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Abstract—The time series of esti-
mated fishery exploitation rates 
for endangered Sacramento River 
winter Chinook salmon (Oncorhyn-
chus tshawytscha) is confined to a 
relatively recent period for which 
coded-wire tag data have been avail-
able. However, the nature of ocean 
salmon fisheries before this period 
was substantially different, and it is 
likely that recent exploitation rates 
do not represent the level of fish-
ing mortality experienced by these 
Chinook salmon in earlier years. To 
infer historical exploitation rates, a 
model was developed to hindcast the 
impact rate for age-3 winter Chinook 
salmon (an approximation of the ex-
ploitation rate) by using 35 years of 
fishing effort estimates coupled with 
contemporary estimates of fishery 
encounter rates. The impact-rate 
hindcasts were highest during a pe-
riod from the mid-1980s through the 
mid-1990s. Over time, the proportion 
of the impact rate attributed to com-
mercial and recreational fisheries 
diverged from approximately equal 
shares early in the time series to an 
impact rate mostly composed of rec-
reational fishery-induced mortality 
in more recent years. The inferred 
exploitation rates provide context 
for the fishing-induced mortality ex-
perienced by winter Chinook salmon 
both before and after the time of the 
initial inclusion of this species on 
the Endangered Species Act (ESA) 
list in 1989 and through a dynamic 
period for ocean salmon fisheries in 
California.

Determining the status of a stock 
often entails estimation of the popu-
lation state or exploitation rate in 
relation to a baseline period before, 
or in the early stages of, a developing 
fishery. For example, determinations 
of an overfished status for many 
fish populations rely on estimates 
of depletion: the spawning stock bio-
mass expressed as a fraction of its 
unfished level (Restrepo and Powers, 
1999; Haltuch et al., 2008). The de-
termination of Endangered Species 
Act (ESA) status for Pacific salmon 
(Oncorhynchus spp.) populations in-
clude analysis of current abundance 
levels in relation to the habitat car-
rying capacity and historical popula-
tion abundance (Myers et al., 1998). 
The effect of fisheries (e.g., overfish-
ing) generally is inferred from a time 
series of exploitation rate estimates 
that are compared with benchmarks 
of sustainable or optimal fishing-in-
duced mortality rates. Estimation of 
historical fishing mortality rates is a 
focus of stock assessment, and such 
estimates are necessary inputs into 
life cycle models that allow infer-
ences to be drawn regarding popula-
tion dynamics in the face of compet-
ing sources of mortality (Hendrix et 
al., 2014). Because there are often 
only short data series available for 

many stocks of conservation concern 
to allow evaluation of their status, 
development of approaches that can 
extend estimated abundance or ex-
ploitation rates retrospectively can 
improve our historical understanding 
of a stock’s dynamics.

For Pacific salmon, the time series 
of estimated exploitation rates can 
often be quite short because stock-
specific catch data must be garnered 
from mixed-stock ocean fisheries, 
where the stock of origin cannot be 
determined visually, and therefore 
the estimate of exploitation rates 
requires tagging data (most com-
monly with a coded-wire tag; John-
son, 1990; Lapi et al., 1990; Nandor 
et al., 2010) or potentially genetic 
data (Milner et al., 1985; PSC1; Sat-
terthwaite et al., 2014). Estimates of 
exploitation rates are frequently con-
fined to a period of time after major 
changes in the fishing capacity of 
fleets, allowing for only a glimpse of 

1	PSC (Pacific Salmon Commission).  2008.  
Recommendations for application of ge-
netic stock identification (GSI) methods 
to management of ocean salmon fisher-
ies.  Special report of the GSI steering 
committee and the Pacific Salmon Com-
mission’s committee on scientific cooper-
ation.  Pacific Salmon Comm. Tech. Rep. 
23, 35 p.  [Available at website.]
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how exploitation has varied historically. This general 
condition applies to both target stocks in fisheries, as 
well as ESA-listed stocks that are taken in fisheries 
as incidental catch.

Sacramento River winter Chinook salmon (On-
corhynchus tshawytscha) (SRWC), named for the season 
of freshwater spawning return, were first listed under 
the ESA in 1989 as threatened and then as endangered 
in 1994 (Federal Register, 1994). The Sacramento River 
winter Chinook Evolutionarily Significant Unit, cur-
rently composed of a single population that spawns in 
the Sacramento River downstream from Keswick and 
Shasta dams near Redding, California, has experienced 
a heavy decline in abundance (Fisher, 1994; Yoshiyama 
et al., 1998). Fisher (1994) reported a potential maxi-
mum spawning run size of 200,000 before dam con-
struction and a spawning stock estimate of more than 
100,000 fish in the late 1960s (after dam construction). 
Estimates published by the Pacific Fishery Manage-
ment Council (PFMC) (PFMC2) indicate a run size of 
more than 30,000 fish in the early 1970s and run sizes 
below 1000 fish for several years since 1980. 

