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 16 
Abstract 17 

We describe a new model developed for the purpose of projecting rebuilding periods for 18 
overfished Pacific salmon stocks as defined by the Pacific Fishery Management Council.  The 19 
model has relatively low data requirements as it relies on past estimates of abundance to project 20 
future abundance, accounting for positive lag-1 autocorrelation if there is evidence of its 21 
existence. Replicate applications of the model allow for computation of the probability of 22 
achieving rebuilt status in future years.  Application to simulated abundance and escapement data 23 
suggested that model-projected rebuilding times generally corresponded to simulated rebuilding 24 
times as raw errors were median unbiased.  Simulations also suggested that results were 25 
generally robust to parameter misspecification and that increased levels of lag-1 autocorrelation 26 
in abundance were associated with longer rebuilding periods.  The application of the model to 27 
five overfished stocks in 2018-2019 illustrated the differences in projected rebuilding times 28 
under alternative rebuilding management strategies.  The model filled a need for relatively rapid 29 
assessment of alternative rebuilding strategies for Pacific salmon stocks, a need that will likely 30 
remain given current biological reference points and fluctuations in salmon abundance. 31 

 32 
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1. Introduction 34 

Ending overfishing and rebuilding overfished stocks is a priority for many countries, however 35 
reducing fishing mortality rates and rebuilding stock biomass has socioeconomic consequences 36 
(NRC, 2014).  The choice of management strategies for rebuilding depleted stocks involves 37 
considering tradeoffs between the severity of fishery reductions (e.g., in terms of catch or effort) 38 
and the duration of such reductions (Hilborn et al., 2011; Wetzel and Punt, 2016).  The United 39 
States Magnuson-Stevens Fishery Conservation and Management Act1 (hereafter MSA) requires 40 
that rebuilding plans for overfished stocks specify rebuilding periods.  As of June 2020, there 41 
were 49 overfished stocks in the United States, all of which require the development of a 42 
rebuilding plan and an estimated rebuilding period. 43 
 44 
Since 2012, the Pacific Coast Salmon Fishery Management Plan (FMP; PFMC, 2016) has 45 
specified that a stock meets the criteria for overfished status if the geometric mean of the most 46 
recent three years of spawner escapement falls below the minimum stock size threshold (MSST).  47 
The MSST ranges by stock from 0.50 to 0.75 of the spawner escapement that is expected, on 48 
average, to produce maximum sustainable yield (SMSY).  The default criterion for achieving 49 
rebuilt status is a geometric mean of the most recent three years of spawner escapement meeting 50 
or exceeding SMSY.  The use of a multi-year criteria for determining overfished and rebuilt status 51 
recognizes the dynamics of short-lived and semelparous salmon populations that can exhibit 52 
large annual fluctuations.   53 
   54 
In 2018, five Pacific salmon stocks, two Chinook and three coho, met the criteria for overfished 55 
status and rebuilding plans were required to be prepared for Pacific Fishery Management 56 
Council (PFMC) consideration within one year.  In the salmon FMP, there are currently 25 57 
stocks with specified MSST and SMSY values that are used to assess overfished and rebuilt status.  58 
There are a substantial number of other stocks in the FMP that do not have these associated 59 
reference points because they are either listed under the United States Endangered Species Act, 60 
are managed as part of a stock complex, or are a hatchery stock.  While the number of overfished 61 
salmon stocks in 2018 was unprecedented for the PFMC, if the current stock reference points 62 
(e.g., MSST, SMSY) and overfished criterion were applied to past years, this number of overfished 63 
stocks would be somewhat unremarkable (Figure 1).  Hence, the ability to produce rebuilding 64 
plans with projections of rebuilding periods for multiple stocks within a short time frame will 65 
likely be necessary into the future.  Prior to 2018 there were no accepted methods for projecting 66 
the rebuilding period for salmon stocks.  This contrasts with some FMPs where very specific 67 
guidelines are in place for developing rebuilding analyses.  For example, terms of reference have 68 
been developed for conducting rebuilding analyses for Pacific Coast groundfish, using 69 
standardized software (developed by A. Punt, University of Washington, USA, based on Punt 70 
and Ralston, 2007), which includes calculation of minimum and maximum times to recovery 71 
(PFMC, 2018).  72 

In this paper, we describe a Monte Carlo simulation approach developed to predict rebuilding 73 
periods for overfished salmon stocks.  The approach has low data requirements and therefore can 74 
be applied to a wide variety of stocks with different levels of data richness. It relies upon past 75 
estimates of abundance to project future abundance, accounting for positive lag-1 autocorrelation 76 
                                                            
