signifi-
cance level = 0.05).
We calculated the number of adults that escape the fishery

to become parent spawners (P) through an annual harvest im-
pact rate H:

ð5Þ Pt ¼ ð1� HtÞAt

The harvest impact rate includes both directed harvest and
indirect mortality resulting from harvest practices. For sim-
plicity, we ignored mortality of adults that have escaped har-
vest impacts (Nickelson and Lawson 1998); mortality rates of
freshwater adults due to sport harvest averaged 6% from
1970 to 2009 and averaged only 1% after 1993 (Robin Ehlke,
Washington Department of Fish and Wildlife, 600 Capitol
Way North, Olympia, WA 98501, USA, unpublished data),
while the natural mortality rate in fresh water is considered
to be low and relatively constant. Target harvest impact rates
were determined from criteria established in a given manage-
ment strategy. The MSE system also includes a method of
calculating error in the implementation of the target harvest
impact rate. However, we did not include harvest implemen-
tation error in this study so as to isolate the effects of forecast
error, though we acknowledge that forecast error could poten-
tially influence harvest implementation error (Holt and Peter-
man 2006, 2008; Dorner et al. 2009).
To initialize each run, initial parent spawner abundance

was set equal to the mean observed spawner abundance dur-
ing the period 1990–2009, effectively removing initial popu-
lation size as a source of variability. This meant all results
were conditional on initial population sizes being as they
have been on average recently, as if we were beginning the
experiment in the current “era”. In contrast, we accepted a
wide range of initial conditions for marine mortality; prior to
each run, we ran the autoregressive model (eq. 2) alone
through 100 iterations after first seeding it with mortality
anomalies of zero at all lags.
The evaluated management strategies required a forecast of

marine survival or annual adult recruitment with a known
a priori correlation with the true series. We also desired that
the forecast and true series have approximately equal means
and variances. To meet these criteria, we generated a forecast
by assuming that the forecast bX was a linear function of
(i) the true variable X, (ii) the underlying mean X, and
(iii) random noise:
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ð6Þ bXt ¼ rXt þ ð1� rÞX þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2

p
g t

where g t � Nð0; s2
XÞ, and r gives the desired correlation be-

tween the forecasted and actual values (Mendenhall and
Scheaffer 1973). For marine mortality and adult recruitment,
X = M and X = ln(A), respectively.

Parameter estimation
The parameters of the AR model for marine mortality

(eq. 2) were estimated using the maximum likelihood method
with the aggregate population marine mortality estimates for
the period 1970–2009. The selection of the order p of the AR
model was based on the Akaike information criterion (AIC);
AIC was calculated as 2(p + 1) – 2ln(L), where L is the
maximized value of the likelihood function (Shumway and
Stoffer 2006). The order that provided the lowest DAIC,
where DAICðpÞ ¼ AICðpÞ �min ðAICÞ, was p = 2. As a
comparison, DAIC for p = 0, 1, 2, and 3 were 25.0, 9.4, 0,
and 1.8, respectively. Values for the parameters in the marine
survival model are provided (Table 1).
The stock–recruitment models (eqs. 3a and 3b) were fitted

to the 1990–2009 subaggregate population data using maxi-
mum likelihood methods. To facilitate optimization, eqs. 3a
and 3b were log-transformed and reparameterized so that the
fitting parameters became a and b, where a = ln(a), and b
varied by model as follows:

ð7aÞ Ricker: b ¼ lnðaÞ=b

ð7bÞ Beverton� Holt: b ¼ ln ½b=ða� 1Þ�
For each model, we chose to keep the value of the param-

eter a the same across subaggregates, whereas b was allowed
to vary by subaggregate. This decision was based on a “meta-
analysis” that considered all subaggregates simultaneously.
Such meta-analyses are based on the concept that ecological
parameters shared among nearby populations within a stock
ought to be related and that fitting models independently to
individual populations is not justified (e.g., Myers et al.
2001; Barrowman et al. 2003). The meta-analysis was per-
formed using mixed-effects models that treat a parameter as
coming from a normal distribution (i.e., ai � Nða; s2

aÞ and
bi � Nðb; s2

bÞ), where i indexes the subaggregate population
(Myers et al. 1999, 2001; Barrowman et al. 2003). By apply-
ing a mixed-effects model, we also had the potential for
avoiding spurious parameter values for a given subaggregate
because of small sample size (Myers and Mertz 1998). The
details of the mixed-effects modeling are not given here, but
our results showed that subaggregate variability in the a pa-
rameter was insignificant, suggesting a could be assumed to
be equivalent among populations. This may partly be a result
of masking some spatial variability in population dynamics
by assuming marine survival was identical across subaggre-
gates when reconstructing the smolt time series (as described
in Appendix A). Furthermore, there were not major differen-
ces in the estimates for b whether the bi were estimated using
a mixed-effects model or treated simply as separate coeffi-
cients without the distributional constraint imposed by the
mixed-effects model. We therefore chose the latter, simpler
option. Values for the parameters of the smolt recruitment
models are provided (Tables 2 and 3).