The time series of exploitation rates estimated for 
SRWC is much shorter than the time series for escape-
ment. O’Farrell et al. (2012a) used cohort reconstruc-
tion methods (Hilborn and Walters, 1992) to estimate 
broad year exploitation rates, referred to as the spawn-

2	PFMC (Pacific Fishery Management Council).  2014.  Re-
view of 2013 ocean salmon fisheries: stock assessment and 
fishery evaluation document for the Pacific coast salmon fish-
ery management plan, 371 p.  (Document prepared for the 
Council and its advisory entities.)  Pacific Fishery Manage-
ment Council, Portland, OR  [Available at website.]

er reduction rate and defined as the reduc-
tion in a brood’s potential adult spawner es-
capement that is caused by ocean fisheries 
in relation to escapement potential in the 
absence of ocean fishing. A cohort-recon-
struction model was applied to data gener-
ated from the SRWC marking (with adipose 
fin clips) and tagging (with coded-wire tags) 
program initiated at Livingston Stone Na-
tional Fish Hatchery in 1998. Before 1998, 
hatchery supplementation of SRWC was 
sporadic and the marking and tagging data 
were insufficient for estimation of exploita-
tion rates. The impact rate for age-3 SRWC 
(hereafter referred to as the impact rate) 
is a measure of the fishing mortality rate 
on age-3 fish that corresponds closely to 
the exploitation rate for SRWC. The corre-
spondence between the brood-year exploita-
tion rate and the impact rate is due to the 
very high maturation rates of age-3 SRWC 
that result in few age-4 fish remaining in 
the ocean to contribute to catch or spawner 
escapement (O’Farrell et al., 2012a). The 
impact rate is estimated annually and pub-
lished in PFMC reports (e.g., PFMC3).

Although the estimated impact rates quantify the 
recent (during and after the year 2000) salmon fish-
ing-induced mortality (hereafter “fishery mortality”) 
on SRWC, this period follows the implementation of 
conservation measures designed to reduce impacts on 
SRWC and changes in ocean fisheries owing to man-
agement measures intended for other stocks. Salmon 
fisheries south of Point Arena, California (Fig. 1), are 
responsible for the vast majority of SRWC harvest 
(O’Farrell et al., 2012a; Satterthwaite et al., 2013), and 
many of the constraints on fisheries in this region have 
been intended to protect SRWC. For example, recre-
ational fisheries in this region routinely began in mid-
February, but since the early 1990s the starting date 
gradually moved later in the year. Since 2004, no fish-
eries have occurred in February or March. Increased 
minimum size limits (e.g., >20 in [51 cm] in total 
length) have been imposed on the recreational sector 
in an effort to reduce retention of SRWC. For a vari-
ety of reasons associated with increased constraints on 
ocean fishing that have resulted from ESA listings and 
river (versus-ocean) allocations of harvest, the com-
mercial sector has seen a reduction in participation of 
vessels with California salmon permits since the early 
1980s (PFMC2). The time series of commercial and rec-
reational fishing effort south of Point Arena (Fig. 2) 
indicates that substantial changes in ocean fishery ef-

3	PFMC (Pacific Fishery Management Council).  2015.  Pre-
season report I: stock abundance analysis and environmental 
assessment part 1 for 2015 ocean salmon fishery regulations, 
135 p.  (Document prepared for the Council and its advisory 
entities.)  Pacific Fishery Management Council, Portland, 
OR.  [Available at website.]

Figure 1
Map of the central California coastline, with the northern boundaries of 
the San Francisco (SF) and Monterey (MO) management areas denoted 
by dashed lines.
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fort have occurred since the late 1970s and 
the inferred fishing effects for recent SRWC 
cohorts may not be indicative of earlier ex-
ploitation patterns.

In this article, we describe a model for the 
hindcasting of fishery impact rates to assess 
the implications for SRWC fishing mortality 
resulting from changes in California salmon 
fisheries that have occurred over the past 35 
years. The model uses data on historical fish-
ery regulations and estimates of fishing effort 
in California salmon fisheries in 1978–2012, 
and it couples these estimates with contact 
(i.e., fishery encounter) rates per unit of fish-
ing effort estimated for recent years (2000–
2012), to generate hindcasts of the impact 
rate for years when direct estimation is not 
possible. To fully parameterize the model, we 
developed a procedure to infer contact rates 
per unit of effort for months when no direct 
estimates exist because of the contraction 
of modern fisheries in relation to fisheries 
from the 1970s through the 1990s. The model 
structure is similar to the Winter Run Har-
vest Model (WRHM; O’Farrell et al., 2012b), 
a tool used to forecast the impact rate during 
the annual PFMC salmon fishery planning 
process. Although we are not able to recon-
struct the complete SRWC exploitation his-
tory, the extension of the impact rate time 
series back to 1978 encompasses a dynamic 
period for California ocean salmon fisheries 
and provides more context for the current 
levels of ocean fishing mortality. 

Materials and methods

Impact-rate model

The data and model used for this analysis were strati-
fied by year (y), month (t), management area (z), and 
fishery sector (x). Because harvest of SRWC is rare 
north of Point Arena, California (O’Farrell et al., 
2012a; Satterthwaite et al. 2013), the spatial extent of 
our model is limited to the 2 ocean management ar-
eas south of Point Arena: San Francisco (SF) and Mon-
terey (MO) (Fig. 1). The MO management area extends 
from Pigeon Point to the border of the United States 
and Mexico, but salmon harvest is generally small and 
more variable south of Point Sur. Fishery sectors in-
clude commercial and recreational. 