1 https://www.fisheries.noaa.gov/resource/document/magnuson-stevens-fishery-conservation-and-management-
act 
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if the time series of abundance suggests it exists.  This autocorrelation may implicitly capture the 77 
effects of an autocorrelated environment or other biological processes operating on a short time 78 
scale, without explicitly modeling them.  It does not require information on stock productivity or 79 
production capacity. The model structure is consistent with the annual salmon season planning 80 
process where stock-specific forecasts of abundance are applied to control rules that specify 81 
maximum allowable exploitation rates from all salmon-directed fisheries (e.g., commercial, 82 
recreational, and tribal).  Harvest models are then used to project stock-specific exploitation rates 83 
and spawner escapements, given the planned salmon fisheries.  The rebuilding time model 84 
explicitly accounts for abundance forecasting error, exploitation rate implementation error, and 85 
spawner escapement observation error.  Implementation of this method in 2018-2019 established 86 
projected rebuilding times for alternative rebuilding strategies, as required by the MSA (PFMC, 87 
2019a-e). In addition, the projected rebuilding times were used by stakeholders and fishery 88 
managers to evaluate alternative rebuilding strategies by weighing potential reductions in the 89 
salmon fishery against the time it would take to rebuild the stocks. 90 

After specifying the rebuilding time model, model performance is evaluated under alternative 91 
parameter assumptions, data ranges, and levels of autocorrelation in abundance through 92 
application to simulated data.  The model implementation for the five overfished stocks in years 93 
2018-2019 is then described.  We end with a discussion of potential modifications to model 94 
structure that could be considered in future applications. 95 

 96 

2. Material and methods 97 

2.1 Model Specification 98 

Log-scale, pre-fishery ocean abundance in year t, log(𝑁𝑁𝑡𝑡), is characterized by lag-1 99 
autocorrelated draws from a Normal distribution with parameters estimated from past stock 100 
abundances.  Abundance is specified in terms of adult (age ≥ 3) spawner equivalent units (PFMC 101 
2016).  Simulated log-scale abundance in year t is a function of log abundance in the previous 102 
year log(𝑁𝑁𝑡𝑡−1), the lag-1 autocorrelation coefficient 𝜌𝜌�, and a draw from the distribution 103 
characterizing past abundance on the log scale 𝑌𝑌𝑡𝑡, 104 

    log(𝑁𝑁𝑡𝑡) =  𝜌𝜌�[log(𝑁𝑁𝑡𝑡−1)] + (1 − 𝜌𝜌�)𝑌𝑌𝑡𝑡 ,  (1) 105 

with 106 

𝑌𝑌𝑡𝑡 ~ Normal �log(𝑋𝑋�) − 0.5𝜎𝜎�log(𝑋𝑋)
2 ,�

(1−𝜌𝜌2)𝜎𝜎�log(𝑋𝑋)
2

(1−𝜌𝜌)2
  �.  (2) 107 

Here 𝑋𝑋� is the arithmetic mean of the estimated abundance time series and 𝜎𝜎�log(𝑋𝑋)
2  is the variance 108 

of the log-transformed estimated abundance time series.  Point Estimates of log (𝑋𝑋�), 𝜎𝜎�log(𝑋𝑋), and 109 
𝜌𝜌� are obtained from the available abundance time series for the overfished stock.  If 𝜌𝜌� is 110 
estimated to be negative, 𝜌𝜌� is assumed to be zero.  The standard deviation term in equation 2 is 111 
derived from the expression for the standard deviation of a sum of two random variables. 112 
Simulated log-scale abundance in year t is then back-transformed to the arithmetic scale, 𝑁𝑁𝑡𝑡 =113 
exp [log(𝑁𝑁𝑡𝑡)]. 114 
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Allowable fishing mortality rates are specified for many Pacific salmon stocks on the basis of 115 
preseason ocean abundance forecasts, 𝑁𝑁�.  To account for abundance forecast errors, the forecast 116 
ocean abundance is represented by a draw from a lognormal distribution 117 

     𝑁𝑁�𝑡𝑡 ~ Lognormal[log(𝑁𝑁𝑡𝑡) − 0.5𝜎𝜎log(𝑁𝑁�)
2 , 𝜎𝜎log(𝑁𝑁�)] (3) 118 

where the bias corrected mean and standard deviation are specified on the log scale.  The log-119 
scale standard deviation was determined by the coefficient of variation (CV) for abundance 120 
forecast error CV𝑁𝑁�, 121 

     𝜎𝜎log(𝑁𝑁�) = �log�1 + CV𝑁𝑁�
2�,   (4) 122 

where the CV𝑁𝑁� is a model parameter that can either be specified or estimated from past forecast 123 
errors. 124 

A control rule is applied to the ocean abundance forecast 𝑁𝑁�𝑡𝑡 to determine the allowable 125 
exploitation rate, 𝐹𝐹�𝑡𝑡.  Note that, as is common practice in salmon management models, F is 126 
expressed as an annual fraction rather than an instantaneous rate. The model allows for flexibility 127 
in the form of control rules, which are user-specified.  The exploitation rate accounts for all 128 
fishing-related mortality in the ocean, estuary, and freshwater habitats. The ∙ ̂notation for 𝐹𝐹� 129 
indicates that this exploitation rate is a target exploitation rate derived from an abundance 130 
forecast. 131 