Parameter sensitivity analysis
To see if our overall conclusions were sensitive to the par-

ticular values of the parameters used in the smolt recruitment
models, we conducted the MSE using alternative parameter
sets. Alternative sets were chosen so that they varied from the
optimal set to a degree reflective of the parameter uncertainty.
Because of computational burden of running many MSE sce-
narios, we chose only nine alternative parameter sets (exclud-
ing the optimal parameter set) per smolt recruitment model.
First, a large number of parameter sets were randomly gen-

erated from a multivariate normal distribution. Each parame-
ter set consisted of five parameters (a and bi, for i = 1 to 4).
The means and the variance–covariance matrix of the optimal
parameter set were used as the mean and variance of the
multivariate normal distribution.
From the large sample of randomly generated parameter

sets, a subsample was selected based on the likelihood ratio
statistic LR:

ð8Þ LR ¼ �2 ln ðLALT=L0Þ
where L0 is the likelihood of the optimal model (i.e., with the
best-fitting parameters that resulted from the maximum like-
lihood estimation procedure), and LALT is the likelihood of
the model with the parameters fixed (the randomly generated
parameter set). LR has an approximate c2 distribution. The
degrees of freedom (df) of the LR test is the difference be-
tween the number of free parameters between the two mod-
els, which was 5 in our case. For each of the models given
by eqs. 3a and 3b, we randomly chose nine parameter sets
that had an LR that corresponded to a significance level of
0.9 (c2 = 1.61 for df = 5; LALT/L0 ≈ 0.45). This left us with
alternative smolt recruitment curves that could be considered
to be not significantly different from the best-fitting curve,
but still provided a modest range of parameter values (see
Table 2).

Management strategies
We evaluated four management strategies (see summary in

Table 4). The first, which is referred to as the “A13a” strat-
egy, is based on the fishery impact rate decision criteria in-
troduced in Amendment 13 of the Pacific Coast Salmon
Plan (Pacific Fishery Management Council 1999) and later
revised (Scharr et al. 2000). In the A13a strategy, the target
harvest rate (HT) depends on two factors: (i) the number of
parent spawners relative to habitat capacity (i.e., the percent
“seeding”) and (ii) the expected marine survival rate (i.e.,
adults per smolt) of the forthcoming adult recruits. Further-
more, it is the “weakest” subaggregate stock (the subaggre-
gate stock with the lowest number of parent spawners
relative to habitat capacity) that determines the harvest rate
in a given year.

Table 1. Marine survival AR(2)
model parameter values.

Parameter Value
f1 0.315
f2 0.475
sl 0.495
Mma 2.625

Rupp et al. 1019
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The harvest impact rate is given as a bivariate step func-
tion of the forecast marine survival index and the observed
parent spawner status of the subaggregate population with
the weakest, or lowest, status (Table 5). Note that the harvest
impact rate in each cell of the matrix is given as an upper
limit (Table 5). For the Monte Carlo simulations, the upper
limit was always applied.
As of 2010, the PFMC was utilizing Columbia River

hatchery coho jacks per smolt as an index for adult marine
survival. For our study, we used the ratio of adults per smolt
directly. The class divisions of the marine survival S used in
our study were taken from appendix 2 of the Oregon Coast
Coho Conservation Plan (Oregon Department of Fish and
Wildlife 2007) and are as follows: Extremely Low: 0 ≤ S <
0.011; Low: 0.011 ≤ S < 0.044; Medium: 0.044 ≤ S <
0.103; and High: 0.103 ≤ S.
The parent spawner status is determined from the percent-

age of full seeding of high-quality habitat or from the num-
ber of spawners per mile (1 mile = 1.609 km) of high-
quality habitat. Full seeding is defined as all high-quality
habitat being exploited to full capacity. The numbers of
spawners required to achieve certain degrees of seeding and
a critical number of fish per mile are provided (Table 6).
The second management strategy (A13b) was identical to

the A13a strategy except that we doubled all the target har-
vest impact rates given (Table 5). The third and fourth man-
agement strategies applied constant escapement goals of
50 000 and 200 000 total spawners, respectively. These strat-
egies were denoted as CE50 and CE200. The goal of 50 000
spawners was selected because it represented roughly the
average annual escapement abundance during the last 30 years
of the 20th century (Fig. 1), whereas the goal of 200 000
spawners was chosen as a stock rebuilding strategy. More-
over, the escapement target of 200 000 spawners had been a
long-term goal since at least 1981, and this goal was reiter-
ated in the Pacific Coast Salmon Plan (Pacific Fishery Man-
agement Council 1997; see also review in Pacific Fishery

Management Council 1999). Note that with 200 000 spawn-
ers, directed harvest would only have occurred in 4 years dur-
ing the period 1980–2009 (Fig. 1).
For the constant escapement strategies, the target harvest

impact rates HT were calculated to achieve the target harvest
from forecasted adult abundance bA:
ð9Þ Ht ¼

1� PT =bAt for bAt > PT

0 for bAt � PT

(
where PT is the constant target spawner escapement abun-
dance.