Fishery impacts (I) included fish that died because 
they were retained as harvest (H), fish that were re-
leased because they were smaller than the minimum 
size limit and died because of release mortality (S), and 
fish that died from “dropoff ” mortality (D) that occurs 
when fish are encountered by fishing gear but not suc-
cessfully retrieved. Mortality related to an encounter 
with gear can come from multiple sources, such as a 

hooking injury or predators (PFMC4, and the refer-
ences therein). The impact rate is defined as the to-
tal fishing mortality, acute and delayed, divided by the 
starting cohort abundance. 

The impact-rate model simulates the age-3 cohort 
abundance from the beginning of age 3, t=February of 
year (y), to t=January of year y+1,

	 Nt+1 = (Nt – It)(1 – v).	 (1)

by deducting monthly impacts, It = ∑z,x It,z,x, and ac-
counting for the natural mortality rate v. Application 
of Equation 1 over months t enables the computation of 
the annual impact rate, defined as the sum of monthly 
impacts divided by the initial abundance of age-3 fish:

	
i=

StIt

Nt=February
.
	

(2)

Impacts are computed from a string of equations 
initiated by an estimate of the contact rate c, which 
is formulated as the contact rate per unit of effort β, 
multiplied by the amount of fishing effort f,

4	PFMC (Pacific Fishery Management Council).  2000.  STT 
recommendations for hooking mortality rates in 2000 rec-
reational ocean Chinook and coho fisheries.  STT Rep. B.2, 
18 p.  Pacific Fishery Management Council, Portland, OR.   
[Available at website.]

Figure 2
Estimates of commercial (black line) and recreational (gray line) 
sector fishing effort for the years 1978–2012 in ocean areas south 
of Point Arena, California. Direct estimates of the Sacramento 
River winter Chinook salmon (Oncorhynchus tshawytscha) impact 
rate have been made with cohort reconstruction methods for the 
years to the right of the dashed line (post-2000). Note that fishing 
effort units differ between the commercial and recreational fisher-
ies and are not directly comparable.  
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	 ct,z,x = bt,z,x × ft,z,x.	 (3)

The number of fish contacted (C) is computed by mul-
tiplying the oceanwide abundance of the SRWC age-3 
cohort by the contact rate: 

	 Ct,z,x = ct,z,x × Nt,	 (4)

where contacts represent the number of fish that en-
countered the fishing gear and were retrieved to the 
boat. Impacts are the sum of harvest, release, and 
dropoff mortality:

	 It,z,x = Ht,z,x + St,z,x + Dt,z,x	 (5)

where

	 Ht,z,x = Ct,z,x × pt,z,x,	 (6)

	 St,z,x = (Ct,z,x – Ht,z,x) × st,z,x,	 (7)

and

	 Dt,z,x = Ct,z,x × d.	 (8)

In these equations, release and dropoff mortality rates 
are denoted by s and d, respectively, and p is the esti-
mated proportion of the cohort that is greater than or 
equal to the legal size for retention in the fishery. 

Data, parameters, and variables

Effort in California ocean salmon fisheries was es-
timated by the California Department of Fish and 
Wildlife (CDFW) on the basis of landing receipts from 
the commercial sector and dockside samples from 
the recreational sector. Units of fishing effort are the 
number of vessel days (the number of days fished by 
commercial salmon vessels) for the commercial sector 
and number of angler days for the recreational sector. 
Fishing effort for the years 1978–2012 are reported in 
PFMC2 and an electronic record of the historical ocean 
salmon fishery effort and landings for the U.S. West 
Coast (PFMC5), maintained by the PFMC. Records of 
minimum size limits in California ocean fisheries for 
the years 1978–2012 were obtained from PFMC2 and 
an electronic record of the historical ocean salmon fish-
ery regulations for the U.S. West Coast (PFMC6), main-
tained by the PFMC.

Coded-wire tag recovery data from ocean and river 
sampling programs were used in cohort reconstruc-
tions for SRWC to estimate contact and impact rates in 
ocean fisheries for the years 2000–2012, following the 
methods described in O’Farrell et al. (2012a). Cohort 
reconstruction is the sequential estimation of a cohort’s 
abundance from the end of that cohort’s life span, when 
abundance is zero, to a specified earlier age (commonly 
age 2). Age-specific spawner escapement and harvest 

5	PFMC (Pacific Fishery Management Council).  2014.  Ocean 
salmon fishery effort and landings (Review Appendix A). Ex-
cel workbook.  PFMC, Portland, OR.  [Available at website.]

6	PFMC (Pacific Fishery Management Council).  2014.  Ocean 
salmon fishery regulations and chronology of events (Review 
Appendix C).  PFMC, Portland, OR.  [Available at website.]

data are required, and natural mortality rates are as-
sumed. Fishery contacts stratified by age, month, man-
agement area, and fishing sector were computed by 
expanding the harvest by the estimated proportion of 
SRWC expected to be larger than or equal to the mini-
mum size limit (C = H/p). Given an estimate of C, and 
the estimated abundance N, the contact rate was esti-
mated by rearranging Equation 4 as follows: c = C/N. 
The impact rate was estimated from cohort reconstruc-
tion in the same manner as that shown in Equation 2. 