Simulated adult spawner escapement 𝐸𝐸𝑡𝑡 is computed from the pre-fishery ocean abundance and 132 
the realized exploitation rate 𝐹𝐹𝑡𝑡 133 

     𝐸𝐸𝑡𝑡 = 𝑁𝑁𝑡𝑡 × (1 − 𝐹𝐹𝑡𝑡).    (5) 134 

The realized exploitation rate is a function of the allowable exploitation rate and expected errors 135 
in implementation.  Thus, 𝐹𝐹𝑡𝑡 is determined by a random draw from a beta distribution  136 
      137 

𝐹𝐹𝑡𝑡~Beta(𝛼𝛼,𝛽𝛽)     (6) 138 

with parameters 139 

𝛼𝛼 = 1−𝐹𝐹�𝑡𝑡(1+CV𝐹𝐹
2)

CV𝐹𝐹
2     (7) 140 

and 141 

𝛽𝛽 =
1
𝐹𝐹�𝑡𝑡
−2+𝐹𝐹�𝑡𝑡+(𝐹𝐹�𝑡𝑡−1)CV𝐹𝐹

2

CV𝐹𝐹
2     (8) 142 

(Winship et al., 2013). The coefficient of variation for the exploitation rate implementation error, 143 
CV𝐹𝐹, is a model parameter that can either be specified or estimated from past exploitation rate 144 
implementation errors. 145 

 146 
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Adult spawner escapement for most salmon stocks is not directly enumerated but rather is 147 
estimated with associated observation error.  To account for this error, escapement estimates 𝐸𝐸�𝑡𝑡 148 
are drawn from a lognormal distribution 149 

𝐸𝐸 � ~ Lognormal[log(𝐸𝐸𝑡𝑡) − 0.5𝜎𝜎log(𝐸𝐸�)
2 , 𝜎𝜎log(𝐸𝐸�)] (9) 150 

where the bias corrected mean and standard deviation are specified on the log scale.  The log-151 
scale standard deviation was computed in the same manner as equation 4, with the parameter 152 
CV𝐸𝐸�  characterizing the escapement observation error CV. 153 

A single implementation of this model results in projected spawner escapement estimates for a 154 
pre-specified number of years into the future.  Rebuilt status for an individual replicate 155 
simulation occurs when the geometric mean of 𝐸𝐸� computed over the previous three years first 156 
exceeds SMSY (PFMC, 2016).  To assess the probability of reaching rebuilt status by year, a large 157 
number of replicate simulations (e.g., 10,000 when applied to the five overfished stocks in 2018-158 
2019) are performed and the proportion of replicates that meet the rebuilt criterion in each future 159 
year are computed. The probability of achieving rebuilt status in year t is the cumulative 160 
probability of achieving a 3-year geometric mean greater than or equal to SMSY by year t.  The 161 
model has been implemented in the R programming environment (R Core Team, 2019) and is 162 
available from the corresponding author upon request. 163 

 164 

2.2 Application to Simulated Data 165 

Rebuilding time model performance was evaluated by applying the model to simulated 166 
abundance and escapement data.  Parameter values assumed in data simulations follow those 167 
estimated for Klamath River fall Chinook salmon, the indicator stock for the Southern Oregon 168 
Northern California Chinook Stock Complex (PFMC, 2016) and one of the five stocks declared 169 
overfished in 2018  (Table 1).   170 

 171 

2.2.1 Data generation process 172 

Starting log-scale abundance (year 1) for all replicate simulations was set to the mean of log-173 
scale Klamath River fall Chinook abundance [log(𝑋𝑋�) in Table 1].  Ocean abundance and 174 
observed escapement were projected for 200 years, following equations 1-9, the parameter set in 175 
Table 1, and the Klamath River fall Chinook exploitation rate control rule (Figure 2).   176 

Running 3-year geometric means of simulated time series of escapement observations were 177 
computed for the 200 year dataset to determine years for which the criteria for overfished status 178 
was met.  Overfished status resulted for year t if the geometric mean of escapement observations 179 
in t-2, t -1, and t was less than or equal to the MSST.  The entire simulated data series was 180 
discarded if (1) the criteria for overfished status was not met over the 200 year simulation or (2) 181 
the stock was rebuilt in the year following overfished criteria being met as the stock would be 182 
rebuilt prior to development of a rebuilding plan.  183 

Simulated abundance “data” prior to and immediately following the overfished determination 184 
were retained. The rest of the 200 year simulated abundance series was then discarded.  The data 185 
retained following the overfished determination reflect management lags between the overfished 186 
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determination and the implementation of the rebuilding plan, which is described in greater detail 187 
below. 188 

The rebuilding time was determined from the simulated escapement time series by determining 189 
the first year following the overfished determination for which the three year geometric mean of 190 
escapement was greater than or equal to SMSY.  Applying realistic lags in the management 191 
process necessitates that year 1 of the rebuilding period would correspond to 2 years following 192 
the first escapement year in which overfished status was reached.  For example, if the simulated 193 
escapement time series met the criteria for overfished in escapement year 25, the rebuilding plan 194 
would include escapement data through escapement year 27.  A rebuilding time of one year 195 
would then correspond to meeting the criteria for rebuilt status in escapement year 27. 196 

