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Abstract 13 

An ecosystem approach to forage fish management is required because forage fish support 14 

large fisheries, are prey for many valued species in marine food webs, and provide important 15 

social and cultural benefits to humans. Complex ecosystem models are often used to evaluate 16 

potential ecosystem consequences of forage fish fisheries, but there is seldom sufficient data 17 

to parameterize them, and full consideration of uncertainty is impossible. Models of 18 

Intermediate Complexity for Ecosystem assessment (MICE) provide a link between full 19 

ecosystem models and tactical (usually single-species) models typically used in fisheries 20 

management. MICE are ideal tools to form the basis for management strategy evaluations 21 

that compare the ability of candidate strategies to achieve goals related to target fisheries and 22 

broader ecosystem protection objectives. A MICE model is developed here for the California 23 

Current Ecosystem (CCE) that focuses on the fishery for the northern subpopulation of 24 

Pacific sardine (Sardinops sajax) and the indirect impacts of the fishery on place-based 25 

predators, in particular brown pelicans (Pelecanus occidentalis) and California sea lions 26 
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(Zalophus californianus), in the Southern California Bight. The model includes three forage 27 

species (sardine, northern anchovy Engraulis mordax, and ‘other forage’), an ‘other prey’ 28 

category, and two predator species (brown pelican and California sea lion) and evaluates the 29 

impacts of variable forage availability on adult predator reproductive success and survival. 30 

Parameterization of the model is based on available monitoring data and assessment outputs. 31 

The model is then used to assess the ecosystem and fishery consequences of the current 32 

sardine management systems for Mexico, the USA, and Canada, with a focus on identifying 33 

which among a long list of sources of uncertainty in the system are most consequential for 34 

predictions of fishery impacts on predators. Key sources of uncertainty to consider in 35 

ecosystem assessments for the CCE are how prey abundance and availability impact predator 36 

demography, and the extent to which the dynamics of prey populations are driven by 37 

environmental factors. Data are available for some of these sources of uncertainty for CCE 38 

sardine management, but much uncertainty remains, necessitating exploration of sensitivity to 39 

alternative model formulations and parameter values when providing advice on management 40 

strategies to decision makers. 41 

 42 

Keywords: northern anchovy, brown pelican, California sea lion, California Current, 43 

Ecosystem Based Fisheries Management, harvest strategies, Management Strategy 44 

Evaluation, Pacific sardine. 45 

 46 

47 



1. Introduction 48 

Implementation of harvest control rules that are expected to achieve management goals is 49 

considered ‘best practice’ in fisheries management (FAO, 1996; Punt, 2006; Anon, 2014). 50 

Candidate management strategies (combinations of data collection schemes, methods for 51 

estimating the inputs for the harvest control rules, and the harvest control rules themselves) 52 

can be evaluated in terms of how well they satisfy management objectives using simulation, 53 

i.e., by applying the management strategy evaluation (MSE) approach (Smith, 1994; Punt et 54 

al., 2016). Management strategies have been broadly evaluated to achieve single-species 55 

objectives and, to a lesser extent, multi-species and ecosystem objectives (Punt et al., 2016).  56 

An MSE involves several steps: (a) identification of the management objectives; (b) 57 

identification of a broad range of uncertainties to which the management strategy should be 58 

robust; (c) development of a set of models (often referred to as ‘operating models’) that 59 

provide a mathematical representation of the system to be managed; (d) specification of the 60 

parameters governing the operating model(s); (e) identification of candidate management 61 

strategies that could realistically be implemented for the system; (f) application of each 62 

management strategy to each operating model using simulation; and (g) summary and 63 

interpretation of the performance statistics. Of these steps, (c) and (d) are the most 64 

challenging technically because complex multi-species and spatially-explicit operating 65 

models require rich and diverse data inputs, which may not be available.  66 

It is necessary, however, for operating models used in MSE to explicitly include 67 

ecosystem components if the management objectives include habitat protection, avoiding 68 

adverse impacts on threatened and endangered species, or indirect effects of fishery removals 69 

on other valued species. To this end, Plagányi et al. (2014) introduced ‘Models of 70 

Intermediate Complexity for Ecosystem assessments’ (MICE). The following ideas underlie 71 

MICE: restrict the model to focus on the main management questions under consideration, 72 



and include properties that advance their use as ecosystem assessment tools. MICE are 73 

particularly useful for addressing questions such as the effects of fisheries on predator-prey 74 

relationships. For example, MICE have been developed to address the effects of Cape fur 75 

seals (Arctocephalus pusillus) on the hake (Merluccius capensis and M. paradoxus) fishery 76 

off the west coast of South Africa (Punt and Butterworth, 1995), the inter-relationships of a 77 

multi-species prawn fishery off northern Australia (Dichmont et al., 2008), impacts of sardine 78 

fisheries on African penguins (Spheniscus demersus) (Robertson et al., 2015), and the 79 

interaction between crown of thorns starfish (Acanthaster planci) and coral reef ecosystems 80 

on Australia’s Great Barrier Reef (Morello et al., 2014). The benefits to fisheries decision-81 

making of MICE, as opposed to more complex ecosystem models, are that MICE tend be 82 

focused on a single question of interest, rather than whole-of-ecosystem models such as 83 

Atlantis (Fulton et al., 2007) and Ecopath with Ecosim (Walters et al., 1997; Pauly et al., 84 

2000) (Plagányi et al., 2014). Furthermore, MICE are computationally simpler, allowing for 85 

exploration of a wider range of scenarios and more opportunity to incorporate uncertainty.  86 

The California Current Ecosystem (CCE) off the west coast of North America is a 87 

dynamic upwelling system (Checkley and Barth, 2009), with important interactions between 88 

fisheries and the ecosystem, especially for small planktivorous pelagic fish such as northern 89 

anchovy (Engraulis mordax)1 and Pacific sardine (Sardinops sagax caerulea; Clupeidae)2. 90 

The management objectives for these ‘coastal pelagic species’ (CPS) in the USA include (a) 91 

achieving ‘optimum yield’ (i.e., maximum sustainable yield as reduced by ecological and 92 

economic factors), (b) preventing overfishing, and (c) providing adequate forage for 93 

dependent species (PFMC, 2011). In relation to (c), sardine and anchovy are preyed on by 94 

dozens of upper trophic level predator species (Szoboszlai et al., 2015), including threatened 95 

and endangered species (e.g., southern resident killer whales Orcinus orca, humpback whales 96 
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Megaptera novaeangliae, marbled murrelet Brachyramphus marmoratus, salmon 97 

Oncorhynchus spp., and yelloweye rockfish Sebastes ruberrimus), as well as species 98 

exhibiting recent declines in abundance (e.g., brown pelican Pelecanus occidentalis). The 99 

impact of “bottom-up” climate forcing on sardine and anchovy can be modelled owing to 100 

long-term data sets on density of both species, and there are available data on predator diets 101 

through time. Moreover, the management system for anchovy and sardine off the coasts of 102 

the USA and Canada is well-established and documented, so a robust MSE can be 103 

implemented.  104 

Here, we develop a MICE model for the CCE to evaluate the USA and Canadian sardine 105 

harvest control rules and management questions related to the interactions of sardine with 106 

anchovy and a selected group of top predators. Although the model structure is general, the 107 

focus is on top predators of the Southern California Bight (southern CCE), and in particular 108 

the brown pelican for which most of the diet appears to be sardine and anchovy (Szoboszlai 109 

et al., 2015) and which have shown breeding failures in many recent years (S.P. Henry, US 110 

Fish & Wildlife Service, pers. commn). Our MICE model considers sardine and anchovy, 111 

‘other forage’ species, ‘other prey’, and two predators (brown pelicans, and California sea 112 

lions Zalophus californianus). The information available for modelling purposes differs 113 

among species, but parameter values regarding prey species are based on fitting the model to 114 

data (c.f. Plagányi et al., 2014), to the extent possible, and parameter values regarding 115 

predator species are based primarily on literature values in the absence of formal assessments 116 

of these species.    117 

The focus for the current paper is not on conducting a full evaluation of alternative 118 

harvest control rules for anchovy and sardine, but rather to understand the consequences of 119 

the current USA and Canadian harvest control rules for sardine in terms of the USA 120 

management objectives for CPS. Consequently, the paper presents a baseline version of the 121 



MICE model, along with several variants that modify its specifications, specifically related to 122 

which sources of process error are modelled, the diets of the predators, demographic 123 

responses of predators to changes in prey availability, and the dynamics of the prey species, 124 

specifically their relationship to environmental drivers. The paper then outlines a set of model 125 

outputs that quantify the three major conceptual USA objectives for CPS and summarizes 126 

projections for each alternative MICE model formulation to determine how sensitive model 127 

outputs are to key model specifications. The results of the projections are then evaluated in 128 

terms of which areas of uncertainty have the greatest impact on evaluating harvest control 129 

rules for CPS in the CCE. Last, the MICE model is appraised in the context of the suite of 130 

modelling tools available for supporting management objectives. 131 

2. Methods 132 

2.1 History of sardine and anchovy fisheries 133 

Pacific sardine is harvested off the coasts of Mexico, the USA, and Canada. The biomass and 134 

catch of sardine increased rapidly from the 1930s until the mid-1940s, and declined 135 

thereafter. The decline was likely due to a combination of environmental conditions leading 136 

to poor recruitment and high fishing mortality rates (Murphy, 1966). Rebuilding began during 137 

the 1980s, and by 1991 a directed fishery was re-established in the USA. Sardines were first 138 

re-observed in the diets of seabirds off central California in 1992 (Sydeman et al., 2001). The 139 

sardine population began to decline again around 2007 (Hill et al., 2015); the Canadian 140 

sardine fishery, which had been inconsequential before 1995, ceased in 2013, and the directed 141 

fishery in the USA was closed in 2015 because biomass was below the escapement threshold 142 

in the harvest control rule. The reason for the decline in abundance was primarily poor 143 

recruitment, a result of unfavourable environmental conditions (Hill et al., 2015).  144 

The central subpopulation of northern anchovy is found from northern Baja California to 145 

northern California, but is found primarily in the southern California Bight. This 146 



subpopulation has been harvested commercially, primarily in the late 1970s and early 1980s. 147 

However, in common with sardine, catches in recent years have been low and recent evidence 148 

suggests that the biomass of this stock may be at historic lows (MacCall et al., 2016).  149 