It was implicitly assumed that contact and impact 
rates estimated from tagged, hatchery-origin fish are 
representative of the natural-origin SRWC population. 
Although it is difficult to directly evaluate this com-
mon assumption (PSC7), there is some evidence that 
hatchery-origin indicator stocks have similar ocean dis-
tributions and fishery exposure as those estimated for  
untagged stocks for which they serve as proxies (Weit-
kamp and Neely, 2002; Satterthwaite et al., 2014). The 
hatchery-origin component of the total SRWC abun-
dance is only a portion of the total abundance; for the 
years 2000–2010, the hatchery-origin component of fe-
male SRWC spawners was ≤20% (Winship et al., 2014). 
Ocean salmon fisheries are sampled by the CDFW with 
a goal of sampling at least 20% of the harvest in each 
month, management area, and fishery sector. Heads are 
taken from all fish with a clipped adipose fin for coded-
wire tag extraction and reading. A total of 4036 coded-
wire tag recoveries were used in cohort reconstructions, 
554 of which were from ocean fisheries (commercial and 
recreational), whereas the vast majority of the remain-
ing recoveries were from spawner escapement surveys. 
Recreational, river harvest of SRWC is rare because of 
closures to the Sacramento River salmon fishery during 
much of the migration and spawning period. 

Contact rates and fishing effort estimated for each 
month, area, and sector open to fishing in 2000–2012 
were used to calculate the contact rate per unit of ef-
fort. For hindcasting purposes, values of the contact 
rate per unit of effort were derived for the entire peri-
od of 1978 to 2012 with the application of the bootstrap 
method to the estimates of contact rates per unit of ef-
fort for 2000–2012 (Efron and Tibshirani, 1993). These 
derived values of contact rate per unit of effort were 
then multiplied by the corresponding observed fish-
ing effort for 1978–2012 to yield a set of contact rate 
hindcasts (Eq. 3). The bootstrap method used to char-
acterize the contact rates per unit of effort is described 
later in the “Bootstrap” subsection. For strata for which 
these rates could not be estimated from available data 
sources, 2 methods were used to infer contact rates per 
unit of effort. 

Data sufficient for estimation of contact rates per 
unit of effort for recreational fisheries during Febru-
ary and March are not available because recreational 

7	PSC (Pacific Salmon Commission).  2005.  Report of the ex-
pert panel on the future of the coded wire tag program for 
Pacific salmon.  Pacific Salmon Comm. Tech. Rep. 18, 230 p.   
[Available at website.]

http://www.pcouncil.org/salmon/background/document-library/historical-data-of-ocean-salmon-fisheries
http://www.pcouncil.org/salmon/background/document-library/historical-data-of-ocean-salmon-fisheries
http://www.psc.org/pubs/psctr18.pdf
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fisheries in the 2000–2012 period were largely closed 
during these months. To infer contact rates per unit 
of effort for these strata, we used historical SRWC 
harvest data derived from marked (fin-clipped) nat-
ural-origin fish from the brood years 1969–1970 that 
were recovered in ocean fisheries as age-3 fish during 
the calendar years 1971–1972 (CDFG8). Recreational 
fisheries in SF and MO in 1971–1972 opened in mid-
February with a 22-in (56-cm) minimum size limit, and 
this timing of the start of the season and this mini-
mum size restriction were similar for recreational fish-
ing seasons through 1983. The average proportion of 
the recreational harvest of age-3 SRWC south of Point 
Arena that was taken in February–March for the years 
1971–1972 (φ1) was 0.33. This proportion was assumed 
to be representative of the average fraction of the rec-
reational harvest south of Point Arena that was taken 
in February and March for the years 1978–1983 (φ2). 
Assuming that the contact rate per unit of effort was 
equivalent for February and March, and in manage-
ment areas SF and MO, we used the root finding func-
tion uniroot in the R statistical software, vers. 3.0.0 
(R Core Team, 2013) to identify the value of contact 
rate per unit of effort that resulted in the difference 
between φ1 and φ2 that equaled zero. Put another way, 
we solved iteratively for the contact rates per unit of 
effort for February–March that resulted in 33% of the 
total recreational sector harvest occurring in Febru-
ary–March, on average, for the years 1978–1983. 

Data sufficient for estimation of contact rates per 
unit of effort also do not exist for the commercial sec-
tor in SF or MO in April and for the recreational sector 
in MO in October because fisheries in the 2000–2012 
period were largely closed for these months. In the case 
when SF and MO commercial fisheries began in April, 
the estimate of contact rate per unit of effort for May 
was assumed. In the case when MO recreational fisher-
ies extended into October, the contact rate per unit of 
effort for September was assumed. These assumptions 
had little effect on the results because April commer-
cial fisheries and MO recreational fisheries in October 
were relatively rare, were short in duration, and at-
tracted little effort.