To explore the effects of data set length on rebuilding model performance, simulated abundance 197 
time series of lengths 15 and 30 years were generated.  Simulated abundance data for the 15 year 198 
data length spanned year t -13 to t +1, where t = 0 is the first year the stock met the overfished 199 
criterion. Simulated abundance data for the 30 year data length spanned abundances in year t -28 200 
to t +1. Data series of these lengths are currently representative of many salmon stocks along the 201 
U.S. West Coast.   202 

To explore the effects of the level of lag-1 autocorrelation on rebuilding model performance, 203 
abundance was simulated for three levels of 𝜌𝜌: 0.0, 0.3, and 0.7 (Table 1).  5,000 simulated 204 
datasets were retained for each of the six scenarios, describing pairwise combinations of data 205 
series length (15, 30 years) and 𝜌𝜌 (0.0, 0.3, and 0.7), for a total of 30,000 data sets.   206 

 207 

2.2.2 Application of the rebuilding time model to simulated data 208 

Values of log (𝑋𝑋�), 𝜎𝜎�log(𝑋𝑋), and 𝜌𝜌� were estimated from the simulated data.  The management 209 
strategy used for application of the rebuilding time model to these simulated data sets is the 210 
control rule depicted in Figure 2. 6,000 replicate applications of the rebuilding time model were 211 
associated with each of the 30,000 simulated data series.  The parameters log (𝑋𝑋�), 𝜎𝜎�log(𝑋𝑋), and 𝜌𝜌�, 212 
and the most recent abundance value on the log scale, log(𝑁𝑁), were derived from the simulated 213 
data series.  The probability of achieving rebuilt status by year was computed across 6,000 214 
replicate applications of the rebuilding time model for each of the 5,000 simulated data series 215 
associated with a given data series length and value of 𝜌𝜌.   The projected rebuilding time was 216 
defined as the first year in which the probability of being rebuilt was ≥ 0.5.   217 

5,000 pairs of simulated rebuilding times (𝑠𝑠) and rebuilding time model-projected rebuilding 218 
times (𝑝𝑝) were used estimate distributions of raw error (𝑝𝑝 − 𝑠𝑠) and to assess model performance.  219 
Positive values of raw error indicate that model-projected rebuilding times were longer than 220 
simulated rebuilding times, while negative raw errors indicate the converse. 221 

 222 
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Parameter Value Definition
SMSY 40700 Maximum sustainable yield spawner escapement
MSST 30525 Minimum Stock Size Threshold
CV𝑁𝑁� 0.2 Abundance forecast error CV
CV𝐹𝐹 0.1 Exploitation rate implementation error CV
CV𝐸𝐸� 0.2 Escapement observation error CV
log (𝑋𝑋�) 11.518 Log-scale mean ocean abundance
𝜎𝜎�log (𝑋𝑋) 0.764 Standard deviation of log-scale abundance
𝜌𝜌� 0.0, 0.3, 0.7 Lag-1 autocorrelation coefficient  223 

Table 1.  Parameter values used to simulate abundance and escapement data and determine 224 
overfished and rebuilt status from simulated escapement data. The CV values in the table were 225 
used both in the simulation of data and the application of the rebuilding times model to the 226 
simulated data. 227 

 228 

To evaluate model performance when parameters CV𝑁𝑁�, CV𝐹𝐹, and CV𝐸𝐸�  are mis-specified, 229 
abundance and escapement data were simulated with values of these parameters that differed 230 
from the values assumed for the rebuilding time model.   Data were simulated with parameter 231 
values CV𝑁𝑁� = 0.6, CV𝐹𝐹 = 0.2, and CV𝐸𝐸� = 0.5, which are higher levels of abundance forecast 232 
error, exploitation rate implementation error, and escapement observation error, respectively, 233 
than values assumed for the rebuilding time model (CV𝑁𝑁� = 0.2, CV𝐹𝐹 = 0.1, and CV𝐸𝐸� = 0.2).  234 
Model performance was again assessed by examination of distributions of raw error over 5000 235 
pairs of simulated rebuilding times and model-projected rebuilding times.   236 

Simulated data were also used to assess the effect of lag-1 autocorrelation on simulated and 237 
model-projected rebuilding times.  We examined the distributions of rebuilding times resulting 238 
from simulations assuming 𝜌𝜌 = 0, 𝜌𝜌 = 0.3, and 𝜌𝜌 = 0.7.  The effect of estimated 𝜌𝜌 on 239 
projections made with the rebuilding time model applied to simulated data was also examined;  240 
model-projected rebuilding times were plotted as a function of 𝜌𝜌� (the lag-1 autocorrelation 241 
coefficient estimated from simulated abundance data).  There were a total of 15,000 pairs of 242 
projected rebuilding times and 𝜌𝜌� (5000 pairs for each level of specified 𝜌𝜌).  Running medians of 243 
projected rebuilding times were computed over the range of 𝜌𝜌�. 244 