The population dynamics of sardine and anchovy, in common with those of many small 150 

pelagic fish species, are characterized by large changes in abundance, driven primarily by 151 

environmental conditions. The long-term nature of these fluctuations has been confirmed for 152 

anchovy and sardine in the CCE using samples of fish scales from sediment cores in the 153 

Santa Barbara Basin (Soutar and Issacs, 1969, 1974; Baumgartner et al., 1992).  154 

2.2 Overview of the MICE 155 

The MICE model is a spatially-structured model (see Fig. 1 for its spatial structure and Fig. 2 156 

for a conceptual summary) that includes separate components for prey and predators. The 157 

model includes two predator species (brown pelicans and California sea lions), which were 158 

chosen because they are of management interest and anchovy and sardine constitute an 159 

appreciable fraction of their diets (Fig. 3). Both brown pelicans and California sea lions are 160 

site-based, central place foraging predators, which must balance the demands of provisioning 161 

for themselves versus provisioning for their offspring while foraging from a fixed, central 162 

location (Orians and Pearson, 1979). Therefore, the reproductive success of these species is 163 

likely more sensitive to changes in prey abundance than the reproductive success of more 164 

mobile predators. The distributions in the CCE of both sardine and anchovy contract during 165 

periods of low population size (Mais, 1974; MacCall, 1990), resulting in low availability for 166 

some central place foragers in certain locations. This contraction may be even more 167 

pronounced during periods of low combined sardine and anchovy abundance. Sardine and 168 

anchovy predators with greater mobility while breeding, such as dogfish (Squalus acanthias) 169 

and humpback whales, are likely less impacted by low forage abundance because of their 170 

ability to move greater distances to areas of relatively higher sardine and anchovy (or other 171 



prey) abundance, with less risk to their reproductive success. Furthermore, in contrast to 172 

brown pelicans, diets of dogfish (Brodeur et al., 2014) and humpback whale (Clapham et al., 173 

1997; Rice, 1963) show switches between sardine and anchovy depending on availability.  174 

The MICE model includes the following four prey groups: sardine, anchovy, ‘other 175 

forage’, and ‘other prey’. The group ‘other forage’ is a collection of small fish, including 176 

other small pelagic fishes and the juvenile stages of other fish (e.g., age-0 Sebastes spp.) and 177 

invertebrate species (e.g., euphausiids and squids), and is modelled to allow for stochasticity 178 

in absolute abundance of prey. The group ‘other prey3’ is minimally important for brown 179 

pelican, but fairly substantial in the diets of California sea lions (Fig. 3). Only sardine is 180 

fished in the model and removals are based on close approximations to current sardine 181 

management practices. Although anchovy is subject to a minor fishery in the CCE (catches 182 

have been extremely low, typically < 10,000 tons, since the early 1980s), this was ignored to 183 

reduce model complexity. The model only considers the impact of variation in prey biomass 184 

on the survival and reproductive rates of brown pelican and California sea lions, and not the 185 

impact of changes in predator numbers on the dynamics of the prey species. This is because 186 

only a small component (< 10%; Koehn et al., in press) of the predation mortality on the prey 187 

species in the MICE is due to the predators included in the model. The consequences of 188 

changing predator numbers for prey species, and associated conclusions regarding fishing 189 

impacts, are more suitable for evaluation using a more complex ecosystem model such as 190 

Atlantis (Fulton et al., 2007). The results from the MICE can be used to structure such more 191 

complex models, as discussed in Section 4. 192 

Model parameters are either calculated from other variables, based on literature values, or 193 

estimated from available data (Supplementary Tables A.1 and A.2). It is possible to set the 194 

values of the parameters for each component of the model (largely) separately, because in the 195 
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model sardine are impacted by fishing and natural processes, but not by the predators, so the 196 

sardine component can be parameterized using the results from stock assessments (e.g., Hill 197 

et al., 2009, 2011, 2015). The same is also (largely) the case for anchovy, although 198 

recruitment of anchovy also depends on the biomass of sardine. Thus, the values for the 199 

parameters of the MICE were not obtained by fitting it to the available data in a single 200 

optimization process (e.g., Punt and Butterworth, 1995; Morello et al., 2014); however, this is 201 

appropriate given the prey species are largely independent.  202 

Prey are modelled with 48 time-steps within each year, whereas predators are modelled 203 

on a yearly time-step. Time-steps differ between prey and predators owing to the slower 204 

dynamics of the predators. The model year ranges from 1 July to 30 June to match the quota 205 

year for the USA sardine fishery. All species are assumed to be at unfished equilibrium at the 206 

start of the projection period, but model results are presented only for those years occurring 207 

after a 50-year ‘burn-in’ period, therefore the consequences of this assumption are minor.  208 

2.3 The prey model4 209 

2.3.1 Basic dynamics 210 

The prey species are governed by the following spatial age-structured population dynamics 211 

model in which spatial distribution is pre-specified: 212 
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where , ,
A

y t a
N  is the number of animals of age a in area A at the start of time-step t of year y, 214 

, ,
A

y t a
Z  is the total mortality for animals of age a in area A during time-step t of year y: 215 

, , ,/ 48A A

y t a a y t
Z M S F= +      (2) 216 

M  is the rate of natural mortality (assumed to be independent of time-step and area), a
S  is 217 

fishery selectivity on animals of age a, ,
A

y t
F  is the full-selection fishing mortality on animals 218 

in area A during time-step t of year y, ,1,0yN  is the number of age-0 animals at the start of year 219 

y, , ,
A

y t a
δ  is the proportion of animals of age a in area A at the start of time-step t of year y, and 220 

N
x  is the maximum age-class considered in the model (treated as a plus-group) . 221 

2.3.2 Stock and recruitment 222 

Recruitment occurs in the middle of July (the start of the model year). The stock-recruitment 223 

relationship for sardine includes an environmental driver, so that the simulated extent of 224 

variation in biomass in the absence of exploitation matches the variation observed in 225 

historical scale deposits in the Santa Barbara Basin, i.e.: 226 
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where , ,α β γ  are the parameters of the stock-recruitment relationship, y
B%  is the spawning 228 

biomass at the start of year y, i.e.: 229 
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m
Na  is the age-at-maturity, a

w  is the weight of an animal of age a at the start of the year, yG  is 231 

the value during year y of the environmental driver, 
sardine
y

ε  is the deviation during year y 232 



about the deterministic stock-recruitment relationship, and 
sardine
R

σ  is the extent of variation in 233 

random log-deviations about the stock-recruitment relationship for sardine. Recruitment of 234 

sardine occurs only to the southern areas (1-5; Fig. 1), i.e.: 235 
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The stock-recruitment relationship for anchovy depends on the biomass of sardine, and 237 

allows for the possibility that recruitment is zero, i.e.: 238 
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where 1 1 2 2, , ,α β α β  are the parameters of the stock-recruitment relationship, and 
1 ,sardine
y

B
+

 is 240 

biomass of sardine aged 1 and older at the start of year y: 241 
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The probability of zero recruitment is 0.224 (the observed proportion of historical 243 

anchovy recruitments that are zero; MacCall et al., 2016), and the probability of zero 244 

recruitments is independent of year. The values for 
anchovy
y

ε  are resampled randomly from the 245 

residuals about the fit of Eqn 6 to the anchovy stock and recruitment data. Recruitment of 246 

anchovy only occurs to the California Bight (area 4; Fig. 1). 247 

No stock-recruitment or environmentally-driven relationship is set for ‘other forage’, as 248 

this component is made up of several species. Therefore, age-0 abundance for ‘other forage’ 249 

is assumed to be an auto-correlated random variable selected from a log-normal distribution, 250 

i.e.: 251 
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where 
other
R

ρ  determines the extent of auto-correlation in recruitment for ‘other forage’, and 253 

other
R

σ  is the extent of variation in random log-deviations about the stock-recruitment 254 

relationship for ‘other forage’. Recruitment of ‘other forage’ occurs equally to all areas. 255 

2.4 The predator model 256 

2.4.1 Basic dynamics 257 

The predators are modelled using age-structured models where either (or both) survival or 258 

reproduction depend on the biomass of prey. The number of births to a predator species is 259 

thus a function of the number of mature animals and the density-dependence on the birth rate 260 

(or equivalently the survival rate of age-0 animals), as well as the impact of prey abundance 261 

on reproductive rate, i.e.: 262 
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where ,y aP  is the number of predators of age a at the start of year y, a
Ω  is the survival rate 264 

for predators of age a in the absence of prey-related effects, y
Ω%  is the impact of prey on the 265 

survival rate of predators during year y, P
x  is the maximum age modelled (treated as a plus 266 

group), 
m

y
P  is the number of mature animals, i.e.: 267 
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m
pa  is the age-at-maturity, 

1
y

P
+

 and 1K +  are, respectively, the number of predators aged 1 269 

and older at the start of year y, and in an unfished state (i.e., when 0yP P= ), i.e.: 270 
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z is the degree of compensation (set to 2.39 so maximum production occurs at 60% of 1K + ), 272 

Φ  determines the extent of density-dependence in juvenile survival rate, yφ  is the impact of 273 

prey on the reproductive rate of the predators during year y, 
P

y
ε  is the logarithm of the 274 

deviation between the actual and expected number of births 
2~ (0,( ) )P P

y R
Nε σ , and 

P

R
σ  275 

determines the extent of variation in reproductive success. 276 

2.4.2 Prey impacts on predators 277 

The relationship between changes in predator reproductive success and the amount of prey 278 

available is given by: 279 
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where 1θ%  is the relative prey biomass at which the number of births is zero, 3θ%  is the value 281 

of yφ  when 0 2/yD D θ= % , and yD  is the total amount of prey available to the predator during 282 

year y, i.e. 283 
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available to predators, and 
,1s

y
B

+
 is the 1+ biomass of prey species s in the areas associated 288 

with the predators (areas A1 – A2, time-steps t1 to t2) during year y5, i.e.: 289 
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0D  is the average value of Eqn 13 under unfished conditions (obtained by conducting 291 

multiple 2,000 year projections without fishing and averaging the value of yD  over years and 292 

replicate simulations), O  is the proportion of ‘other food’ in the diet of the predator, and sω  293 

is the preference that the predator has for prey species s.  The value of sω  is set so that the 294 

predicted diet proportions match the observed diet proportions (Fig. 3) when all of the prey 295 

species are at their average unfished levels, i.e.: 296 

,1
0 0/s s sBω +=Γ %       (15) 297 

,1
0
sB +%  is the average biomass of prey species s from Eqn 14, accounting for the availability of 298 

prey to predators, and 0
sΓ  is the expected proportion that prey species s is of the diet of 299 

the predator. The quantity 
s

y
χ  allows the proportion of a prey species s available to a place-300 

based predator to change as a function of biomass of the prey species. 301 

A relationship of the form of Equation 12 is also assumed between predator survival and 302 

prey abundance6, i.e.: 303 
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%   (16) 304 

                                                           

5
 The (albeit limited) data on the diet of brown pelican (e.g. Sunada et al., 1981) suggests they eat a range of 
age-classes of forage species, with the size-composition of anchovy in pelican diets matching that of the 
commercial fishery, and including animals of ages 1+. 