Strategy evaluation
Each scenario was defined by (i) a management strategy,

(ii) a specified forecast skill, and (iii) a smolt recruitment
model, including a particular parameter set. Sixty years of
population dynamics and harvest impacts were simulated for
each scenario, which corresponded to tracking three cohorts
during nineteen 3-year lifecycles per cohort. 500 trials of the
60-year-long simulations were made per scenario.
Performance metrics were calculated to evaluate the two

primary management objectives: (i) economic return and
(ii) conservation. For simplicity, we used annual harvest as
an index of economic return, avoiding the issue of variable
pricing and costs. Specifically, we calculated the mean and
10th and 90th percentiles of annual harvest. These percentiles
provide the market with an estimate of the lowest and highest
annual harvest that could be expected every 10 years, on
average.
To measure the performance of the management strategy

in terms of conservation, we tracked the frequency with
which subaggregate spawner densities fell below critical
seeding levels. The critical seeding threshold (Table 6) repre-
sents the spawner density below which demographic risks
(i.e., depensation) could become significant (Scharr et al.
2000; Wainwright et al. 2008).
We ran simulations with four levels of forecast skill: Per-

fect, Good, Fair, and Poor. The corresponding values of the
Pearson’s correlation coefficient r as applied to eq. 6 for
these skill levels were 1, 0.9, 0.75, and 0.5, respectively.
While the goal was to achieve a specific correlation (r) be-
tween forecasted and actual values to represent a given fore-

Table 2. Values of fitted model parameters and range (in parentheses) of the nine alternate parameter values by model and OCN coho sub-
aggregate.

Parameter

b

Model a Northern North–Central South–Central Southern
Ricker 65.9 (59.2–74.5) 100.1 (100.1–125.8) 158.4 (139.2–209.1) 272.4 (234.0–324.1) 27.8 (25.7–31.4)
Beverton–Holt 250.3 (160.0–389.0) 390.5 (323.0–522.1) 590.8 (509.9–721.0) 1522.3 (1241.0–1864.6) 118.0 (94.2–141.9)

Table 3. Correlation matrix of optimized model residuals for
subaggregate populations and total (aggregate) population.

Northern North–Central South–Central
Ricker
North–Central 0.40
South–Central 0.23 0.46
Southern –0.25 –0.04 0.10

Beverton–Holt
North–Central 0.56
South–Central 0.04 0.44
Southern –0.26 –0.18 0.11

Table 4. Management strategies.

Strategy Description
A13a Current A13 management strategy (status quo)
A13b A13a with doubled harvest impact rates
CE50 Constant escapement at 50 000 spawners
CE200 Constant escapement at 200 000 spawners
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cast skill level, specifying the value of r in eq. 6 did not
guarantee each individual 60-year run would return precisely
the same value of r for the simulated time series.
To test for a “detectable” change in a given performance

metric due to diminishing forecast skill relative to Perfect
skill, we relied on the variability in the performance metrics
arising from using the two smolt recruitment models and the
10 parameter sets per model (20 cases in all per forecast
skill). Specifically, an increase or decrease in the metric was
considered “detectable” if all cases showed an increase or de-
crease in the metric. Note that the variability of the perform-
ance measures among the 10 different parameter sets for a
given model was due not only to the varying parameter val-
ues, but also included random variability arising from a finite
number of Monte Carlo runs. For our purposes, we did not
separate the two sources of variability.
Given that the correlation coefficient does not measure the

accuracy of the “raw” forecast, but of the forecast under a
linear transformation, we also calculated the forecast skill of
each 60-year simulation using two additional metrics: the
bias and the Nash–Sutcliffe efficiency (NS) (Nash and Sut-
cliffe 1970). We present the detransformed forecast bias
(BIAS) as a percentage:

ð10Þ BIAS ¼ 100 exp
1

n

Xn
i¼1

bXi � X

 !
� 1

" #

This way, a BIAS of +10% would indicate, for example,
that forecasted survival bS ¼ exp ðbXÞ is, on average, 10%
higher than the actual marine survival, which we find eas-
ier to interpret than the straight bias of the log-transformed
values.

A more comprehensive measure of accuracy is the NS ef-
ficiency, with can be shown to be an additive combination of
the linear correlation, bias, and the ratio of the variances of
forecasted and observed values (Gupta et al. 2009). The NS
score is calculated by

ð11Þ NS ¼ 1�

Xn
i¼1

ðbXi � XiÞ2

Xn
i¼1

ðX � XiÞ2

The data estimation and MSE simulations were coded and
run using the R language (version 2.10.1; R Development
Core Team 2011). The code is available from D.E. Rupp.