The proportion of SRWC expected to be of legal size 
for retention was determined on the basis of a size-
at-age model derived for SRWC, described in O’Farrell 
et al. (2012a, 2012b), and the specified minimum size 
limit for retention in a fishery.  For the growth mod-
el, the size-at-age of individual fish in each month is 
assumed to be normally distributed, and the propor-
tion of legal-size fish is estimated by evaluating the 
cumulative normal distribution at the minimum size 
limit, given the estimated mean and standard devia-
tion. When a large minimum size limit is in effect for 
months when SRWC size-at-age is smallest (i.e., Febru-
ary–May), very low estimates of the proportion of legal-

8	CDFG (Calif. Dep. Fish Game).  1989.  Unpubl. report.  De-
scription of the winter Chinook Ocean Harvest Model.  Ocean 
Salmon Project, Calif. Dep. Fish Game, Santa Rosa, CA.

size fish can result. This scenario can translate into 
unrealistically low levels of harvest per contacted fish, 
and, conversely, into a very large estimate of contacts 
based on a single retained and sampled fish. As a re-
sult, a lower bound on the proportion of legal-size fish 
of 0.035 is assumed. The value of 0.035 corresponds 
to the condition where a single coded-wire tag recov-
ery results in contacts approximately equivalent to the 
lowest reconstructed abundance of age-3 fish estimated 
from cohort reconstruction (O’Farrell et al., 2012a). Use 
of this lower bound value reduces the probability that 
an entire hatchery-origin cohort would be estimated 
to be contacted by the fishery in order to produce one 
harvested and sampled fish. Table 1 displays the size-
at-age model parameters and the proportion of legal-
size fish estimated for commonly employed minimum 
size limits in both the commercial and recreational 
fisheries.

Release mortality rates were assumed to be 0.26 for 
the commercial sector and 0.14 for the recreational sec-
tor, reflecting the conventional values used for the an-
nual assessment of SRWC and other Chinook salmon 
stocks (PFMC4). An exception exists in the recreational 
sector, where release mortality rates for 1990–2012 
were estimated on the basis of prevalence of mooching 
(drifting a hooked bait in the California recreational 
sector), and fish contacted with mooching gear expe-
rience a higher rate of gut hooking and, therefore, a 
higher release mortality rate than that of troll-contact-
ed fish (Grover et al., 2002). Derived from the results 
in Grover et al. (2002), estimates of the recreational 
release mortality rate range from 0.14 to 0.57 between 
1990 and 2012 (Grover9).

The dropoff mortality rate was assumed to be 0.05 
for all months, areas, and sectors, reflecting the con-
ventional value used for PFMC Chinook salmon assess-
ment (PFMC4). 

The natural mortality rate was assumed to be 0.018, 
the monthly rate corresponding to an annual natural 
mortality rate of 0.20. The annual natural mortality 
rate of 0.20 is commonly assumed in many stock as-
sessments (Quinn and Deriso, 1999) and is consistent 
with many PFMC Chinook salmon assessments (e.g., 
O’Farrell et al., 2012a, 2012b).

Bootstrap

A key source of uncertainty in the hindcasting of impact 
rates is variation in estimates of contact rates per unit 
of effort across years. To account for this variation, we 
performed 20,000 replicate computations of the impact 
rate for the years 1978–2012 by randomly sampling, 
with replacement, estimates of the contact rate per 
unit of effort from the years 2000–2012. This procedure 
effectively makes the assumption that annual variation 
in contact rate per unit of effort in 2000–2012 is rep-
resentative of the entire time series for 1978–2012. For 

9	Grover, A.  2013.  Personal commun.  Institute of Marine 
Sciences, Univ. Calif., Santa Cruz, Santa Cruz, CA 95064.
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each replication, an estimate of contact rate per unit 
of effort was sampled independently for each month, 
management area, and sector in the period 2000–2012 
and applied to the years 1978–2012. For the inferred 
contact rate per unit of effort in February and March 
for the recreational fishery, the root-finding procedure 
was performed as previously described in each of the 
20,000 replications. Impact-rate uncertainty was char-
acterized by the 0.68 percentile interval of the 20,000 
replication bootstrap distribution (Efron and Tibshi-
rani, 1993). For a normally distributed estimator, the 
0.68 percentile interval corresponds to the mean ± 1 
standard error (Zar, 1999).

Results

Model results provide evidence that the highest im-
pact rates occurred between the mid-1980s and the 
mid-1990s followed by a substantial decrease (Fig. 3). 
For several years in the period 1985–1995, the lower 
bound of the 0.68 percentile interval exceeded the up-
per bound of the 0.68 percentile interval for the post-
2000 period. The hindcasts from the impact-rate model 
generally captured the variation in the impact rates 
estimated directly from coded-wire tag data by using 
cohort reconstruction methods in recent years.

There was evidence for a substantial difference in 
the impact-rate trajectories between the 
commercial and recreational sectors (Fig. 
4A). The impact-rate time series for the 
commercial sector showed a nearly mono-
tonic decline from 1978 through 2012. In 
contrast, the impact rate for the recreational 
sector exhibited much more variation, and 
maximum impact rates occurred in the mid-
dle of the time series. This pattern of sector-
specific impact rates led to divergence in the 
proportions of the impact rate attributable 
to the 2 sectors over time (Fig. 4B). In the 
early portion of the time series (before the 
mid-1980s), the commercial and recreational 
sectors contributed approximately equally 
to the total impact rate. Subsequently, the 
share of the impact rate attributed to the 
recreational sector increased and stabilized 
at approximately 80% of the overall impact 
rate. 