6
 This choice of functional form leads to a similar relationship between predator survival rate and prey biomass 
(Supplementary Figure A.8) to that used by Robinson et al. (2015), except that natural mortality under Eqn 16 
is much higher at very low prey biomass (<1% of P0) 



where 1θ  is the relative prey biomass at which survival is zero, and 3θ  is the fraction of the 305 

survival when 0yD D=  that occurs when 0 2/yD D θ= . 306 

2.5 Catches and implementation of the control rules for sardine 307 

To quantify the impacts of sardine management strategies, fishing mortality rates are 308 

specified for each model area (Fig. 1). Sardine fisheries management is not coordinated 309 

across national boundaries, and therefore three ‘fisheries’ are considered: (1) off the Pacific 310 

coast of Mexico (the three southernmost areas); (2) the USA fishery (areas 4, 5, 6, 9, 10, and 311 

11), and (3) off the coast of British Columbia, Canada (the two northernmost areas). 312 

The catch (in mass) of sardine from area A during time-step t of year y, ,
A

y t
C , is given by: 313 
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where 0.5a t
w + −  is the weight of a sardine of age a in the middle of time-step t. 315 

The maximum fishing mortality rates by area for each time-step are constrained to not 316 

exceed 0.05yr-1. This allows a maximum annual fishing mortality rate by area of 2.4yr-1, 317 

which exceeds estimated maximum coastwide fishing mortality rates, even during historical 318 

periods when the fishery was unregulated and there were more vessels (Murphy, 1966). 319 

2.5.1 Mexico 320 

Harvest control rules based on the results of stock assessments are not used to set 321 

management regulations for sardine in Mexico, although a minimum size limit is in effect. 322 

The projections for the sardine fishery off Mexico are therefore based on a constant fishing 323 

mortality rate distributed across areas 1, 2, and 3 (Fig. 1) by time-step within the year, with 324 

fishing mortality proportional to the actual catch by time-step in those three areas. This 325 



fishing mortality rate is selected so that the long-term model-predicted catch in mass matches 326 

the average catch mass reported for Mexico for 1999 – 2009 from Hill et al. (2015).  327 

2.5.2 USA 328 

USA fisheries for anchovy and sardine were managed by the State of California until 2000 329 

when management authority was transferred to the Pacific Fishery Management Council 330 

(PFMC) (Hill et al., 2009, 2011, 2015). Harvest Guidelines (HG; catch limits) for sardine off 331 

the USA developed by the PFMC are set as the minimum of the Acceptable Biological Catch 332 

(ABC) and the output of the HG control rule (PFMC, 2013). The HG control rule is: 333 

HG min(max(( Cutoff)x Distribution x ,0),Maxcat)obs

y y y
B E= − %   (18) 334 

where 
obs

y
B  is the estimate of the biomass of sardine aged 1 and older at the start of year y 335 

obtained from a stock assessment model such as that of Hill et al. (2015); Cutoff is 150,000 336 

mt, and is the escapement threshold below which directed fishing is prohibited; Maxcat is the 337 

maximum catch, set to 200,000 mt; Distribution is the average proportion of the coastwide 338 

biomass in USA waters, set to 0.87, irrespective of the true proportion in USA waters; y
E% is a 339 

temperature-dependent exploitation fraction (Eqn 19) bounded by 0.05 and 0.2. 340 

2 318.46452 3.5209 0.19723 0.0041863
y y y y

E I I I= − + − +    (19) 341 

y
I  is the average temperature for years y, y-1, and y-2. The purpose of Cutoff is to protect the 342 

stock when biomass is low. The ABC is:  343 

ABC = min(max(Ey,0), 0.241) x 
obs

y
B  x Distribution x 0.90592   (20) 344 

0.90592 accounts for scientific uncertainty (Ralston et al., 2011) and 0.241 is the maximum 345 

value for the exploitation rate when calculating overfishing limits (PFMC, 2013). Consistent 346 



with current practice, an allowance is made for an incidental catch of 2,000 mt annually even 347 

when the direct fishery for sardine is closed.  348 

Observation uncertainty in both the stock assessment estimate of biomass and the 349 

temperature used in the harvest control rule adds error to the outcome of the harvest control 350 

rule. The estimate of biomass on which the harvest control rules for sardine (USA and 351 

Canada) is generated from a log-normal distribution with mean given by the total +1 biomass, 352 

i.e. 353 

2 /21 ,sardine y Bobs

y yB B e
υ σ−+= ; 2
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2~ (0; )

y B
Nη σ  354 

 (21) 355 

where B
σ  is the extent of variation in biomass about the true 1+ biomass in log space (Table 356 

A.3; Ralston et al., 2011) and B
ρ  is the extent of temporal autocorrelation in estimates of 357 

biomass. The temperature used when computing yE (Eqn 19), yI , is assumed to be a 358 

normally distributed index of yG , i.e.: 359 

I

y y y
I T V ε= + +  

2~ (0; )I

y I
Nε σ     (22) 360 

where I
σ  is the measurement error for temperature, T  is mean temperature (15.650C), yV  is 361 

the index of the environmental factor that drives recruitment, i.e.: 362 

2
1 (1 ) 1 V

y V y V y V yV V A Gρ ρ ρ ε−= + − + +%   
2~ (0; )V

y V
Nε σ   (23) 363 

V
ρ  is the extent of temporal autocorrelation in the temperature index, A%  is a parameter to 364 

scale G to the temperature index, and V
σ  is the variation in deviations about the relationship 365 

between G and V. The values for V
ρ , A% , V

σ , and I
σ  (See Section 1.2.1 of Supplementary 366 



Appendix A) were obtained by fitting Eqns 22 and 23 to CalCOFI index data (Hurtado-Ferro 367 

and Punt, 2014). 368 

The USA catch is allocated by time-step proportional to the actual catch by month (four 369 

time-steps per months, with catches equal by time-step within month) for 2006 to 2010, years 370 

during which catches were the highest in the last 30 years. The allocation of the catch by 371 

time-step to area first assumes that the catch in areas 7 and 8 is zero, to reflect reality, while 372 

the catch by area for the remaining areas in the USA is set using the equation: 373 
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where 
A

t
C  is the mean (over 2006-2010) catch of sardine in area A during time-step t, 0,

ˆ A

tB  is 375 

the mean biomass of sardine in area A during time-step t in the unfished state (computed by 376 

projecting the model forward without catches and selecting a set of (simulated) years when 377 

the population was at a high level given the biomass of sardine was high during 2006-2010), 378 

,y tC  is the catch limit for year y and time-step t, and ,
ˆ A

y tB  is the available biomass to the 379 

fishery in area A at the start of time-step t of year y, i.e.: 380 

, 0.5 , ,
ˆ A A

y t a t a y t a

a

B w S N+ −=∑     (25) 381 

2.5.3. Canada 382 

The catch limit for Canada is set to 5% of the difference between the estimate of biomass of 383 

sardine aged 1 and older and 150,000 mt (Nathan Taylor, DFO, pers. commn). This control 384 

rule can lead to unrealistically high catch limits when the stock is at very high abundance. It 385 

is unlikely that the Canadian fleet could take the entire catch limit based on this control rule, 386 

so the modeled catch limit for Canada is constrained to be less than 22,000 mt (the highest 387 



catch taken off Canada since 1980; Hill et al., 2015). The algorithm used to partition the 388 

Canadian catch to time-step and area is the same as that used for the USA fishery. 389 

2.6 Performance metrics 390 

The focus for the simulations, following PFMC (1998) and Hurtado-Ferro and Punt (2014), is 391 

the long-term behaviour of the system. The ability of the management system (the 392 

combination of the harvest control rules by nation) to satisfy management objectives included 393 

in the USA CPS management plan (PFMC, 2011) is quantified using a set of performance 394 

metrics that address maximizing yield, preventing the stock declining to the very low levels, 395 

and minimizing impacts on predators.  396 

The performance metrics for the fishery system are (a) the mean catch of sardine (all 397 

countries), (b) the mean catch of sardine (USA, Mexico, and Canada separately), and (c) the 398 

probability that the total catch of sardine is less than 50,000 mt. These performance metrics 399 

are based on the performance metrics reported by Hurtado-Ferro and Punt (2014), which 400 

were selected by the PFMC when they evaluated candidate harvest control rules for Pacific 401 

sardine in 2014. The performance metrics for sardine and anchovy are also based on 402 

selections (for sardine) by the PFMC: (a) mean biomass (anchovy and sardine), (b) 403 

probability that the biomass of sardine is larger than 400,000 mt, and (c) probability that the 404 

biomass of sardine drops below 150,000 mt. The following additional performance metrics 405 

are reported for each predator species to further understand the impact of the sardine fishery: 406 

(a) the mean number of mature animals relative to carrying capacity, (b) the probability that 407 

the number of mature animals drops below half of carrying capacity, and (c) the probability 408 

that the number of mature animals drops below one-tenth of carrying capacity. 409 

Each projection is 2,000 years long and results are based on 50 replicates. The replicates 410 

differ due to the values for the environmental driver and the recruitment deviations (prey and 411 

predators), due to the errors when measuring biomass and calculating catch limits, and due to 412 



stochastic variation in the distribution of sardine. The performance metrics are based on 413 

aggregating the results of all projections, but ignoring the first 50 years of each projection as 414 

that represents a ‘burn in’. The projection length is adequate to ensure that the projections 415 

include a sufficient number of productivity regimes that the initial conditions are negligible. 416 