Results

Illustrations of the variability in the correlation r, the
NS efficiency, and bias at different skill levels are shown
(Fig. 2). In these examples, the A13a management strategy
and the Beverton–Holt smolt recruitment were employed,
but the plots looked very similar for all the scenarios (re-
sults not shown). Overall, the NS scores were approxi-
mately 0.78, 0.45, and –0.11 for r = 0.9, 0.75, and 0.5,
respectively (Fig. 2b). There was an increasing mean bias
in the forecast with diminishing forecast skill, but the bias
was slight: approximately +0.8%, +1.2%, and +2.6% for
Good, Fair, and Poor forecast skill, respectively (Fig. 2c).
The variability in bias also increased with diminishing
forecast skill. At most, the bias in 9 out of 10 runs varied
between –17% and +29% with Poor forecast skill. In the
following sections, skill is expressed solely in terms of r,

Table 5. Harvest impact rate decision matrix for strategy A13a.

Marine survival index (adult returns per smolt)

Parent spawner statusa
Extremely Low
(<0.011)

Low
(0.011 to 0.044)

Medium
(0.044 to 0.103)

High
(≥0.103)

High: >75% of full seeding ≤8% ≤15% ≤30% ≤45%
Medium: >50% and ≤75% of full seeding ≤8% ≤15% ≤20% ≤38%
Low: >19% and ≤50% of full seeding ≤8% ≤15% ≤15% ≤25%
Very Low: >4 fish per mile and ≤19% of full seeding ≤8% ≤11% ≤11% ≤11%
Criticalb: ≤4 fish per mile ≤8% ≤8% ≤8% ≤8%

Note: The table gives the maximum allowed harvest rate based on parental spawner habitat seeding level (see Table 6) and forecasted marine
survival. 1 mile = 1.609 km.

aParental spawner abundance status for aggregate population assumes the status of the weakest subaggregate.
bCritical criterion for the Southern subaggregate is ≤12% of full seeding.

Table 6. Subaggregate and basin-specific spawner criteria data for strategy A13a.

Critical Very Low, Low, Medium, and High

Subaggregate
Miles of available
spawning habitata

100% of
full

4 fish per
mile

12% of full
seeding

19% of full
seeding

50% of full
seeding

75% of full
seeding

Northern 899 21 700 3 596 NA 4 123 10 850 16 275
North–Central 1 163 55 000 4 652 NA 10 450 27 500 41 250
South–Central 1 685 50 000 6 740 NA 9 500 25 000 37 500
Southern 450 5 400 NA 648 1 026 2 700 4 050
Coast-wide total 4 197 132 100 15 636 25 099 66 050 99 075

Note: 1 mile = 1.609 km.
aSpawning habitat assumes that defined as high-quality habitat only.
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but the above relationships between r and NS and between
r and BIAS can be assumed throughout with reasonable
accuracy.
The effects of diminishing forecasting skill differed greatly

by management strategy and by metric. Under the A13a and
A13b strategies, changes in mean annual harvest ranged from
undetectable to, at most, minor reduction (∼7%) (Figs. 3a,
3b). This was true irrespective of the smolt recruitment

model used. Compared with the A13 strategies, however, the
constant escapement strategies were more sensitive to fore-
cast skill. For the 50 000 spawner goal, decreases in mean
annual harvest at Poor forecast skill were about 15% (Fig. 3c),
averaging across smolt recruitment models. Sensitivity of har-
vest to forecast skill was much higher for the higher spawner
abundance target; for 200 000 spawners, the decreases were
roughly 15%, 30%, and 45% at the Good, Fair, and Poor

A
b
u
n
d
a
n
c
e
 (

th
o
u
s
a
n
d
s
)

A
d
u
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 p

e
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s
m
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Fig. 1. Time series of (a) Oregon coast natural coho adult recruit and spawner abundance and (b) reconstructed marine survival and marine
survival estimates from the life cycle monitoring (LCM) sites. Horizontal dashed lines in panel (a) show the target spawner abundances for
two management strategies evaluated in this study.

1022 Can. J. Fish. Aquat. Sci. Vol. 69, 2012

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
O

R
E

G
O

N
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

06
/2

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



forecast skills, respectively (Fig. 3d), again averaging across
smolt recruitment models.
The 90th percentile of harvest response to diminishing

forecast skill (Fig. 4) was similar to mean harvest response.
Under the A13a and A13b strategies, the 90th percentile ex-
perienced a ∼7% and ∼12% reduction for Fair and Poor fore-
cast skills, respectively. For the 50 000 spawner goal, the