Estimates of contact rates per unit of ef-
fort that were used to inform the impact-rate 
hindcasts differed across fishery sectors and 
management areas (Fig. 5). Distributions of 
month-specific contact rates per unit of ef-
fort in most cases were skewed, with the 
mean exceeding the median. This pattern 
was most evident in the MO management 
area where the maximum contact rates per 
unit of effort in both the commercial and 
recreational sectors were much higher than 
the corresponding sectors in the SF manage-

Table 1

Estimates of the mean (μ) and standard deviation (σ) of 
the size-at-age distribution, by month, and the resulting 
proportion of legal-size fish (p) under three commonly 
employed minimum size limits (l). Size units are total 
length in inches. 

	 p

Year	 Month	 μ	 σ	 l=20	 l=24	 l=26

	 y	 Feb	 19.74	 1.66	 0.438	 0.035	 0.035
		  Mar	 20.77	 1.70	 0.674	 0.035	 0.035
		  Apr	 21.85	 1.79	 0.849	 0.115	 0.035
		  May	 22.94	 1.88	 0.941	 0.286	 0.052
		  Jun	 24.02	 1.97	 0.979	 0.504	 0.157
		  Jul	 25.10	 2.06	 0.993	 0.704	 0.331
		  Aug	 26.20	 2.15	 0.998	 0.847	 0.537
		  Sep	 27.28	 2.24	 0.999	 0.929	 0.717
		  Oct	 28.37	 2.33	 1.000	 0.970	 0.846
		  Nov	 29.45	 2.41	 1.000	 0.988	 0.923
		  Dec	 29.72	 2.44	 1.000	 0.991	 0.937
	y+1	 Jan	 29.21	 2.40 	 1.000	 0.985	 0.910

Figure 3
Time series of hindcast impact rates for the years 1978–2012 for 
Sacramento River winter Chinook salmon (Oncorhynchus tshawyts-
cha) south of Point Arena, California. The black line represents the 
median, and the shaded area indicates the 0.68 percentile interval 
of the bootstrap distribution. The dots indicate estimates of the im-
pact rate derived with cohort reconstruction methods. 
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Figure 4
Estimates of the median (A) impact rates and (B) impact rate proportions for Sacramento River winter Chinook salmon 
(Oncorhynchus tshawytscha) south of Point Arena, California, for the commercial (black lines) and recreational (gray lines) 
sectors. The dots indicate estimates of the impact rates derived with cohort reconstruction methods.
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ment area, and, therefore, there were larger differences 
between the median and mean estimates of the con-
tact rate per unit of effort in MO in relation to SF. In 
many cases, the median contact rates per unit of effort 
were zero, particularly in the commercial sector. For 
recreational fisheries in February and March, inferred 
contact rates per unit of effort were much higher than 
estimates for other months. These values were higher 
than all estimates of contact rates per unit of effort in 
the SF management area and were among the highest 
values observed in the MO area. These high contact 
rates per unit of effort were not unexpected given the 
high proportion of the total harvest that occurred in 
February and March, according to estimates derived 
from the data for 1971–1972 (φ1=0.33), and given the 
low estimates of the proportion of legal-size fish for 
these months (Table 1). High levels of contact rates 
per unit of effort in February and March would be 
required to result in the substantial harvest propor-
tions in those months and, therefore, to approximate 
the monthly harvest distributions from the data for 
1971–1972.

To evaluate whether the impact-rate hindcasts had 
a pattern similar to measures of fishing mortality for 
other stocks subjected to a common ocean fishery, we 
compared the median SRWC impact-rate hindcasts 
with Sacramento River fall Chinook salmon (SRFC) 
harvest rates directly estimated from coded-wire tag 
data. The SRFC stock is the largest contributor to 
ocean salmon fisheries south of Point Arena. Harvest 
rates were estimated by computing the ratio of SRFC 
adult (ages 3–5) harvest south of Point Arena to the 
Sacramento Index (the Sacramento Index is the sum 
of ocean harvest south of Cape Falcon, Oregon; river 

harvest; and spawner escapement; see O’Farrell et 
al., 2013, for a detailed description). The impact-rate 
hindcasts for SRWC were highly correlated to SRFC 
harvest rates in 1983–2012, the years for which the 
SRFC harvest rate is estimable (correlation coefficient 
[r]=0.827, P<0.001) (Fig. 6). 

Discussion

The large changes in California ocean salmon fisher-
ies over the past 35 years have resulted in substantial 
changes to the levels of fishing mortality experienced 
by SRWC. Impact-rate hindcasts indicate lower rates 
in the 2000s than those in the mid-1980s through the 
mid-1990s. A decline in the impact rate was evident for 
the recreational sector following a peak in the 1980s and 
1990s, and a decline has been observed for the commer-
cial sector throughout the entire period. The trajectories 
of the sector-specific impact rates (Fig. 5A) reflect the 
observed changes in fishing effort (Fig. 2). The strong 
correlation between harvest rates for SRFC in the re-
gion south of Point Arena and the impact-rate hindcasts 
for SRWC, where both populations have been subjected 
to the same fisheries, supports the hindcasting methods 
for calculating impact rates used in this study. 

In their analysis of the brood years 1998–2007, 
O’Farrell et al. (2012a) reported that exploitation rates 
experienced by SRWC averaged approximately 20% and 
that the bulk of the ocean impacts were the result of 
the recreational sector. Although the results from our 
study are consistent with O’Farrell et al. (2012a) over 
the common time period, they indicate that recent esti-
mates of the impact rate are unlikely to represent the 
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degree of fishery exploitation experienced by SRWC in 
earlier years. These impact-rate hindcasts were used to 
extend the SRWC stock assessment and have contrib-
uted important fishing mortality inputs to a life-cycle 
model for this population (Hendrix et al., 2014). More 
generally, an extended time series of fishing mortality 
rates derived with the methods described here could 
allow for an extended reconstruction of recruit abun-
dance useful for stock-recruit analysis (PSC10). 