The selection of 50 replicates was justified by conducting projections with an increasing 417 

number of replicates and examining when the values for performance metrics converged 418 

(Supplementary Figure A.10). 419 

2.7 Scenarios 420 

The MICE model was used to explore the impacts of harvest on the performance metrics 421 

outlined in Section 2.6, under 23 scenarios (Table 1). The baseline scenario assumes that 422 

predator reproductive rates are related to prey abundance (Eqn 12). The scenarios examine 423 

the implications of alternatives to the baseline assumptions, as well as the implications of 424 

eliminating various sources of uncertainty. Each sensitivity scenario was conducted for two 425 

cases: (a) no harvest and (b) harvest based on the harvest control rules in Section 2.5. 426 

2.7.1 Scenarios related to the predators 427 

Scenarios 1 - 10 explore the sensitivity of the results to aspects of the predator component 428 

of the model. Scenarios 1-4 explore the sensitivity to the form of the relationship between 429 

prey abundance and reproductive rate, given the limited information on how predator 430 

reproductive rate may change with prey abundance (Fig. A.8). Scenario 5 explores how the 431 

predator performance metrics change when predator survival, rather than predator 432 

reproductive rate, is impacted by changes in prey abundance. There is a limited range of 433 

plausible values for the parameters of Eqn 16 given the constraint that the predator 434 

populations remain extant under zero harvest. Scenario 5 therefore sets 1θ  to zero and 3θ  to 435 

0.95 in Eqn 16 because setting these parameters to the values used for the baseline 436 



relationship between prey abundance and predator reproductive rate renders the predators 437 

extinct even in the absence of fishing. Scenarios 6 and 7 consider the effects of different 438 

assumptions about predator diets, because estimates of the diets of the four predator species 439 

are uncertain, owing to small sample sizes, issues with seasonal representativeness of data 440 

collection, as well as changes over time in diets. Consequently, the estimates of the 441 

proportion of sardine and anchovy in predator diets can differ among studies and among 442 

years within a single study (e.g., Velarde et al., 2013). Scenario 8 examines the impact of 443 

allowing for random variation in predator reproductive rate, while Scenarios 9 and 10 explore 444 

the consequences of greater and lesser density-dependence in the reproductive rate. 445 

2.7.2 Scenarios related to the prey 446 

Scenarios 11 – 21 concern the prey component of the model. Scenario 11 drops all 447 

random variation about the prey stock-recruitment relationships. Scenario 12 increases 448 

natural mortality for sardine from M=0.4 to M=0.6 yr-1 to reflect that M=0.4 yr-1 represents a 449 

period when key predator species (e.g., humpback whales and sea lions) were at low 450 

abundance but increasing (Carretta et al., 2013). Increasing M leads to greater fluctuations in 451 

sardine abundance; therefore, this scenario also changes how much recruitment varies among 452 

regimes so that the coefficient of variation (CV) of biomass remains similar to that for the 453 

baseline scenario. The remaining scenarios for sardine consider lesser variability in the prey 454 

available to predators by ignoring the variation in spatial distribution (Scenario 13) and by 455 

assuming that the stock-recruitment relationship is not environmentally-driven (Scenario 14). 456 

To ensure comparability with the baseline scenario, Scenario 14 involves modifying the 457 

values for the parameters of the stock-recruitment relationship for sardine so that the mean 458 

sardine biomass in the absence of a fishery is the same as when there are regime shifts in 459 

recruitment. 460 



Scenario 15- 17 change the form of the stock-recruitment relationship for anchovy. 461 

Scenario 15 explores the possibility that the difference in anchovy stock-recruitment 462 

relationships between 1951-89 and 1990+ in Supplementary Fig. A.6 is spurious; in addition, 463 

the current formulation of the MICE implicitly creates a negative correlation between 464 

anchovy and sardine recruitment, which will tend to provide a portfolio effect to predators, 465 

buffering them from declines. Scenario 15 therefore assumes that the anchovy stock-466 

recruitment relationship is independent of sardine abundance. Scenario 16 examines an 467 

alternative model of anchovy recruitment by assuming that it follows Eqn 3, with the value of 468 

γ (the scalar that determines the extent to which the environment drives deviations in 469 

recruitment about the stock-recruitment relationship) chosen so that expected anchovy 470 

biomass under unfished conditions matches that for baseline scenario. Scenario 17 bases the 471 

anchovy stock-recruitment relationship on fitting to the estimates of spawning biomass and 472 

recruitment from the assessment conducted by Methot (1989) rather than on Eqn 6. 473 

The baseline analyses assume that the ‘other prey’ component of the diet is constant. 474 

However, in reality the species that constitute this component vary over time and space. 475 

Scenario 18 explores this assumption by treating ‘other prey’ as ‘other forage’, thereby 476 

allowing all components of the diet to vary over time. The baseline analysis ignores temporal 477 

correlation in recruitment of ‘other forage’ ( 0
R

ρ =  in Eqn 8). However, several studies (e.g., 478 

Miller and McGowan, 2013; Koslow et al., 2015) have shown species covariance and low 479 

frequency variability across a broad spectrum of candidates for ‘other forage’. Scenario 19 480 

therefore involves setting the extent of temporal correlation in recruitment of ‘other forage’ to 481 

0.707 so that half the variation in recruitment of ‘other forage’ can be attributed to 482 

autocorrelation. Scenario 20 examines autocorrelation in recruitment for ‘other forage’ 483 

further, by assuming that recruitment has two levels that are correlated with the 484 

environmental driver for sardine, with a level of variation in recruitment that matches the 485 



baseline level for ‘other forage’. The variation in the biomass of ‘other forage’ in the baseline 486 

scenario is less than that of sardine or anchovy. Scenario 21 therefore explores the 487 

consequences of higher variation in recruitment for ‘other forage’ and hence more variation 488 

in the biomass of this group. 489 

2.7.3 Scenarios related to the assessments 490 

There is no evidence for a retrospective pattern in the assessment results (e.g., Hill et al., 491 

2015), justifying the choice 0
B

ρ =  in Eqn 21. However, the lack of retrospective pattern 492 

does not guarantee a lack of assessment bias (Hurtado-Ferro et al., 2015) and estimates of 493 

biomass from assessments tend to be auto-correlated (Wiedenmann et al., 2015). Scenario 22 494 

therefore examines the consequences of a substantial amount of autocorrelation (the upper 495 

end of the range inferred from Wiedenmann et al., 2015, i.e., 0.9
B

ρ = ). The final sensitivity 496 

scenario (23) removes all sources of observation error to quantify the relative impact of 497 

observation vs. process error. 498 

3. Results 499 

3.1 Model validation 500 

The ability of the model to adequately represent the system was evaluated by conducting 501 

2,000-year projections in which there was no exploitation using the baseline scenario. 502 

Adequate model performance was defined as producing time-trajectories of anchovy and 503 

sardine biomass that show behaviour consistent with the trends in scale deposition density, as 504 

well as predator populations that remained extant in the absence of exploitation of prey. 505 

Predator reproductive success should vary over time, and there should be occasional major 506 

declines in abundance for brown pelican because brown pelican feed primarily on sardine and 507 

anchovy in contrast to sea lions, which feed on a range of prey species. 508 



Both anchovy and sardine exhibit considerable variation in 1+ biomass (Fig. 4 columns 1 509 

and 3), with high temporal autocorrelation, consistent with the scale deposition density data. 510 

The median (across simulations) CV of the biomass of sardine was 1.04 (95% simulation 511 

interval 0.79 – 1.40), which is consistent with the CV of the deposition data for sardine 512 

(CV=1.27). In contrast, the 1+ biomass of ‘other forage’ does not exhibit high correlation – 513 

this is not unexpected given the way recruitment is generated for this species group (Eqn 8).  514 

Sardine and anchovy recruitment is also highly variable, but with occasional outlying 515 

estimates that lead to major spikes in 1+ biomass (such spikes are also evident in the scale 516 

deposition data for sardines; Fig. A.5).  517 

The numbers of mature brown pelicans vary over time in response to changes in prey, a 518 

result consistent with the model of MacCall (1984). The numbers of mature brown pelicans 519 

exhibit far more temporal variation than those of sea lions (Fig. 5). This increased variability 520 

occurs even though the reproductive rate of both predators varies over time to some extent. 521 

The level of variation is largest for brown pelicans, reflecting in particular their dependence 522 

on sardine and anchovy (Fig. 3). However, even given the variation in reproductive rate, the 523 

population of brown pelicans remained extant for all simulations in the absence of fishing. 524 

The relative lack of variation for sea lions is attributable to the fact that much of their diet 525 

consists of ‘other prey’ (Fig. 3), which is constant in the baseline scenario. 526 

The relationship between reproductive rate for brown pelicans (numbers of age-0 animals 527 

divided by the number of animals that have reached the age at maturity) and total prey, as 528 

well as the biomass of each prey species available to brown pelicans, showed increased 529 

variability at low prey biomasses (Fig. 6). The overall relationship between reproductive rate 530 

and prey is as expected from Eqn 9. The probability of very low reproductive rates occurs 531 

when the total prey abundance is 15% or less of unfished levels and 10% or less of unfished 532 

levels for sardine and anchovy (Fig. 6). Reproductive rate can exceed the rate when the 533 



population is at carrying capacity owing to the impacts of density-dependence, which directly 534 

impact the reproductive rate (Eqn 9). Reproductive failure for brown pelican occurs for a 535 

wide range of ‘other forage’ biomass, indicating that ‘other forage’ are not key drivers of the 536 

dynamics of brown pelican (see Supplementary Figure A.11 for these relationships for sea 537 

lions). 538 

3.2 Baseline simulations with sardine catches 539 

Fifty replicate 2,000-year projections were conducted using catch limits for the USA, 540 

Canada, and Mexico areas based on the harvest control rules in Section 2.5. Figure 7 shows 541 

time-trajectories of catch (in mass) by nation for three replicates. Catches by the USA and 542 

Canada are constrained by Maxcat (the USA) and 22,000 mt (Canada), respectively. In 543 

contrast, the catches off Mexico are related to the sardine biomass off Mexico and are 544 

unconstrained in the simulations.  545 

The first two rows of Tables 2 and 3 contrast the values of the performance metrics when 546 

there is no harvest and when harvest is based on the nation-specific harvest control rules. The 547 

mean catch for the baseline scenario is 167,000 mt, of which 34,800 mt is taken by Mexico, 548 