90th percentile harvest was reduced by about 10% at the
Poor forecast skill. With a 200 000 spawner target, the reduc-
tions were about 12%, 23%, and 43%, at the Good, Fair, and
Poor forecast skills, respectively.
Changes in the 10th percentile of harvest were largely un-

detectable under the A13a and A13b strategies (Fig. 5). On
the other hand, diminishing forecast skill had a dramatic ef-
fect under CE50; decreases in the 10th percentile ranged
from 5%–20% for Good forecast skill to 30%–90% for Poor
forecast skill, depending on the smolt recruitment model.
Under the CE200 strategy, the 10th percentile of harvest was
zero, so the relative change in harvest was undefined.
The effect of diminishing forecast skill on the conservation

metric (frequency of falling below the critical spawner den-
sity threshold) varied only slightly by subaggregate under
the A13 strategies. Under the constant escapement strategies,
the North–Central subaggregate showed generally the most
sensitivity to forecast skill, so we focus our analyses on that
subaggregate.
There was no detectable effect of forecast skill on the fre-

quency of the North-Central subaggregate falling below the
critical spawner density threshold under the A13a strategy,
though under strategy A13b there was a detectable but very
minor (1%–2%) increase in that frequency at the lowest fore-
cast skill (Fig. 6b). The greatest effect of forecast skill was
seen under the CE50 strategy, where the absolute changes in
frequency were +2%, +6%, and +11% for Good, Fair, and
Poor forecast skill, respectively (Fig. 6c). At 200 000 target
spawners, only the simulations with the Ricker smolt recruit-
ment model showed any substantial increase in frequency of
critical spawner abundance with diminishing skill (Fig. 6d).
The overall trends in sensitivity to forecast skill discussed

above were shared by the two smolt recruitment models.
However, the magnitude in sensitivity was highly variable
among the two models in some cases, in particular under the
constant escapement strategies for both critical spawner abun-
dance and the 10th percentile of harvest. In these cases, the
Ricker model typically showed the most sensitivity to fore-
cast error. This behavior is a product of the overcompensa-
tion in the Ricker function. Smolt production will be low at
both low and high spawner abundances, increasing the fre-
quency of low adult recruitment with respect to the
Beverton–Holt model. The higher sensitivity of the Ricker
model to forecast error occurs because the error will result
in overharvest at low adult abundances and underharvest at
very high abundances, both of which lead to lower smolt re-
cruitment compared with an error-free forecast.

Discussion
The most striking result of this study is the lack of sensi-

tivity of the A13 management strategy performance to marine
survival forecast error. An examination of the A13a decision
matrix helps explain why this is so. We consider first the an-
nual harvest, followed by the frequency of falling below the
critical spawner density threshold.
Mean annual harvest will be highly influenced by the years

with high adult recruitment because of the skewed abundance
distribution and the progressive harvest rates in the decision
matrix. High adult recruitment is more likely to occur when
the parent spawner status is “High” and the marine survival

B
IA

S
 (

%
)

Fig. 2. (a) Pearson’s correlation coefficient (r), (b) Nash–Sutcliffe
score (NS), and (c) bias (BIAS) for forecasts by categorical forecast
skill level. The bar-and-whisker plots give the mean and 5th, 25th,
75th, and 95th percentiles from an example run consisting of 500
trials of 60-year-long simulations.
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rate is also “High”. (We say “more likely” because low sur-
vival from egg to smolt to adult can still cause low adult re-
cruitment even when both parent spawner abundance and
marine survival rate are high.) When the actual parent
spawner status and marine survival rate place us in the upper
right cell of the A13a decision matrix, imperfect forecasts
can only move us leftward in the matrix (if they move us at
all), which is towards smaller harvest rates. This, of course,
results in lower harvest. The greatest departure from the in-
tended result would occur when the current system state im-
plied a 45% harvest rate, but we applied an 8% harvest rate.

However, such a scenario is very rare. As an example, we ran
a 30 000-year simulation with the A13a strategy and
Beverton–Holt model imposed and the forecast skill as Poor.
The joint frequency of “High” parent spawner status and
“High” marine survival rate was 6.7%. For these years, the
harvest rate should have always been 45%. However, forecast
error meant the chosen harvest rate could potentially have
been 8%, 15%, 30%, or 45%. In fact, for this example, when
the population state was “High” parent spawner status and
“High” marine survival, the conditional frequency distribu-
tion of applied harvest rates was 0%, 7%, 45%, and 48% for
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Fig. 3. Mean annual harvest under the (a) A13a, (b) A13b, (c) CE50, and (d) CE200 management strategies for various levels of forecast skill
(r) using the Beverton–Holt model (solid line and open triangles) and Ricker model (dashed line and letter “x”). Values of the mean are
relative to the mean for a Perfect forecast (r = 1). Forecasts were either of log-transformed marine survival rate (A13a and A13b) or log-
transformed adult recruitment (CE50 and CE200). Forecast skill is given as the mean Pearson’s correlation coefficient between actual and
forecasted values. Symbols represent the results from 10 different parameter sets for each spawner–smolt model. Symbols from each model
are offset slightly along the horizontal axis so they are distinguishable. Lines give the mean result from the 10 parameter sets. For each para-
meter set, 500 trials of 60-year runs were performed.
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harvest rates of 8%, 15%, 30%, and 45%, respectively. Thus,
in no case was the harvest rate severely under-applied (the
8% harvest rate), though in 45% of the years we applied a
harvest rate of 30% instead of 45%. The end result was that
harvest rates were on average only moderately under-applied
when adult recruitment was high even when forecast skill
was Poor.
The reason that the frequency of critical spawner abun-