 245 

2.3 Application to overfished stocks in 2018-2019 246 

The rebuilding time model was applied to the five Pacific salmon stocks declared overfished in 247 
2018.  Values of 𝑋𝑋�, 𝜎𝜎�log(𝑋𝑋), and 𝜌𝜌� were estimated using available abundance data prior to the 248 
overfished declaration.  Data series spanned 14 years for Queets River natural coho, Snohomish 249 
River natural coho, and Strait of Juan de Fuca natural coho, 36 years for Sacramento River fall 250 
Chinook, and 34 years for Klamath River fall Chinook.  Assumed values of CV𝑁𝑁�, CV𝐹𝐹, and CV𝐸𝐸�  251 
are equivalent to those found in Table 1 and did not vary between stocks.   252 
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Rebuilding times were assessed under three rebuilding alternatives for each of the overfished 253 
stocks.  Alternative I was the status quo fishery management approach that is used in most years 254 
for the planning of fisheries.   255 

Alternative II was a fishery management strategy that featured reduced exploitation rates or 256 
increased escapement targets relative to Alternative I.  The Alternative II management strategies 257 
differed between the five overfished stocks.  For Klamath River fall Chinook and Sacramento 258 
River fall Chinook, Alternative II specified reduced exploitation rates at all levels of forecast 259 
abundance (PFMC, 2019a,c).  Figure 3 displays Alternative II in relation to Alternative I for 260 
Sacramento River fall Chinook.  The relationship between Alternative I and Alternative II was 261 
similar in form for Klamath River fall Chinook, but with smaller reductions in allowable 262 
exploitation rates between Alternatives I and II (PFMC, 2019a).  For Queets River natural coho, 263 
Alternative II specified lower allowable exploitation rates at low levels of abundance (< 7,250) 264 
relative to Alternative I (PFMC, 2019b).   For Strait of Juan de Fuca natural coho, Alternative II 265 
specified a maximum exploitation rate of 0.10 for the Southern United States fishery, whereas 266 
there was no such exploitation rate cap under Alternative I (PFMC, 2019e).  For Snohomish 267 
River natural coho, Alternative II specified an escapement goal of 55,000 relative to the goal of 268 
50,000 for Alternative I (PFMC, 2019d). 269 

The third rebuilding alternative was a zero exploitation rate strategy that was used to establish 270 
TMIN, the minimum projected rebuilding time.  See PFMC (2019a-e) for detailed descriptions of 271 
the stock-specific rebuilding alternatives. 272 

For each overfished stock the probability of achieving rebuilt status was projected for the three 273 
alternatives.  The probability of achieving rebuilt status for each year within a 10 year window 274 
were based on 10,000 replicate simulations.  The projected rebuilding time for an alternative was 275 
specified as the first year for which the probability of rebuilt status was ≥ 0.50. 276 

 277 

3 Results 278 

3.1 Application to simulated data 279 

Estimated parameters for the rebuilding time model varied around the values used to simulate 280 
abundance data (Figure 4).  Estimated parameters varied more around assumed parameter values 281 
when the data series was shorter.  Estimated 𝜌𝜌� were generally lower than values assumed for data 282 
simulation under both data length scenarios, though the differences were more pronounced for 283 
the shorter, 15 year data series simulations.  For cases where data were simulated with 𝜌𝜌 = 0, the 284 
median value of 𝜌𝜌� was also zero, though per model convention, 𝜌𝜌� is assigned to zero if the 285 
estimated lag-1 autocorrelation coefficient is negative.  Estimates of the log-scale mean of 286 
abundance were generally unbiased across scenarios, though estimates were more variable when 287 
the specified 𝜌𝜌 in simulations was larger. Estimates of the standard deviation of log-scale 288 
abundance were lower than parameter values specified in simulations under higher levels of 289 
autocorrelation.  This effect was more pronounced for the shorter data length scenario. 290 

Biased parameter estimates did not lead to bias in the median of raw error distributions computed 291 
for simulated and model-projected rebuilding times as median raw errors were zero in all cases 292 
(Figure 5).  The variation in raw error was larger for the scenarios with 𝜌𝜌 = 0.7 relative to lower 293 
levels of 𝜌𝜌.  Distributions of raw error were negatively skewed (median exceeded the mean) 294 
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indicating that negative errors (model-projected rebuilding times shorter than simulated 295 
rebuilding times) tended to be larger than positive errors (model-projected rebuilding times 296 
longer than simulated rebuilding times). 297 

There appear to be generally small effects on rebuilding time raw errors when parameters CV𝑁𝑁�, 298 
CV𝐹𝐹, and CV𝐸𝐸�  assumed for rebuilding time projections were misspecified (Figure 6).  299 
Distributions of raw error between model-projected and simulated rebuilding times had median 300 
values of zero.  Distributions of raw errors tended to be negatively skewed, indicating that 301 
negative errors (model-projected rebuilding times shorter than simulated rebuilding times) 302 
tended to be larger than positive errors (model-projected rebuilding times longer than simulated 303 
rebuilding times). 304 