118,600 mt by the USA, and 13,600 mt by Canada. These mean values should be interpreted 549 

within the context of the variation in catches over time, which can be substantial (Fig. 7). 550 

This variation implies that catches (in total) are less than 50,000 mt in 34% of years (Table 551 

2), with low and even zero catches frequent for the USA and Canadian fisheries (Fig. 7). The 552 

average sardine and anchovy biomasses are close to their unfished levels even under the 553 

simulated management system (> 90% of unfished levels). This is in large part due to the 554 

upper limit on catches imposed under the USA and Canadian harvest control rules, which 555 

means that fishing mortality is highest for intermediate sardine biomass levels. This is 556 

reflected in the difference in the medians of the distribution of 1+ biomass relative to the 557 

unfished 1+ biomass between the no-fishing and with-fishing cases (0.88 for sardine and 0.85 558 



for anchovy) which are lower than the means of those distributions (0.96 for sardine and 0.93 559 

for anchovy). There is consequently a larger impact of fishing on the probability of the 560 

sardine 1+ biomass dropping below 150,000 mt and being above 400,000 mt (changes of four 561 

and seven percentage points with fishing) than on mean sardine biomass. This impacts the 562 

pelican population, with reductions in mean abundance7 and an increase in the probability of 563 

the mature population dropping below 50% and 10% of carrying capacity when there is 564 

fishing. The model predicted a lesser impact of fishing on the numbers of sea lions; therefore, 565 

the following sections focus only on impacts to brown pelicans.  566 

3.3 Sensitivity to model structure assumptions 567 

3.3.1 Catches and prey populations 568 

The largest impacts on fishery and sardine/anchovy performance metrics occur in response to 569 

higher natural mortality for sardine  (Scenario 12) and no regime-like shifts in recruitment 570 

(Scenario 14; Table 2). The lower catches (and higher probability of catches less than 50,000 571 

mt) for Scenario 12 occur primarily because the average biomass is lower with higher natural 572 

mortality. Catches are much higher, and the probability of catch less than 50,000 mt is 573 

essentially zero, when there are no regime-shifts in sardine recruitment. This is not 574 

unexpected because the biomass of sardine never naturally drops to low levels owing to poor 575 

regimes for Scenario 14 (thereby avoiding fishery closures) while the lack of very high 576 

biomass levels has little impact on average catches because the catches by the USA and 577 

Canadian fisheries are capped. The increase in the probability of the biomass of sardine 578 

dropping below 150,000 mt as a result of harvesting ranges between 4.4% and 7.7% among 579 

scenarios (except for Scenario 14 when it is zero), while the reduction in the probability of 580 

the biomass of sardine exceeding 400,000 mt as a result of harvesting ranges from 6.0% and 581 

                                                           
7 The mean value of N/K1+ is not 1 under the no fishery case in Table 3 because Eqn 9 is a concave function so 

reductions in reproductive rate due to low prey abundance are not exactly balanced by increases in this rate at 
equivalent high prey abundance. 



8.2% among scenarios, except for Scenario 14 for which it is always 1 (i.e., the biomass of 582 

sardine always exceeds 400,000 mt). 583 

3.3.2 Brown pelican 584 

Predator performance metrics were most sensitive to changes in the predator/prey 585 

relationship (Table 3). In particular, reducing the effects of prey on predator reproductive rate 586 

by setting 1θ%  to zero (Scenario 1) leads to the conclusion that fishing for sardine will have 587 

essentially no impact on the number of brown pelicans. The effect of increasing 3θ%  from 0.95 588 

to 0.98 (Scenario 3, also reducing the effects of prey on predator reproductive rate) has a 589 

similar (but smaller) effect. In contrast, increasing the effects of prey on predator 590 

reproductive rate by increasing 1θ%  from 0.15 to 0.3 (Scenario 2) or reducing 3θ%  from 0.95 to 591 

0.7 (Scenario 4) leads to fewer brown pelicans, with or without fishing. However, the effects 592 

of fishing are exacerbated for Scenarios 2 and 4 compared to the baseline scenario, with the 593 

differences in the probability of the brown pelicans dropping below half of carrying capacity 594 

between the no-fishing and with-fishing cases increasing from 1.1% to 7.8% (Scenario 2) and 595 

to 4.7% (Scenario 4). There are fewer brown pelicans even in the absence of a fishery when 596 

prey abundance impacts predator survival rate (Scenario 5), but as was the case for Scenarios 597 

2 and 4, the relative impact of fishing is greater for Scenario 5 than for the baseline scenario 598 

(e.g., a difference in mean N/K of 3.0% for Scenario 3 compared to 1.8% for the baseline 599 

scenario). 600 

Increasing the proportion of sardine in the brown pelican diet (Scenario 6) leads to fewer 601 

brown pelicans even in the absence of fishing. This arises because, although the diet of brown 602 

pelican is more balanced between anchovy and sardine, the variability of sardine biomass is 603 

higher than that of anchovy (Fig. 4), leading ultimately to more a variable prey base and 604 

hence a lower expected reproductive rate. Unsurprisingly, given that sardine is fished, the 605 



impact of fishing is greater for Scenario 6 than for the baseline scenario (larger differences 606 

between the no-fishing and with-fishing cases). When the proportion of sardine in the diet is 607 

halved and the proportion of anchovy increased (Scenario 7), the impact of fishing sardine on 608 

brown pelican numbers is reduced relative to Scenario 6 and the baseline scenario.  609 

There is very little impact of ignoring random variation in predator reproductive success 610 

(Scenario 8).  Lower predator productivity (Scenario 9) leads to lower average numbers of 611 

mature brown pelicans compared to the baseline scenario even in the absence of catches, but 612 

also to a larger impact of fishing on the probability of being below half of carrying capacity  613 

(3.5% versus 1.1% in the baseline scenario.) Higher predator productivity (Scenario 10) 614 

leads, as expected, to higher average population sizes and more resilience to fishing.  615 

Changing the assumptions and parameter values related to the prey species (Scenarios 11-616 

21) generally has lesser impacts on the performance metrics related to brown pelicans than 617 

changing the assumptions and parameter values related to brown pelicans themselves 618 

(Scenarios 1-10). Differences between the no-fishing and with-fishing cases were increased 619 

under higher natural mortality of sardine (Scenario 12) and when recruitment of ‘other 620 

forage’ is correlated with that of sardine (Scenario 20). Reduced effects of fishing occurred 621 

when there are no regime shifts in recruitment (Scenario 14), anchovy recruitment is 622 

unrelated to sardine biomass (Scenario 15), recruitment of anchovy follows an environmental 623 

signal (Scenario 16), and anchovy recruitment is based on a stock-recruitment relationship 624 

estimated from the results of the Methot (1983) assessment (Scenario 17). All of these 625 

scenarios are cases that lead to less variability in forage.  626 

Changes in data available for assessment purposes and setting of catch limits (Scenarios 627 

22 and 23) have little impact on the performance metrics for brown pelican. 628 

4. Discussion 629 

4.1 Main findings 630 



A principal finding of the work was the relative vulnerability of brown pelicans to declines in 631 

sardine and anchovy, in contrast to weaker responses by sea lions. This may have been 632 

expected a priori due to the higher diet proportion of anchovy and sardine in brown pelican 633 

diets, as well as a more limited foraging ambit to surface and near-surface waters (whereas 634 

sea lions can forage at depth), but it also illustrates that a broad range of prey are available in 635 

the California Current –though undoubtedly more available to sea lions than to pelicans. The 636 

relatively large number of forage species in this region and diverse pathways for energy 637 

transfer from lower to higher trophic levels has been identified by other authors (Miller et al., 638 

2010; Ruzicka et al., 2012; Koehn et al. in press) and contrasts with descriptions of other 639 

‘wasp waist’ upwelling systems (Cury et al., 2000). Understanding whether species within 640 

this forage assemblage are temporally out of phase or simply not in phase has been debated 641 

(MacCall, 2009, Field et al., 2009), and remains a topic of investigation. Our sensitivity tests 642 

exploring temporal properties of anchovy and ‘other forage’ recruitment illustrate that the 643 

answer to this debate has greater influence on more sensitive brown pelican in comparison 644 

with a far-ranging marine mammal (sea lion).  645 

Brown pelicans exhibited strong declines in reproductive success, but only at quite low 646 

abundance of sardine and anchovy (<10% of unfished levels), lower than the “1/3 of Bmax” 647 

threshold suggested by other authors (Cury et al., 2011). However, due to the dynamic and 648 

cyclical population dynamics of sardine and anchovy in nature (Baumgartner et al., 1992) and 649 

in our model, these low abundances of sardine and anchovy are not uncommon. In fact,  650 

current sardine stock size is < 10% of peak 2007 abundance  (Hill et al. 2015) and anchovy in 651 

the Southern California Bight may be at <1% of the peak abundances observed in the 1960s-652 

1980s (MacCall et al., 2016). Perhaps fortunately, brown pelican diet data suggest they 653 

depend more heavily on anchovy than sardine, and our work suggests this adds some stability 654 

to pelican population dynamics, since anchovy exhibit less extreme population fluctuations 655 



than sardine. Corresponding to the recent decline in both anchovy and sardine, brown pelican 656 

reproductive success has been zero or extremely low from 2009-2015. 657 

Lindegren et al. (2013) demonstrated that sardine and anchovy populations are driven by 658 

climate cycles and density dependence, moderated by fishing effects, and here we observe 659 

these same effects at higher trophic levels, exemplified by brown pelicans. For instance, 660 

model results indicate climate alone (without fishing) drove declines of brown pelicans to 661 

less than half of carrying capacity in 4% of years, or up to 23% of years if higher dependence 662 

of pelican reproduction on prey is assumed. Fishing under the existing harvest control rules 663 

increased the frequency of this decline to 5% of years, or up to 31% of years if higher 664 

dependence of pelican reproduction on prey is assumed. The results illustrate that strong 665 

declines in predators with high dietary dependencies and limited forage range are possible 666 

and even expected in unfished systems, and that fishing influences this decline but to a lesser 667 

extent than climate-driven prey availability.  668 

4.2 A MICE model in context 669 

Scenario results allowed an appraisal of which factors impact the performance metrics to 670 

greatest extent, and hence which should be the focus for both additional data collection, and 671 

inclusion in other models of the impact of fishing on forage species in an ecosystem context. 672 