dance is relatively insensitive to forecast error under the A13
strategies is more easily understood. The condition that leads
to critically low spawner densities is very low adult recruit-

ment, and very low adult recruitment is more likely to occur
when the marine survival rate is “Extremely Low” and when
parent spawners were few in number (in the “Very Low” or
“Critical” categories). These conditions place us in the lower
left portion of the decision matrix, so forecast error can only
move us rightward along the marine survival axis, if any-
where. However, the harvest rate would remain unchanged if
the parent spawner status were Critical (it remains at 8%) or
only marginally if the parent spawner status were Very Low
(the harvest rate increases from 8% to 11%). In summary, no
matter how large our marine survival forecast error is, our
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Fig. 4. 90th percentile of annual harvest under the (a) A13a, (b) A13b, (c) CE50, and (d) CE200 management strategies for various levels of
forecast skill (r) using the Beverton–Holt model (solid line and open triangles) and Ricker model (dashed line and letter “x”). Values of the
90th percentile are relative to the values under a Perfect forecast (r = 1). Forecasts were either of log-transformed marine survival rate (A13a
and A13b) or log-transformed adult recruitment (CE50 and CE200). Forecast skill is given as the mean Pearson’s correlation coefficient be-
tween actual and forecasted values. Symbols represent the results from 10 different parameter sets for each spawner–smolt model. Symbols
from each model are offset slightly along the horizontal axis so they are distinguishable. Lines give the mean result from the 10 parameter
sets. For each parameter set, 500 trials of 60-year runs were performed.

Rupp et al. 1025

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
O

R
E

G
O

N
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

06
/2

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



prescribed harvest rates will always be low when parent
spawner status is Very Low or Critical. Only when the parent
spawner densities are high across all subaggregates, fresh-
water mortality is great, marine survival is low, and we mis-
takenly assume marine survival to be high, do we risk
allowing too high of a harvest impact rate.
Under the A13 strategies, only about a 5% increase in

long-term harvest would be gained from a substantial im-
provement in forecast skill (i.e., from our Poor to Good clas-
sification). The absolute reduction in frequency of falling

below critical spawner densities would be less than 1% by
equally improving the forecast skill. Research towards im-
proving forecast skill could be justified on economic grounds
if the cost of the research were less than the financial benefit
from the 5% harvest increase.
However, there is another issue to consider, and that is the

probability of observing the benefit of the improved forecast
skill during the lifetime of an imposed management strategy.
We have chosen a 60-year time frame for implementation of
a management strategy under a given forecast skill, which is

0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.2

0.4

0.6

0.8

1.0
(a)

0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.2

0.4

0.6

0.8

1.0
(b)

0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.2

0.4

0.6

0.8

1.0
(c)

0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.2

0.4

0.6

0.8

1.0
(d)R

el
at

iv
e 

ha
rv

es
t

r

Fig. 5. 10th percentile of annual harvest under the (a) A13a, (b) A13b, (c) CE50, and (d) CE200 management strategies for various levels of
forecast skill (r) using the Beverton–Holt model (solid line and open triangles) and Ricker model (dashed line and letter “x”). Values of the
10th percentile are relative to the values under a Perfect forecast (r = 1). Forecasts were either of log-transformed marine survival rate (A13a
and A13b) or log-transformed adult recruitment (CE50 and CE200). Forecast skill is given as the mean Pearson’s correlation coefficient be-
tween actual and forecasted values. Symbols represent the results from 10 different parameter sets for each spawner–smolt model. Symbols
from each model are offset slightly along the horizontal axis so they are distinguishable. Lines give the mean result from the 10 parameter
sets. For each parameter set, 500 trials of 60-year runs were performed. Symbols are absent from panel (d) because the 10th percentile harvest
with Perfect forecast skill was zero; thus, the relative harvest is undefined.
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an optimistically long time to expect a management strategy
to be enforced without alteration. If we look at not only the
mean of each performance metric taken over 500 trials of 60-
year runs, but also the variability among the trials, we see
large variability in the performance metrics, which will make
attempts to verify the positive effects of forecast improvement
more difficult (Figs. 7 and 8). For harvest, it is evident qual-
itatively that where the objective is a constant spawner es-
capement, we are more likely to see a response from an
improvement in forecast skill (assuming we had the luxury