Both simulated and model-projected rebuilding times increased with higher levels of lag-1 305 
autocorrelation in abundance.  Assuming 𝜌𝜌 = 0, the median simulated rebuilding time was three 306 
years (Figure 7a).  Median rebuilding time increased to four years with 𝜌𝜌 = 0.3 and five years 307 
with 𝜌𝜌 = 0.7.  This pattern was also observed when applying the rebuilding time model to 308 
simulated data.  Median model-projected rebuilding times ranged from a low of three years when 309 
𝜌𝜌�  < 0.2 to a high of six years when 𝜌𝜌�  ≥ 0.8 (Figure 7b).   310 

 311 

3.2 Application to overfished stocks in 2018-2019 312 

Figure 8 displays the probability of achieving rebuilt status for five overfished salmon stocks in 313 
2018-2019.  Rebuilding times varied from a minimum of one year (under the TMIN scenario for 314 
Klamath River fall Chinook and Queets River natural coho) to a maximum of six years (under 315 
Alternative I for Strait of Juan de Fuca natural coho). 316 

The status quo management strategy (Alternative I) resulted in the longest rebuilding times and 317 
the TMIN scenario the shortest rebuilding times.  For the coho stocks, there were small differences 318 
in rebuilding probabilities between Alternatives I and II, reflecting the similarity of the control 319 
rules underlying those Alternatives (PFMC, 2019b,d,e).  The differences between rebuilding 320 
probabilities for the TMIN scenario and Alternative I were small for the coho stocks relative to the 321 
Chinook stocks, which reflects the lower overall exploitation rates generally experienced for 322 
these coho stocks.  Accuracy of the rebuilding time projections cannot be assessed at this time as 323 
none of the five stocks have met the criteria for rebuilt status at the time of publication. 324 

 325 

4. Discussion 326 

Projected rebuilding periods are used to aid the rebuilding strategy decision making process for 327 
stakeholders and fishery managers.  The rebuilding time model described here has modest data 328 
requirements, which is desirable because sufficient data do not readily exist for many salmon 329 
stocks to fit stock-recruitment relationships and develop more complex population dynamics 330 
models.  While in some cases having a more explicit link between the spawning stock and 331 
recruits to the fishery would be desirable, for stocks with substantial hatchery supplementation, 332 
spawning stock size may have little influence on recruitment.  More complex models that 333 
directly account for natural and hatchery production (e.g., Winship et al., 2013) could be 334 
developed to assess rebuilding periods.  For stocks with little hatchery supplementation, a 335 
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simulation approach analogous to that described in Freshwater et al. (2019) could also be used to 336 
assess alternative rebuilding plans.  Implementing models such as these requires both 337 
substantially more data and development time than the rebuilding time model described here, 338 
which may be infeasible given short statutory timelines. The use of autocorrelated abundances 339 
provides an empirically-driven method that may implicitly capture some environmental or 340 
biological effects that are not explicitly modeled, without involving the covariate selection 341 
challenges that often accompany use of environmental covariates (Winship et al., 2015). Prior 342 
work on assessment of rebuilding periods has shown that results can be highly sensitive to the 343 
methods used to simulate recruitment (Punt and Methot, 2005; Holt and Punt, 2009). 344 

Although this model was developed for the specific needs of the PFMC and its management of 345 
Pacific salmon, our approach may be applicable in other regions, or to other short-lived species. 346 
In Canada, following passage of the revised Fisheries Act2 in 2019, it will be necessary to assess 347 
the majority of fish stocks against Limit Reference Points (LRPs) and develop rebuilding plans 348 
for stocks that fall below these limits. There were previous, not legally-binding, calls for 349 
rebuilding of depleted stocks in the Wild Salmon Policy3 of 2005, but appropriate analyses were 350 
only possible for a few relatively data-rich stocks (e.g., Pestal et al. 2011; Grant et al. 2020), with 351 
the lack of suitable data for estimating stock-recruitment relationships hindering both the 352 
determination of LRPs and the analysis of harvest control rules for most other stocks. Alternative 353 
approaches like setting LRPs based on percentiles of past escapement (e.g., Clark et al., 2014; 354 
Holt et al., 2018) along with our approach to closed loop simulations exploring rebuilding under 355 
different harvest control rules may be a suitable approach in such cases. 356 