10PSC (Pacific Salmon Commission).  1999.  Maximum sus-
tained yield or biologically based escapement goals for se-
lected Chinook salmon stocks used by the Pacific Salmon 
Commission’s Chinook Technical Committee for escapement 
assessment, vol. 1.  Pacific Salmon Comm. Joint Chinook 

The impact-rate estimates derived from cohort re-
construction for 2000–2012 reflect many layers of 
salmon fishery regulations. In particular, ocean fish-
eries in California frequently have been constrained 
by conservation concerns and ocean-versus-river fish-
ery allocations for Klamath River fall Chinook salm-
on (Prager and Mohr, 2001). A collapse of the SRFC 
stock (Lindley et al., 2009) closed nearly all California 
ocean salmon fisheries in 2008 and 2009 and heavily 
constrained fisheries in 2010. The first SRWC-specific 
constraints to fisheries began after the species was list-

Tech. Comm. Rep. TCCHINOOK (99)-3, 104 p.  [Available at 
website.]

Figure 5
Sacramento River winter Chinook salmon (Oncorhynchus tshawytscha) contact rates per unit of effort 
for the (A) commercial and (B) recreational sectors in the San Francisco (SF) management area and for 
the (C) commercial and (D) recreational sectors in the Monterey (MO) management area. Circles denote 
estimated values for individual years, triangles indicate mean values, and squares denote median values. 
The methods used to infer mean and median contact rates per unit of effort for the recreational sector 
in February and March are described in the text.
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O’Farrell and Satterthwaite:  Inferred historical fishing mortality rates of Oncorhynchus tshawytscha	 349

Figure 6
Sacramento River winter Chinook salmon (Oncorhynchus 
tshawytscha) (SRWC) hindcast median impact rates plot-
ted as a function of Sacramento River fall Chinook salmon 
(SRFC) harvest rates for fisheries south of Point Arena, 
California. Numbers denote the calendar years 1983–2012. 
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ed as threatened under the ESA in 1989. Fishing 
constraints included establishment of a closed area 
for the recreational sector near the mouth of San 
Francisco Bay and implementation of river fishery 
restrictions (PFMC11). Since those initial SRWC 
conservation measures were implemented, addi-
tional SRWC-focused fishery management mea-
sures have been established, including truncation 
of commercial and recreational fishing seasons, 
increased minimum size limits, and most recently, 
impact-rate “caps” set annually by a control rule 
(see Appendix C in PFMC12). Although we do not 
directly link changes in the impact rate to particu-
lar management measures, the increased fishery 
constraints over the past 35 years have clearly in-
fluenced the impact rate.

Estimates of contact rates per unit of effort have 
a strong effect on the impact-rate forecasts made 
with the Winter Run Harvest Model (O’Farrell et 
al., 2012b) and, therefore, on the hindcasts pre-
sented here. We assumed that contact rates per 
unit of effort estimated with cohort reconstruction 
methods for the years 2000–2012 are representa-
tive of contact rates per unit of effort in the years 
before 2000. Contact rates per unit of effort are a 
function of catchability and stock distribution, and, 
in the absence of large temporal changes in these 
components, assuming contemporary contact rates 
per unit of effort for past years without direct esti-
mates is reasonable. Large changes in catchability 
in either the commercial or recreational salmon 
sectors would be unlikely because modes of fishing 
and associated fishing gear have changed little over the 
past 35 years. We would also not expect substantial 
shifts in SRWC ocean distribution over time because 
this population has been shown to have a relatively 
compact southerly distribution (O’Farrell et al., 2012a; 
Satterthwaite et al., 2013). 

Nevertheless, there is likely to be nontrivial process 
and measurement error associated with the estimates 
of contact rates per unit of effort. Local conditions 
undoubtedly affect both the ability of fishing fleets to 
contact SRWC and the precise local concentration of 
SRWC cohorts. With regard to sampling error, esti-
mates of contact rates per unit of effort are made by 
using expanded coded-wire tag data and estimates of 
fishing effort. SRWC coded-wire tag recoveries can be 
relatively rare for a variety of reasons. SRWC have 
a lower abundance than that of other Chinook stocks 

11PFMC (Pacific Fishery Management Council).  1990.  Pre-
season report III: analysis of Council-adopted management 
measures for 1990 ocean salmon fisheries. Pacific Fishery 
Management Council, 24 p.  Portland, OR.  [Available at 
website.]

12PFMC (Pacific Fishery Management Council).  2013.  Pre-
season report I: tock abundance analysis and environmental 
assessment part 1 for 2013 ocean salmon fishery regulations, 
135 p.  (Document prepared for the Council and its advisory 
entities.) Pacific Fishery Management Council, Portland, OR.   
[Available at website.] 

that contribute to California fisheries, and only the 
hatchery-origin component of the population is marked 
and tagged. Approximately 20% of the landed catch is 
sampled, and early-season fisheries with large mini-
mum size limits would be expected to retain few SRWC 
because few fish would be greater than the minimum 
legal size. 