of 120 years to perform the experiment). The quantitative
probability of observing any increase in mean annual harvest
following a substantial improvement in forecast skill (e.g.,
from Poor to Good) is still only about 60%. In contrast,
under the A13 strategies, the odds of seeing positive results
from our efforts are never much better than 50/50. The prob-
abilities of observing an increase in mean annual harvest fol-
lowing an improvement in forecast skill for all the
management strategies is given (Table 7).
Similar to the case of harvest, we are unlikely to observe a
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Fig. 6. Frequency of North–Central subaggregate spawner abundances falling below critical seeding targets under the (a) A13a, (b) A13b,
(c) CE50, and (d) CE200 management strategies for various levels of forecast skill (r) using the Beverton–Holt model (solid line and open
triangles) and Ricker model (dashed line and letter “x”). Frequencies are given as the difference in frequency from that of a Perfect forecast
(r = 1). Forecasts were either of log-transformed marine survival rate (A13a and A13b) or log-transformed adult recruitment (CE50 and
CE200). Forecast skill is given as the mean Pearson’s correlation coefficient between actual and forecasted values. Symbols represent the
results from 10 different parameter sets for each spawner–smolt model. Symbols from each model are offset slightly along the horizontal axis
so they are distinguishable. Lines give the mean result from the 10 parameter sets. For each parameter set, 500 trials of 60-year runs were
performed.
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decrease in the frequency of falling below critical spawner
densities following a substantial improvement in forecast skill
when using the A13 strategies (Fig. 8; Table 8). This is be-
cause forecast skill had so little effect on this conservation
metric under either A13 strategy. This is not the situation for

the constant escapement strategy with a low escapement tar-
get, however. For example, if we improve the forecast skill
from Poor to Good, we have a 98% probability of seeing a
positive response when the target is 50 000 spawners. In con-
trast, when the escapement target is large (200 000 spawners),
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Fig. 7. Mean of annual harvest over a 60-year period under the A13a, A13b, CE50, and CE200 management strategies for various forecast
skills. Forecasts were either of log-transformed marine survival rate (A13a and A13b) or log-transformed adult recruitment (CE50 and
CE200). Forecast skill, given here as the mean correlation coefficient between actual and forecasted values, was 1, 0.9, 0.75, and 0.5 for
Perfect, Good, Fair, and Poor skill levels, respectively. Bar-and-whisker plots give the mean and 5th, 25th, 75th, and 95th percentiles of mean
annual harvest from 500 trials. Smolt production was simulated with the stochastic Beverton–Holt model.

Table 7. Probability (%) of observing an increase in mean annual harvest following improvement in forecast skill
under various management strategies.

Improvement in forecast skill

Management
strategy Poor→Fair Poor→Good Poor→Perfect Fair→Good Fair→Perfect Good→Perfect
A13a 52 53 55 51 52 51
A13b 53 56 56 53 53 ≤50
CE50 60 60 65 52 56 51
CE200 59 61 67 53 59 55

Note: Probabilities are based on 60 years of observation each with the old and new forecast skill. Smolt recruitment was
simulated with the Beverton–Holt model.
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there is miniscule chance of observing any positive response
to a change in forecast skill
Though insensitivity to forecast error was not an explicit

design criterion when the A13 strategy was devised, we have

demonstrated that the particular choice of harvest rates within
the decision matrix makes it very forgiving to poor forecast
skill. Others have also found mean harvest or economic re-
turn to be largely insensitive to forecast skill for different
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Fig. 8. Frequency of North–Central subaggregate spawner abundance falling below critical seeding targets over a 60-year period under the
A13a, A13b, CE50, and CE200 management strategies for various forecast skills. Forecasts were either of log-transformed marine survival
rate (A13a and A13b) or log-transformed adult recruitment (CE50 and CE200). Forecast skill, given here as the mean correlation coefficient
between actual and forecasted values, was 1, 0.9, 0.75, and 0.5 for Perfect, Good, Fair, and Poor skill levels, respectively. Bar-and-whisker
plots give the mean and 5th, 25th, 75th, and 95th percentiles of mean annual harvest from 500 trials. Smolt production was simulated with the
stochastic Beverton–Holt model.

Table 8. Probability (%) of observing a decrease in mean frequency of falling below critical spawner density
threshold following an improvement in forecast skill under various management strategies.

Improvement in forecast skill

Management
strategy Poor→Fair Poor→Good Poor→Perfect Fair→Good Fair→Perfect Good→Perfect
A13a ≤50 50 51 50 51 51
A13b 53 61 64 57 60 53
CE50 83 98 98 87 91 56
CE200 51 50 52 ≤50 50 51

Note: Probabilities are based on 60 years of observation each with the old and new forecast skill. Smolt recruitment was
simulated with the Beverton–Holt model.
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types of salmon management strategies (Costello et al. 1998;
Kaje and Huppert 2007). While it may be tempting to say
that such insensitivity is the result of conservative manage-
ment strategies (such as the A13 cases where the aim was to
rebuild a stock to head off a pending Endangered Species
Act listing), not all these strategies were as heavily driven by
conservation objectives. Costello et al. (1998), in fact, opti-
mized management to maximize the net value of the Pacific
Northwest salmon fishery, whereas Kaje and Huppert (2007)
aimed at meeting wild coho spawner escapement goals that
maximized smolt production while meeting tribal treaty obli-
gations.
Escapement goal management proved to be much more