Elements of our approach may also be useful for other short-lived species. Within the PFMC 357 
realm, a rebuilding plan was recently required for the northern subpopulation of Pacific sardine 358 
(Sardinops sagax caerulea). With limited time to produce the rebuilding plan, and at least in part 359 
because of a perceived need to estimate a stochastic reference point reflecting the biomass 360 
corresponding to sustainable yield (BMSY) to serve as the rebuilding target, the analysts used a 361 
minimally modified version of the rebuilding software developed for long-lived groundfish (Hill 362 
et al., 2020). This approach was endorsed by the PFMC's Scientific and Statistical Committee 363 
(PFMC, 2020), but they noted "challenges associated with projecting rebuilding for a highly 364 
dynamic species whose recruitment seems to be largely driven by environmental factors" and 365 
high sensitivity to assumptions about future environmental/productivity regimes. Ultimately, the 366 
PFMC adopted a rebuilding target based on the "cutoff" parameter in the harvest control rule 367 
defined in the Coastal Pelagic Species Fishery Management Plan (PFMC, 2019f) rather than an 368 
estimate of stochastic BMSY. With a pre-specified rebuilding target in place, an approach similar 369 
to ours might have been suitable, and its low computational demands coupled with relatively few 370 
parameters requiring sensitivity analyses might have allowed exploration of a broader range of 371 
future productivity scenarios. 372 

Our simulations suggest that longer rebuilding times are associated with higher levels of 373 
autocorrelation, but we have not tested whether this conclusion holds over different assumptions 374 
about the operating model (e.g., incorporating density dependent recruitment).  This is not 375 
unexpected because escapement, and likely pre-fishery abundance, must be low to meet the 376 

                                                            
2 https://www.parl.ca/LegisInfo/BillDetails.aspx?Language=E&billId=9630814 
3 https://www.pac.dfo-mpo.gc.ca/fm-gp/salmon-saumon/wsp-pss/index-eng.html 
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criteria for overfished status.  Populations with high levels of autocorrelation would not be 377 
expected to exhibit rapid increases in abundance or a bonanza recruitment that could lead to 378 
rapid rebuilding. Estimates of the autocorrelation coefficient from simulated data were biased 379 
low when simulations assumed 𝜌𝜌 > 0. The bias was more pronounced for the shorter data series 380 
and the higher levels of autocorrelation in the simulated data, a result consistent with 381 
expectations (e.g., Bence, 1995).  While this did not strongly affect rebuilding model 382 
performance, as raw error distributions were median unbiased (Figure 5), the distributions were 383 
negatively skewed under some scenarios, most notably for 𝜌𝜌 = 0.7.  This result implies a 384 
negative bias in mean raw error (shorter model-projected rebuilding times relative to simulated 385 
rebuilding times) which is consistent with our observation that shorter rebuilding times are 386 
associated with lower levels of lag-1 autocorrelation in abundance.   387 

Rebuilding time model projections were generally robust to parameter misspecification.  388 
Assuming lower levels of abundance forecast error CV𝑁𝑁�, exploitation rate implementation error 389 
CV𝐹𝐹, and escapement estimation error CV𝐸𝐸�  did not result in large differences between model 390 
projected and simulated rebuilding times. Obtaining direct estimates of these parameters can be 391 
difficult for some populations owing to data deficiencies and may need to be assumed when 392 
applying the rebuilding time model to many stocks. 393 

When applying this model to Sacramento River fall Chinook and Klamath River fall Chinook 394 
salmon, two additional model variants were considered.  The first variant was to account for bias 395 
in abundance forecasts.  This variant was pursued because the forecasted index of abundance for 396 
Sacramento River fall Chinook has frequently exceeded the postseason estimate.  To account for 397 
this bias, the log of the ratio between the preseason forecast and postseason estimate of 398 
abundance was added to the mean term in equation 3, i.e., log(𝑁𝑁𝑡𝑡) − 0.5𝜎𝜎log(𝑁𝑁�)

2 + 𝑟𝑟, where r is 399 
drawn, with replacement, from the set of log ratios.  Rebuilding time projections that 400 
incorporated abundance forecast bias for Sacramento River fall Chinook were somewhat longer 401 
than projections that did not take this bias into account (PFMC, 2019c).  In contrast, rebuilding 402 
time projections from the base model and the abundance forecast bias variant were nearly 403 
identical for Klamath River fall Chinook, reflecting the relative lack of bias in abundance 404 
forecasts observed for this stock (PFMC, 2019a).  The second variant of the rebuilding model 405 
considered was to characterize past abundance based on more recent abundance estimates to 406 
account for changes in stock productivity over the course of the data range.  For this variant, 407 
log (𝑋𝑋�) and  𝜎𝜎�log(𝑋𝑋) were estimated from contemporary abundance data while 𝜌𝜌� was estimated 408 
using the full abundance data set.  Application of this model variant to Sacramento River fall 409 
Chinook salmon resulted in longer rebuilding times relative to the base model implementation 410 
(PFMC, 2019c), whereas rebuilding times were similar across both model implementations for 411 
Klamath River fall Chinook salmon (PFMC, 2019a).  We note that rebuilding time results could 412 
be highly sensitive to the choice of a “cut off” for years to consider as part the contemporary 413 
period. 414 