These sampling issues for rare stocks can read-
ily lead not only to an estimate of zero contacts in a 
month, area, and sector stratum despite nonzero actual 
contacts but also to cases where a single tag recovery 
implies a very large number of contacts. In some stra-
ta, estimates of SRWC contact rates have been based 
on a very small number of coded-wire tag recoveries 
(O’Farrell et al., 2012a). 

To infer values of potential contact rate per unit 
of effort for the recreational sector in February and 
March, we developed a method based on estimates 
of the monthly distribution of harvest when fisheries 
were open from February through November. The in-
ferred recreational contact rates per unit of effort for 
February and March from this procedure were higher 
than estimates of contact rates per unit of effort from 
months after March, although such high values would 
be expected given the relatively large proportion of har-
vest that was estimated for 1971–1972 and the small 
proportion of age-3 SRWC expected to be greater than 
the minimum legal size limit during those months. 

http://www.pcouncil.org/wp-content/uploads/1990_PRE_III.pdf
http://www.pcouncil.org/wp-content/uploads/Preseason_Report_I_2013_FINAL.pdf
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However, these inferences may not adequately describe 
the pattern of SRWC contacts in these early months. 

Given the data available, we were unable to make 
management-area-specific inferences of recreational 
contact rates per unit of effort for February and March; 
yet for later months, the estimated contact rates per 
unit of effort tended to be considerably higher in MO 
than in SF. Additionally, estimates of fishing effort for 
1971–1972 do not exist; therefore, we assumed that the 
monthly distribution of effort in those years was simi-
lar to the distribution during the years 1978–1983. If 
substantial differences in effort occurred between these 
2 periods, those differences would contribute to errors 
in the inferred recreational contact rates per unit of ef-
fort for February and March. Nonetheless, the monthly 
harvest estimates for 1971–1972 represent the only 
information on the temporal patterns of recreational 
harvest over the protracted seasons that characterized 
historical fishing.

To account for uncertainty in the hindcasts of im-
pact rates, we incorporated the variation in estimates 
of contact rates per unit of effort using the bootstrap 
method. Although this approach did not account for 
the full spectrum of uncertainty (e.g., natural mortal-
ity rate and fishing effort), it is likely that variation 
in the estimated contact rates per unit of effort rep-
resents the dominant uncertainty because of the high 
level of variability across years and the strong effect 
that contact rates have on impact-rate projections. 
Characterizing uncertainty in contact rates per unit of 
effort by randomly resampling values for month, area, 
and sector strata, however, may have led to admitting 
excess uncertainty into the impact-rate hindcasts. For 
example, in years with extremely high fishing effort 
(e.g., 1995), a few replications produced unrealistic 
estimates where fishery impacts exceeded ocean abun-
dance. This outcome was caused by randomly sampling 
a very high estimate of contact rate per unit of effort 
that was then multiplied by a very high, stratum-spe-
cific effort estimate. This outcome is clearly not tenable 
and correlations may exist between the contact rate 
per unit of effort and fishing effort that would prevent 
extinction by ocean fishing. However, strong evidence of 
correlations between contact rate per unit of effort and 
fishing effort were not observed (senior author, unpubl. 
data), and no covariance structure was incorporated 
into the simulation framework. 

Ultimately, there is a need to understand the effects 
of all sources of mortality on the dynamics of the en-
dangered SRWC population to better explain its popu-
lation dynamics. Winship et al. (2014) estimated low 
overall productivity for SRWC, likely owing to low fe-
cundity and low juvenile survival rates, which result-
ed in low sustainable fishing mortality rates. In the 
absence of hatchery supplementation, Winship et al. 
(2014) estimated a median maximum sustainable level 
of fishing mortality (analogous to maximum sustain-
able yield) at an impact rate of 0.17, as well as a rate 
of 0.25 under recent levels of hatchery supplementa-
tion. Regular hatchery supplementation began in 1998 

at the SRWC-dedicated Livingston Stone National Fish 
Hatchery, with little or no hatchery-origin contribu-
tions to the population in prior years. 

Given the low sustainable impact rates estimated 
by Winship et al. (2014), and the relatively high me-
dian impact rates inferred for the 1980s and 1990s, it 
is likely that impact rates exceeded maximum sustain-
able fishing mortality levels and that they could have 
reached levels identified as unsustainable under condi-
tions with no hatchery supplementation. However, we 
note that there was substantial uncertainty estimated 
for both the maximum sustainable impact rates in 
Winship et al. (2014) and the historical impact rates 
inferred here. In addition, the results of Winship et 
al. (2014) were derived with contemporary (post-1998) 
data, and it is not known whether the estimated pro-
ductivity, and, therefore, sustainable impact rates, are 
applicable for earlier time periods.

Although we present a specific case study for SRWC, 
our ability to hindcast exploitation rates (for years be-
fore the existence of sufficient data that would have 
allowed direct estimation of exploitation rates) should 
be useful for other fishery applications. The use of for-
ward projection models in a hindcasting mode can help 
with a better understanding of the relative effects of 
past fisheries and management actions on fish stocks. 
Approaches such as the one developed here have the 
potential to be useful for integrating long-term records 
with existing stock assessments and for performing 
retrospective evaluations of the effectiveness of man-
agement measures in data-limited situations.
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