Specifically, the values of performance metrics related to the fishery are most sensitive to 673 

how bottom-up forcing impacts the dynamics of sardine (i.e., the environmental driver of 674 

recruitment and to a lesser extent the natural mortality rate for sardine and variation about the 675 

stock-recruitment relationships), a conclusion also drawn by Hurtado-Ferro and Punt (2014) 676 

using a single-species projection model with no spatial structure. The values of the 677 

performance metrics for the predators are most sensitive to the parameters of the relationship 678 

between reproductive success or survival and prey biomass. The availability of some data on 679 

the relationship between reproductive success and prey biomass (e.g., Fig. A.8) suggests that 680 



it is possible to impose some bounds on the values for these parameters, at least for this 681 

system. As expected, the performance metrics for brown pelican are impacted by the assumed 682 

productivity of the predator species (the extent of density-dependence in reproductive rate), 683 

but not variability in reproductive rate. 684 

The focus for the results was on three species, sardine, anchovy, and brown pelicans, one 685 

of which (sardine) was explicitly managed. Although the model was fairly simple, it 686 

nevertheless included several sources of process error and sensitivity of the results was 687 

explored to some of the model specifications that are not well informed by data. MICE are 688 

meant to be simple, to target a small, specific set of questions, and to be fitted to available 689 

data. This MICE model is one component of a multi-model-based research effort to 690 

understand the implications of sardine fishing on the CCE. Atlantis (I. Kaplan, pers. commn), 691 

physics-to-fish (Fiechter et al., 2015; Rose et al., 2015), and Ecosim-with-Ecopath (Field et 692 

al., 2006) models as well as single-species models (Hurtado-Ferro and Punt, 2014) were also 693 

developed. The full suite of models allows the robustness of the results from the MICE to be 694 

evaluated and for the results from the MICE to inform the development of models tailored to 695 

different questions such as the impact of harvest of predators on the dynamics of prey 696 

species.  697 

The sardine and anchovy models were fitted to available data on recruitment and 698 

spawning stock size, and a particular feature of the MICE model was that scenarios 699 

considered various hypotheses for how bottom-up forcing impacts forage species in the CCE 700 

(sensitivity tests 11-21). The parameters related to these hypotheses were based on 701 

information on variation in the prey biomasses from scale deposition data, under the 702 

assumption that the deposition data are reflective of total population biomass. There are only 703 

a few similar data sets worldwide (Field et al., 2009). MICE for systems without such data 704 

would have to consider scenarios based on a range of values for the parameters of the model 705 



to cover the plausible range. However, as noted below, the models for sardine and anchovy 706 

are limited in how natural mortality is modelled as well as in terms of the plasticity of their 707 

life-history parameters. Similarly, movement of sardine and anchovy while qualitatively 708 

reasonable was not based on, for example, fitting movement models to tagging data.  709 

There are substantially fewer data for the predators, and no attempt was made, for 710 

example, to estimate key productivity-related parameters such as maxλ , which were set by 711 

proxy. Consequently, it was necessary to conduct many sensitivity tests related to the 712 

specifications for the predator model (Table 1). A key driver of the performance metrics was 713 

the relationship between prey biomass and reproductive rate or survival. The parameters of 714 

the former relationship were estimated from data on reproductive success for colonies of 715 

brown pelican (Fig. A.8). However, the values for these parameters remain uncertain. There 716 

are few data on adult survival for predator species, including for the predator species included 717 

in the MICE model, which meant, for example, that it was necessary to hypothesize values 718 

for the parameters of the relationship between survival and prey biomass. In principle, it 719 

would be possible to estimate these values using available data on survival from tagging (e.g., 720 

Robinson et al., 2015), were such data available. 721 

4.3 MICE and MSE 722 

Punt et al. (2016) outline best practices guidelines for MSE. The MICE model in this paper is 723 

generally consistent with these guidelines. In particular, the performance metrics are based on 724 

input from decision makers and a broad set of scenarios and uncertainties are considered, 725 

including those related to spatial structure, predator-prey interactions, and environmental 726 

drivers. However, there are aspects of the current MICE model that do not follow the 727 

guidelines. In particular, limited account is taken of parameter uncertainty, for example, that 728 

associated with the parameters of the stock-recruitment relationships for sardine and anchovy. 729 

Punt et al. (2016) recommend that parameter uncertainty for each scenario be quantified 730 



using Bayesian methods. This could have been achieved (given specifications for priors), but 731 

it would have meant conducting many more than 50 replicate projections and preliminary 732 

results suggests that, in common with many MSEs, there is much more between-scenario 733 

variation in performance metrics than within-scenario variation due to parameter uncertainty. 734 

Punt et al. (2016) also recommend simulating the management strategy as it would be 735 

applied in reality. This is achieved here by simulating the actual harvest control rules. 736 

However, the actual stock assessment for sardine (a maximum likelihood integrated analysis 737 

model implemented in Stock Synthesis; Methot and Wetzel, 2013) was not simulated but was 738 

rather approximated, based in part on the results of Hurtado-Ferro et al. (2015). The results of 739 

those simulations and generic evaluations of assessment performance (e.g. Wiedenmann et 740 

al., 2015) could be used to refine the way the biomass estimates used in harvest control rules 741 

are generated. This approach to evaluating management strategies is consistent with the 742 

recommendations of Punt et al. (2016) who note that ‘In cases in which the management 743 

strategy is complex, this may be impossible computationally, in which case a simplification 744 

of the assessment method is needed – the nature of the simplification should be based on 745 

simulation analyses.’ 746 

4.4 Caveats and future work 747 

The MICE model makes several assumptions given the desire to obtain a model where the 748 

parameter values are determined largely by available information. As a result, it makes 749 

several assumptions that are likely to be invalid. Key amongst these are: 750 

• Natural mortality of the prey species is assumed to be constant over age and time. 751 

This assumption is necessary given that only a small fraction of the CCE is included 752 

in the MICE model. In particular, the model does not include predation by the primary 753 

predators of sardine (humpback whales, sea lions, hake Merluccius productus, and 754 

dogfish) and anchovy (salmon, common murre Uria aalge, dogfish, and humpback 755 



whales), based on the contribution of these predators to forage total mortality (Koehn 756 

et al in press). The impact of this assumption could be assessed using alternative 757 

modelling frameworks such as Atlantis. 758 

• Weight-at-age is constant over time. There is evidence that growth of both sardine and 759 

anchovy have changed over time (e.g., Bindman, 1986; Hill et al., 2009). While the 760 

model could be extended to allow weight-at-age to be stochastic, it is likely that 761 

variation over time in weight-at-age is the result of density-dependence and/or the 762 

availability of food. This variation could be included in the model given available 763 

data. 764 

• The relationship for survival or reproductive success of predators is based on a single 765 

study that was for brown pelican (Fig. A.8). It is unclear if this relationship should be 766 

assumed for sea lions. 767 

• Spawning frequency and batch size should ideally be accounted for in the density-768 

independent biomass component of the prey stock-recruitment relationships, while the 769 

density-dependent component could reflect total (or 1+) biomass. This would, 770 

however, require modifying the method used to assess sardine. 771 

The current baseline version of the model could be extended. In particular, while the 772 

baseline model includes an environmental driver of sardine recruitment (and indirectly of 773 

anchovy recruitment because anchovy recruitment is a function of sardine biomass), it 774 

ignores the possibility of long-term climate effects on the environment. Such effects could 775 

include trends in temperature, but also changes in distribution. The model includes a single 776 

stock of sardine, but there are multiple stocks of sardine along the west of coast of North 777 

America and two of these stocks are found at various times during the year off Southern 778 

California (Demer and Zwolinski, 2014a). There is no assessment for the southern 779 

subpopulation of Pacific sardine so this stock could not be explicitly included in the present 780 



model; rather a single stock was modelled. Finally, the model of how prey impacts predator 781 

populations does not account for spatial changes in predator populations in response to 782 

changes in prey density. Such changes could be modelled given the future availability of data 783 

on the spatial distribution of prey and predators. 784 

The paper has explored the implications of a single set of harvest control rules. 785 

Alternative control rules could involve different values for the parameters of the current USA 786 

and Canadian harvest control rules (e.g., cutoff, Distribution, Maxcat), and whether the rules 787 

should involve an environmentally-determined exploitation fraction. For example, Demer and 788 

Zwolinksi (2014b) developed a control rule that aims to keep the exploitation rate below that 789 

implied by the USA harvest guideline control rule (without ‘Distribution’) irrespective of 790 

whether Mexico, Canada, and USA can reach agreement on a management system.  In 791 

principle, future work could also examine management strategies for sardine and anchovy 792 

that account for interactions among these species (c.f., de Oliveira and Butterworth, 2004). 793 

4.5 Conclusions and next steps 794 

The analyses of this paper quantify the effects of the sardine management system (Mexico, 795 

USA, and Canada) on two predator populations. These effects need to be interpreted relative 796 

to those of an unimpacted system because while fishing impacts the dynamics of the prey 797 

populations and hence predator populations, the dynamics of prey populations are also driven 798 

to a substantial extent by environmental factors as well. Not unexpectedly, the key factors 799 

influencing the predator populations are how prey populations impact predator numbers 800 

(reproduction and/or survival) and the extent to which prey populations are driven by 801 

environmental factors. Data are available for some of these sources for the CCE, but much 802 

uncertainty remains, necessitating exploration of sensitivity to alternative model formulations 803 

and parameter values when providing advice on the choice of management strategies to 804 

decision makers. The areas of sensitivity highlight areas where additional data collection is 805 



needed. In particular, the results clearly support continuing monitoring of predator diets as 806 

well as of predator reproductive success. Monitoring of predator survival, e.g., through 807 

tagging, has the potential to substantially improve understanding of the impact fisheries have 808 

on place-based predators.  809 

The next steps for this work include developing alternative models, with different levels 810 

of complexity for the sardine-anchovy-predators system, specifically an Atlantis model, and 811 

ensuring inclusion of those factors found influential by the MICE modelling.  End-to-end 812 

models such as Atlantis allow evaluation of impacts on a broader set of predators, 813 

competitors, and prey of sardine and anchovy (Kaplan et al., 2013), though typically without 814 

the extent of sensitivity and uncertainty quantification provided by MICE. Projections of the 815 

sardine management system (or variants thereof) will then be undertaken to assess whether 816 

the quantitative predictions of the MICE are robust to model structure.  817 
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Abstract: Fe64Co16Zr10B10 amorphous alloy prepared by a single roller melt spinning 

was annealed at 550, 600, 650 and 750 °C for 1h under different heating rates. The 

thermal property, microstructure and magnetic property of alloys are investigated by 

simultaneous thermal analyzer (STA), X-ray diffraction (XRD), transmission electron 

microscopy (TEM) and vibrating sample magnetometer (VSM). At the same heating 

temperature, the crystallization of amorphous alloy is different along with the change 

of heating rate. The relationship between the heating rate and the microstructure is 

studied. The heating rates affect the distribution of elements and result in the 

difference in the crystallization products. Coercivity(Hc) of Fe64Co16Zr10B10 alloy at 

the initial crystallization stage can be improved by the decrease of heating rate. 