sensitive to forecast error than the A13 strategy. In addition,
consequences of escapement goal management depended on
the relationship between the goal and the productivity, given
as typical adult recruitment, of the population. With a low
goal (CE50), mean annual harvest was little affected by fore-
cast quality, while critical seeding targets were often not
achieved in the poor forecast simulations. By contrast, with a
high goal (CE200), harvest was reduced with poor forecasts,
while the probability of achieving critical seeding levels de-
pended, in our modeling, on assumptions about the smolt re-
cruitment relationship (Ricker or Beverton–Holt).
Although it was not the main focus of our analysis, we

show escapement goal management to be sensitive not only
to forecast error, but also to the relationship between the
goal and the productivity of the stock and to the stock’s pop-
ulation dynamics. By contrast, the exploitation rate strategy
in A13 was more robust to imperfect knowledge. Exploitation
rate harvest, in general, tends to be implemented through
controls on fishing effort rather than harvest quotas. Effort
management tends to be self-correcting; catch rates vary
with stock abundance, reducing the likelihood of overharvest
if the forecast is too high and allowing the harvest of more
fish than expected if the forecast is low.
Results such as these highlight that care should be taken

when generalizing results from particular case studies. They
also demonstrate the utility of the MSE approach, which is
perfectly suited to exploring under which types of strategies
forecast error plays a major role on performance. Preferably,
management strategy evaluations would consider a suite of
factors affecting strategy performance (e.g., Dichmont et al.
2006) to determine which factors were most important and
most subject to improvement. In the end, when allocating
scarce resources for management, it may be more productive
to focus on areas other than forecasting, such as monitoring
(Walters and Collie 1988) or implementing in-season flexibil-
ity in harvest (Walters 1989).
With increasing pressures on Pacific salmon habitats (Bot-

tom et al. 2009), harvest management will increasingly need
to balance harvest opportunities with conservation risks.
Management strategy evaluation is a powerful modeling tool
for identifying management strategies that balance harvest
and conservation and are robust to environmental variation,
incomplete knowledge of population dynamics, and forecast
uncertainty.
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Appendix A. Smolt abundance time series re-
construction
We reconstructed smolt abundance time series from
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(i) OCN adult recruitment estimates and (ii) estimates of
OCN marine survival reconstructed from estimates of OPIH
marine survival. The time series of OPIH marine survival
was calculated as total number of adult hatchery coho salmon
(catch plus escapement) divided by the number of hatchery
smolts released (Pacific Fishery Management Council 2003,
2010).
To derive an OCN marine survival time series from the

OPIH marine survival time series, we first compared esti-
mates of OPIH marine survival with estimates of wild marine
survival for a small number of Oregon coast watersheds
where smolts have been surveyed during recent years. The
wild marine survival estimates were calculated from Oregon
Department of Fish and Wildlife surveys of coho smolts and
female and male spawners at up to seven life cycle monitor-
ing (LCM) sites (Suring et al. 2009). The data from the LCM
sites were used to construct a time series of wild marine sur-
vival from 1998 to 2009. Fishery exploitation rates were as-
sumed to be equivalent across LCM sites when estimating
adult recruits from spawner counts.
A linear regression of LCM marine survival (SLCM) against

OPIH marine survival (SOPIH) for the overlapping years (n =
12) gave an R2 of 0.62. Because the intercept was not signifi-
cantly different from 0 (p value = 0.737), we regressed SLCM
against SOPIH with the intercept fixed at 0 for overlapping
years to obtain a ratio SLCM/SOPIH = 2.41. This ratio was mul-
tiplied against the entire SOPIH time series to obtain a time
series for OCN coho marine survival (SOCN) for the years
1970–2009.
OCN smolt numbers were calculated by dividing the total

number of OCN adults by the derived OCN marine survival.
This resulted in ratios of OCN smolts per parent spawner for
the adult return years 1993–1996 that exceeded 140 smolts/
spawner, ratios deemed to be unrealistically high as also
noted by Lawson et al. (2004). Furthermore, mean smolt
numbers were calculated to be 2.63 times higher during adult
return years 1993–1996 than during all other years on aver-
age. The years 1993–1996 were also those years when OPIH
marine survival rates were the lowest on record. We cor-
rected for what we believed to be unreasonable smolt abun-

dances by dividing the smolt numbers in 1993–1996 by 2.63
and then back-calculated marine survival for those years to
arrive at final derived time series of OCN marine survival.
The final OCN marine survival estimates were used to gener-
ate a smolt abundance time series for each of the subaggre-
gate populations by dividing subaggregate adult abundances
by SOCN; thus, we assumed uniform marine survival for all
OCN coho subaggregates.
Although the above adjustment was ad hoc, our analysis

does not require the precise smolt production in any given
year; rather, these derived estimates are only used to gener-
ate a time series from which to estimate model parameters
for subsequent use in Monte Carlo simulations. In essence,
we only need parameters that result in simulated popula-
tions that reasonably approximate the dynamics of real pop-
ulations.
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