One feature of the rebuilding time model that does not reflect the management of Pacific salmon 415 
fisheries is the lack of explicit accounting for weak stock management.  Exploitation rate 416 
projections for some stocks are frequently lower than the allowable exploitation rate specified by 417 
their control rule because of fishery constraints from comingled stocks.  The rebuilding model 418 
assumes that the maximum exploitation rate specified by the control rule is targeted each year. 419 
While the effect of weak stock management on rebuilding model performance was not explored 420 
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here, we would expect that stocks that are frequently prevented from achieving maximum 421 
allowable exploitation rates owing to comingled weaker stocks would have shorter rebuilding 422 
times than model projections.   423 

In conclusion, we specified and evaluated a new model used to project rebuilding periods for 424 
Pacific salmon.  Application to simulated data, suggested median unbiased projections of the 425 
rebuilding period under scenarios with and without misspecification of assumed parameters.  The 426 
model was successfully applied in practice and was used to establish projected rebuilding times 427 
for five salmon stocks, though the accuracy of those projections is as yet unknown.  While the 428 
model was designed for Pacific salmon, accounting for the fishery management context and 429 
typical data associated with salmon stocks, aspects of this approach may find use for other 430 
species.  In particular, using past estimates of abundance while accounting for autocorrelation 431 
could find utility for other short-lived fish stocks.  Such an approach represents one way to 432 
incorporate environmental or ecosystem effects into projections of rebuilding periods with very 433 
modest data requirements.  434 

 435 
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Figure Captions 576 

 577 

Figure 1.  Number of salmon stocks that meet the criteria for overfished status in the West Coast 578 
Salmon Fishery Management plan (FMP), 1973-2018.  Results are for 25 Chinook and coho 579 
salmon stocks that have a specified Minimum Stock Size Thresholds (MSST).  Prior to 1992, 580 
data were not available for all 25 stocks and thus bars represent the minimum number of stocks 581 
meeting criteria for overfished status. 582 

Figure 2.  Abundance-based exploitation rate control rule used for data simulation and 583 
application within the rebuilding time model.  A description of numerical break points for this 584 
control rule can be found in PFMC (2016). 585 

Figure 3.  Exploitation rate control rule rebuilding Alternatives for Sacramento River fall 586 
Chinook.  Alternative I (solid line) represents the status quo control rule.  Alternative II (dashed 587 
line) reflects reduced exploitation rates relative to Alternative I at all levels of forecast 588 
abundance.  Alternative III (not depicted) is an exploitation rate of zero. 589 

Figure 4.  Estimates of the lag-1 autocorrelation coefficient (𝜌𝜌�; A, B), log mean abundance 590 
[log (𝑋𝑋�); C, D], and the standard deviation of log-scale abundance [𝜎𝜎�log(𝑋𝑋), E, F] plotted against 591 
parameter values assumed for the simulated data series (horizontal lines).  Results shown for 592 
abundance data length of 30 years (A, C, E) and 15 years (B, D, F) under three values of the lag-593 
1 autocorrelation coefficient (𝜌𝜌). 594 

Figure 5.  Raw error between model-projected and simulated rebuilding times under two 595 
scenarios of data series length and three scenarios of the level of lag-1 autocorrelation (𝜌𝜌).  596 
Medians are represented by within-box horizontal lines and means are represented by diamonds.  597 
Raw error values outside of plot whiskers (1.5 times the interquartile range) were omitted for 598 
clarity.   599 

Figure 6. Raw error between model-projected and simulated rebuilding times under two 600 
scenarios of data series length and three scenarios of the level of lag-1 autocorrelation.  601 
Rebuilding times were simulated with values of CV𝑁𝑁� (A), CV𝐹𝐹 (B), and CV𝐸𝐸�  (C) that exceeded 602 
values assumed in the rebuilding time model.  Panel D displays raw errors when parameters CV𝑁𝑁�, 603 
CV𝐹𝐹, and CV𝐸𝐸�  all exceeded assumed values simultaneously.  Medians are represented by within-604 
box horizontal lines and means are represented by diamonds. Raw error values outside of plot 605 
whiskers (1.5 times the interquartile range) were omitted for clarity.  606 

Figure 7.  The effect of lag-1 autocorrelation on rebuilding time.  Simulated rebuilding times are 607 
plotted as function of the underlying level of lag-1 autocorrelation assumed for simulations (A).  608 
Rebuilding times outside of plot whiskers (1.5 times the interquartile range) were omitted for 609 
clarity.  Model-projected rebuilding time are plotted as a function of the lag-1 autocorrelation 610 
coefficient estimated from simulated data under the 30 year data series scenario (B).  Horizontal 611 
lines in panel B indicate median rebuilding times over the range of estimated autocorrelation 612 
coefficients, in increments of 0.2. 613 

Figure 8.  Probability of achieving rebuilt status under each management strategy alternative and 614 
year for five overfished salmon stocks.  The TMIN strategy is based on an exploitation rate of zero 615 
(no ocean or freshwater fisheries).  The horizontal gray lines indicate a probability of 0.5. 616 
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