Keywords: heating rates; crystallization process; microstructure 
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1. Introduction 

Fe-based nanocrystalline soft magnetic alloys are very popular by power conversion 

applications due to their excellent soft magnetic properties, which consists of ultrafine 

crystalline grains embedded within a residual amorphous phase. The soft magnetic 

characterization arises from the presence of intergranular magnetic coupling between 

adjacent nanocrystals(α-Fe) through the residual amorphous phase[1]. 

Nanocomposite magnetic materials are synthesized by the partial crystallization 

of an amorphous alloy precursor [2]. Studying the effect of annealing conditions on 

the structure of alloys is helpful not only to realize the origin of excellent soft 

magnetic properties, but also to optimize the heat-treatment conditions[3]. The strong 

relation between nanocrystalline microstructure parameters and the soft magnetic 

properties of these systems provokes the study of the mechanisms of 

nanocrystallization from the amorphous precursors, becoming a very important task 

for tailoring the final desired microstructure [4]. Works show that the heat treatments 

of amorphous alloys depended on heat and duration of treatment [5-8] (temperature, 

holding time and heating rate etc.). Some reports show that the heating rate has a 

significant effect on the microstructure of alloys. Gao et al. studied the relationship 

between the heating rate and the microstructure of Nd7Fe86Nb1B6 ribbons[8]. They 

found that the intermediate metastable phases Nd2Fe23B3 and Nd3Fe62B14 were present 

in the initial crystallization stage under the slow heating rate of 10°C/min and not 

observed under the high heating rate of 90°C/min. Vijayan et al. studied the effect of 

heating rate on the phase transition and crystallization kinetics of Ag2Se0.2Te0.8 

alloy[9]. The bulk alloy underwent a structural phase transition with hysteresis 

influenced by the heating rates. 
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The interest of this work is focused on the effect of heating rates on the 

crystallization process of Fe64Co16Zr10B10 amorphous alloy. The α-Mn type phase is 

observed when Fe64Co16Zr10B10 amorphous alloy is annealed under high heating rates. 

We expect determine the suitable parameters of heat treatment and obtain the 

nanostructures, thus to the enhancement of soft magnetic properties. 

 

2. Experimental details 

Fe64Co16Zr10B10 amorphous alloy was prepared by a single roller melt spinning and 

annealed at 550, 600, 650 and 700 oC for 1h under 4, 10, 20 and 35 oC/min, then 

furnace cooling naturally. The annealing scheme for the Fe64Co16Zr10B10 amorphous 

alloy is shown in Fig.1. The thermal analysis was investigated by simultaneous 

thermal analyzer (STA, 449F5). Structural characterizations of samples were 

examined by X-ray diffraction (XRD, D/max 2500/PC, Cu-Kα, λ=1.5406Å) and 

transmission electron microscopy (TEM, JEM-2100E). Coercivity was measured by 

vibrating sample magnetometer (VSM, Lake Shore M7407). 

 

3. Results and discussion 

There are all three exothermic peaks in the STA curves under different heating rates. 

It is worth noting that the width of the second exothermic peak (Tp2) under 20 oC/min 

is broader compared with other STA curves and the third exothermic peak (Tp3) is 

very weak. The span ΔTp between the first exothermic peak (Tp1) and Tp2 decreases 

with increasing heating rate.  

 XRD patterns of Fe64Co16Zr10B10 alloy as-quenched and annealed at 550, 600, 

650 and 700 oC under different heating rates are shown in Fig. 3. No crystalline peaks 

are observed in the alloy as-quenched, indicating that the alloy forms amorphous. 
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When the alloy is annealed at 550 oC under 4 oC/min, only α-Fe(Co) crystallization 

phase precipitates from amorphous matrix. The α-Fe(Co) and α-Mn type phases are 

observed at 550oC under10, 20 and 35 oC/min. The fraction of the crystallization 

phase strongly depends on the heating rates. As the increase of heating rates, the 

content of α-Fe(Co) phase decreases and the content of α-Mn type phase increases. 

The crystallization processes of the alloys annealed under high heating rates are 

complex. The crystallization of amorphous alloy is affected by heating rate and 

heating temperature. At the same heating temperature, the crystallization of 

amorphous alloy is different along with the change of heating rate.  

Crystallization is a solid state phase transformation often controlled by nucleation 

and growth kinetics[10], which is usually dependent on atomic diffusion. The 

subjacent idea is the following: a different heating rate will expose the material to 

high temperatures during different times and consequently the diffusivity of the 

elements will be affected [4]. When the alloys annealed at 550 oC under the heating 

rate of 4 oC/min, only α-Fe(Co) phase nucleates. Zr atomic radius is large and the 

diffusion rate is slow at low heating rate, resulting in that Zr still retains in the 

remained amorphous matrix. The lattice constants of α-Fe(Co) of alloys after 

annealing at 550, 600, 650 and 700 oC under 4 oC/min are 2.8558(3), 2.8577(1), 

2.8522(1) and 2.8494(1) Å, respectively. The lattice constants of pure α-Fe and pure 

α-FeCo are 2.8664 and 2.8550 Å, respectively. It is inferred that the Co element 

dissolves in α-Fe. With increasing annealing temperature, the lattice constants 

decrease. Above 650 oC, the lattice constants of α-Fe(Co) are lower than that of pure 

α-FeCo. Therefore, B element also dissolves in α-Fe(Co) at high temperature. When 

the alloy annealed under the heating rate of 10 oC/min and 20 oC/min, both α-Fe(Co) 

and α-Mn type phases nucleate together. The lattice constants of α-Fe(Co) of alloys 
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after annealing at 550, 600, 650 and 700 oC under 10 oC/min are 2.8537(5), 2.8534(2), 

2.8508(1) and 2.8523(1) Å, respectively. The lattice constants of α-Fe(Co) of alloys 

after annealing at 550, 600, 650 and 700 oC under 20 oC/min are 2.8532(7), 2.8525(2), 

2.8482(1) and 2.8417(1) Å, respectively. The lattice constants of α-Fe(Co) under 10 

and 20 oC/min are still lower than those of pure α-FeCo. It is inferred that one part of 

B element dissolves in α-Fe(Co). The diffusion rate of Zr element increases with 

increasing heating rate. A part of Zr with Fe and B direct nucleates into α-Mn type 

phase. The other part of Zr still retains in the remained amorphous matrix. When the 

alloy annealed at 550 and 600 oC under the heating rate of 35 oC/min, a little of 

α-Fe(Co) phase and lots of α-Mn type phase are observed. The intermediate α-Mn 

type phase is metastable and transforms into α-Fe solid solution at 650 oC, which is 

also observed in the primary crystallization processes of other Fe-based alloys [11-13]. 

The lattice constants of α-Fe(Co) of alloys after annealing at 650 and 700 oC under 35 

oC/min are 2.8538(1) and 2.8640(1) Å, respectively. After annealing at 700 oC, the 

lattice constant increases obviously. Co, Zr and B atoms are rejected from α-Fe solid 

solution and generate ZrCo3B2 and Co2Zr3 phases at last. 

Combining with Fig. 2 and Fig. 3, the three exothermic peaks of STA curve under 4 

oC/min correspond to the formations of α-Fe(Co), the precipitation of ZrO2 phase and 

the precipitation of CoZr2, respectively. The three exothermic peaks of STA curve 

under 10 oC/min correspond to the formations of α-Fe(Co, B) and α-Mn type phases, 

the transformation of α-Mn type phase and the precipitations of ZrB et al. phases, 

respectively. The first exothermic peak of STA curve under 20 oC/min corresponds to 

the formations of α-Fe(Co, B) and α-Mn type phases. Tp2 of the STA curve is broad 

and the Tp3 is very weak. It should be that the transformation of α-Mn type phase into 

α-Fe(Co, B) is not complete and the ZrB et al. phases already precipitate. The three 
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exothermic peaks of STA curve under 35 oC/min correspond to the formations of a 

little of α-Fe(Co) and lots of α-Mn type phases, the transformation of α-Mn type 

phase and the precipitations of ZrCo3B2 et al. phases, respectively. The crystallization 

processes of Fe64Co16Zr10B10 alloy annealed under different heating rates are shown in 

Table 1. 

From Fig. 3(a), only α-Fe(Co) phase precipitates when the alloy is annealed at 

550 oC under 4 oC/min. In order to confirm it, the corresponding TEM image and the 

corresponding selected-area electron diffraction pattern are taken in Fig. 4(a). The 

planes of α-Fe(Co) phase are marked in the electron diffraction pattern. With 

increasing the heating rate at 550oC, the α-Mn type phase precipitates and the content 

of α-Mn type phase increases. In order to known the morphology of α-Mn type phase 

well, the TEM image and the corresponding selected-area electron diffraction pattern 

of Fe64Co16Zr10B10 alloy annealed at 550 oC under 35 oC/min are taken in Fig. 4(b). 

The planes of α-Mn type phase are marked in the electron diffraction pattern. The 

crystalline volume fraction of alloy annealed at 550 oC under 4oC/min are more than 

that of the alloy annealed at 550 oC under 35 oC/min.  

Fig. 5 shows the hysteresis loops at room temperature of Fe64Co16Zr10B10 alloys 

annealed at 550 oC under different heating rates. It is worth noting that the 

Coercivity(Hc) undergoes a significant increase from 13.1 Oe to 329.0 Oe, which is 

closely related to their microstructures. The alloy annealed at 550 oC under 4oC/min 

shows a soft magnetic characteristic, whose crystallization product is only α-Fe(Co) 

phase. As the increase of heating rate, Hc increases obviously, which is due to the 

increase of the content of α-Mn type phase. The results of VSM show that Hc of 

Fe64Co16Zr10B10 alloy at the initial crystallization stage can be improved by the 

decrease of heating rate. 
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4. Conclusions 

Fe64Co16Zr10B10 amorphous alloy was prepared by a single roller melt spinning and 

annealed at 550, 600, 650 and 750 °C for 1h under different heating rates. The 

crystallization of amorphous alloy is affected by heating rate and heating temperature. 

At the same heating temperature, the microstructure of alloy is different along with 

the change of heating rate. The heating rates affect the distribution of elements and 

change the crystallization process. Coercivity(Hc) of Fe64Co16Zr10B10 alloy annealed 

at 550 oC undergoes a significant increase from 13.1 Oe to 329 Oe, which is closely 

related to their microstructures. Hc of Fe64Co16Zr10B10 alloy at the initial 

crystallization stage can be improved by the decrease of heating rate. 
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Figure and Table captions 

Fig.1. Annealing scheme for the Fe64Co16Zr10B10 amorphous alloy 

(a)4 oC/min, (b)10 oC/min, (c)20 oC/min, (d)35 oC/min 

 

Fig.2. STA traces of Fe64Co16Zr10B10 amorphous alloy under different heating rates. 

(a)4 oC/min, (b)10 oC/min, (c)20 oC/min, (d)35 oC/min 

 

Fig.3. XRD patterns of Fe64Co16Zr10B10 alloy as-quenched and annealed at 550, 600, 

650 and 700 oC under different heating rates 

(a)4 oC/min, (b)10 oC/min, (c)20 oC/min, (d)35 oC/min 

 

Fig.4. TEM images and the corresponding selected-area electron diffraction patterns 

of Fe64Co16Zr10B10 alloy annealed at 550 oC under 4 oC/min(a) and 35 oC/min(b) 

 

Fig.5. Hysteresis loops of Fe64Co16Zr10B10 alloys annealed at 550 oC under different 

heating rates 

(a)4 oC/min,  (b)10 oC/min,  (c)20 oC/min,  (d)35 oC/min 

 

Table 1. The crystallization processes of Fe64Co16Zr10B10 alloy annealed under 

different heating rates 

 



1 

 

Table 1. The model scenarios considered to test sensitivity 1 

 2 

Scenario Description 

Predators 

1 
Change 1θ%  in Eqn 12 from 0.15 to zero, reducing the effects of prey on predator reproductive rate. 

2 
Change 1θ%  in Eqn 12 from 0.15 to 0.3, increasing the effects of prey on predator reproductive rate. 

3 
Change 3θ%  in Eqn 12 from 0.95 to 0.98, reducing the effects of prey on predator reproductive rate. 

4 
Change 3θ%  in Eqn 12 from 0.95 to 0.7, increasing the effects of prey on predator reproductive rate. 

5 Prey abundance impacts predator survival rates instead of predator reproductive rates (
1 2 3

0, 0.2, 0.95θ θ θ= = = ).  

6 Double the contribution of sardine to the diet of the predators, and proportionally reduce the proportion of anchovy, ‘other forage’, and ‘other prey’ in 

the diet. 

7 Halve the contribution of sardine to the diet of the predators and proportionally increase the proportion of anchovy, ‘other forage’, and ‘other prey’ in 

the diet. 

8 
No variability in reproductive rate, i.e. 0P

R
σ =  in Eqn 9 

9 
maxλ  is half the baseline values.  

10 
maxλ  is 50% higher than the baseline values.  

All prey species 

11 No random variation in recruitment (but retain regime changes in mean recruitment for sardine, and anchovy stock-recruitment relationships that  

depend on the biomass of sardine), i.e. 
sardine anchovy other 0
y y y

ε ε ε= = =  and i
sardine other 0
y y

ε σ= =  in Eqns 3, 6, and 8.  

Sardine  

12 Natural mortality for sardine is 0.6yr-1 into the future  

13 No stochasticity in the spatial distribution of sardine.  

14 No regime shifts in sardine recruitment (i.e.,  γ=0) .  

Anchovy  

15 Anchovy recruitment is unrelated to sardine biomass.  

16 Recruitment of anchovy follows an environmental driver rather than being correlated with that of sardine, anchovy

y yGε γ=  

17 Anchovy recruitment based on the stock and recruitment data from Methot (1989) 

Forage /’other forage’ 

18 Ignore the ‘other’ component of the diet and subsume this fraction of the diet into ‘other forage’.  

19 Temporal autocorrelation in recruitment of ‘other forage’, i.e., other
0.707Rρ =  
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20 Recruitment of ‘other forage’ is correlated with that of sardine, i.e. other

y yGε γ=  

21 Recruitment variation for ‘other forage’, 1
R

σ =   

Other  

22 Allow for temporal auto-correlation in estimates of sardine biomass from the assessment ( 0.9
B

ρ = ).  

23 
Ignore uncertainty associated with applying the harvest control rules, i.e. 0B I Vσ σ σ= = = .  

 3 
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Table 2. Values for key performance metrics related to catches and biomasses of anchovy 4 

and sardine for the baseline scenario, and for scenarios where the resulting biomass of 5 

sardine or anchovy differs from the baseline scenario. Values for the performance metrics 6 

are provided for two cases: (1) no catches, and (2) catches are based on the management 7 

system. The difference in the performance metrics between the no catch and catch cases 8 

are given in the last two columns. Mean Biomass is relative to the baseline scenario with 9 

no catches. Shaded cells represent the differences in performance metrics between the no 10 

catches and catches cases. Scenarios not shown did not vary parameters that impact fishery 11 

or sardine/anchovy performance metrics. 12 

 13 

 14 

Scenario Catches Mean catch (‘000 mt) P 

(Catch 

< 50kt) 

Mean Biomass P (sardine 

< 150kt) 

P (sardine 

> 400kt)   Total Mexico US Canada Sardine Anchovy 

Baseline No 0 0 0 0  1 1 0.185 0.761 

 Yes 167.0 34.8 118.6 13.6 0.342 0.957 0.929 0.233 0.692 

         0.048 -0.069 

11 No 0 0 0 0  1 1 0.170 0.776 

 Yes 171.7 36.2 121.6 13.9 0.325 0.933 0.944 0.214 0.716 

         0.044 -0.060 

12 No 0 0 0 0  1 1 0.337 0.596 

 Yes 125.7 25.2 90.1 10.4 0.494 0.868 0.916 0.414 0.514 

         0.077 -0.082 

14 No 0 0 0 0  1 1 0.000 1.000 

 Yes 225.4 44.9 158.5 22.0 0.000 0.904 1.000 0.000 1.000 

         0.000 0.000 

22 No 0 0 0 0  1 1 0.185 0.761 

 Yes 166.8 34.8 118.4 13.6 0.342 0.955 0.931 0.234 0.691 

         0.049 -0.070 

23 No 0 0 0 0  1 1 0.185 0.761 

 Yes 169.6 34.8 121.2 13.6 0.334 0.954 0.928 0.230 0.691 

         0.045 -0.070 

 15 

16 
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Table 3. Values for key performance metrics related to brown pelican. Results are presented 17 

for the baseline scenario and then for each sensitivity scenario. Values for the performance 18 

metrics are provided when there are no catches, when catches are based on the management 19 

system and the difference in the performance metrics for the first two cases (i.e. ‘impact of 20 

fishing’). 21 

 22 

Catches 

 

Scenario 

 

Mean 

N / K 

P (N < 

0.5K) 

P (N < 

0.1K) 

Scenario 

 

Mean 

N / K 

P (N < 

0.5K) 

P (N < 

0.1K) 

No Baseline 0.942 0.042 0.009 12 0.904 0.069 0.016 

Yes  0.924 0.053 0.011  0.877 0.091 0.021 

  -0.018 0.011 0.002  -0.027 0.022 0.005 

No 1 0.995 0.000 0.000 13 0.942 0.042 0.009 

Yes  0.994 0.000 0.000  0.924 0.053 0.011 

  -0.001 0.000 0.000  -0.018 0.011 0.002 

No 2 0.758 0.233 0.133 14 0.997 0.000 0.000 

Yes  0.679 0.311 0.185  0.997 0.000 0.000 

  -0.079 0.078 0.052  0.000 0.000 0.000 

No 3 0.955 0.032 0.006 15 0.978 0.009 0.002 

Yes  0.941 0.040 0.008  0.973 0.011 0.002 

  -0.014 0.008 0.002  -0.005 0.002 0.000 

No 4 0.848 0.130 0.050 16 0.990 0.001 0.000 

Yes  0.798 0.177 0.066  0.987 0.001 0.000 

  -0.050 0.047 0.016  -0.003 0.000 0.000 

No 5 0.895 0.043 0.000 17 0.991 0.001 0.000 

Yes  0.865 0.056 0.000  0.988 0.001 0.000 

  -0.030 0.013 0.000  -0.003 0.000 0.000 

No 6 0.872 0.122 0.055 18 0.942 0.041 0.009 

Yes  0.831 0.162 0.075  0.924 0.052 0.011 

  -0.041 0.040 0.020  -0.018 0.011 0.002 

No 7 0.955 0.024 0.004 19 0.939 0.044 0.010 

Yes  0.942 0.031 0.004  0.921 0.056 0.012 

  -0.013 0.007 0.000  -0.018 0.012 0.002 

No 8 0.942 0.041 0.009 20 0.890 0.097 0.037 

Yes  0.925 0.053 0.011  0.859 0.124 0.043 

  -0.017 0.012 0.002  -0.031 0.027 0.006 

No 9 0.873 0.108 0.039 21 0.940 0.043 0.009 

Yes  0.833 0.143 0.048  0.922 0.054 0.011 

  -0.040 0.035 0.009  -0.018 0.011 0.002 

No 10 0.972 0.017 0.003 22 0.942 0.042 0.009 

Yes  0.964 0.022 0.003  0.924 0.053 0.011 

  -0.008 0.005 0.000  -0.018 0.011 0.002 

No 11 0.989 0.000 0.000 23 0.942 0.042 0.009 

Yes  0.985 0.001 0.000  0.925 0.052 0.012 

  -0.004 0.001 0.000  -0.017 0.010 0.003 

 23 

 24 




