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Abstract 21 

School of Aquatic and Fishery Sciences, University of Washington, Box 355020, 19 

Seattle, WA 98195, USA. 20 

Many rockfish species are long-lived and thought to be susceptible to being overfished. 22 

Hypotheses about the importance of older female rockfish to population persistence have 23 

led to arguments that marine reserves are needed to ensure the sustainability of rockfish 24 

populations. However, the implications of these hypotheses for rockfish population 25 
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dynamics are still unclear. We modeled two mechanisms by which reducing the 26 

proportion of older fish in a population has been hypothesized to influence sustainability, 27 

and explored whether these mechanisms influenced mean population dynamics and 28 

recruitment variability. We explored whether populations with these mechanisms could 29 

be managed more sustainably with a marine reserve in addition to a constant fishing 30 

mortality rate (F) than with a constant F alone. Both hypotheses can be seen as portfolio 31 

effects whereby risk of recruitment failure is spread over a “portfolio” of maternal ages. 32 

First, we modeled a spawning window effect whereby mothers of different ages spawned 33 

in different times or locations (windows) with local environmental conditions. Second, 34 

we modeled an offspring size effect whereby older mothers produced larger offspring 35 

than younger mothers, where length of a starvation period over which offspring could 36 

survive increased with maternal age. Recruitment variability resulting from both models 37 

was 55-65% lower than for models without maternal age-related portfolio effects in the 38 

absence of fishing and increased with increases in Fs for both models. An offspring size 39 

effect caused lower output reproductive rates such that the specified reproductive rate 40 

input as a model parameter was no longer the realized rate measured as the reproductive 41 

rate observed in model results; this quirk is not addressed in previous analyses of 42 

offspring size effects. We conducted a standardization such that offspring size effect and 43 

control models had the same observed reproductive rates. 44 

A comparison of long-term catch, the probability of falling below a biomass threshold, 45 

and recruitment variability over a range of exploitation rates for models with an age–46 

related portfolio effect showed no benefit of a marine reserve implemented in addition to 47 

a constant F (as compared to a constant F alone) for populations with sedentary adults 48 

and sedentary or mobile larvae. 49 

 50 

Keywords: marine reserve, maternal age effects, recruitment variability, fish population 51 

dynamics models, fisheries management, marine protected areas, density-dependent 52 

mortality, larval dispersal, spatial models, rockfish, life history 53 
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Introduction 55 

Many rockfish species are long-lived and are thought to be susceptible to overfishing 56 

(Love et al. 2002, Patrick et al. 2010).  Berkeley et al. (2004b) argue that rockfish may 57 

utilize longevity in several ways which may be important for persistence in a variable 58 

environment; thus reducing the extended age structure of rockfish may not be sustainable. 59 

Many authors (e.g. Pauly et al. 2002, Berkeley et al. 2004b, Birkeland and Dayton 2005) 60 

have argued that perhaps the only way to protect age structure and ensure sustainability is 61 

through marine reserves. Berkeley et al. (2004b) suggest that maintenance of older 62 

rockfish in a population is essential for sustainability because older fish may spawn in a 63 

different time or place than younger fish. Environmental conditions may change over 64 

time or space and therefore it is likely that even though environmental conditions may be 65 

poor for some offspring, conditions will be favorable for other offspring within the same 66 

spawning season or year. This can be thought of as a potential portfolio effect whereby 67 

spawners utilize the diversity of available spawning time or space over which 68 

environmental conditions may vary, and this is hypothesized to reduce the risk of no 69 

offspring survival and to lower the inter-annual variance of offspring survival (Hilborn et 70 

al. 2003, Figge 2004, Hooper et al. 2005, Schindler et al. 2010).  A second hypothesis put 71 

forth by Berkeley et al. (2004a, 2004b) is that older mothers may produce larger offspring 72 

that are able to survive starvation longer than offspring from younger mothers (a maternal 73 

age effect). Berkeley et al. (2004a) conducted laboratory experiments, which showed that 74 

older black rockfish produced larvae with larger oil globules than those of younger 75 

mothers and that the larvae from older mothers survived longer starvation periods than 76 

larvae from younger mothers. Laboratory experiments presented in Sogard et al. (2008) 77 

showed similar results for several other rockfish species.  78 

The potential for a spawning window effect to influence population dynamics has not 79 

been fully explored. Le Bris et al. (2015) investigated relative effects of batch spawning, 80 

an exponential increase in fecundity with increased weight, and the influence of maternal 81 

age on hatching probability for stocks that were well below BMSY, where the influence of 82 

density dependent mortality is minimal. They found that the influence of the fecundity-83 

weight relationship was the most influence on population resistance to and recovery from 84 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Running Title: Modeling age-related portfolio effects 

 

This article is protected by copyright. All rights reserved 

fishing pressure of the three effects; however, the density dependent mortality that occurs 85 

by way of the stock-recruit curve would likely dampen the influence of increased 86 

fecundity at higher stock sizes.  87 

The potential influence of a maternal age effect on population dynamics has been the 88 

subject of several studies and much debate (e.g. O'Farrell and Botsford 2006, Spencer et 89 

al. 2007, Venturelli et al. 2009, Trippel 1997). Previously explored hypotheses of the 90 

potential influence of a maternal age effect on fish population dynamics have modeled 91 

the effect deterministically as a mean or average effect on fecundity or survival of 92 

recruits.  O’Farrell and Botsford (2006) explored how a maternal age effect in which 93 

older individuals produce more larvae than younger individuals (beyond weight-specific 94 

increases in fecundity) would affect lifetime egg production (LEP), analogous to 95 

spawning biomass per recruit (SBPR), and found that a maternal-age effect acting on 96 

larvae prior to density-dependent mortality had only small effects on LEP.  One reason 97 

that increases in the number of larvae produced by older individuals has limited influence 98 

on population dynamics is that density-dependent mortality occurs after accounting for 99 

the maternal age effect and this means that while older individuals may produce more 100 

larvae, this doesn’t necessarily translate into the survival of more larvae than in models 101 

with no maternal age effect. Lucero (2008) explored how a maternal age effect 102 

influencing density-dependent mortality via the Beverton-Holt stock-recruit curve would 103 

affect time to recovery of overexploited stocks, concluding that a maternal age effect 104 

acting on the stock-recruit curve would cause small increases in the amount of time for 105 

recovery for only a few stocks.  In addition, Spencer et al. (2013) modeled a maternal age 106 

effect acting on density-independent and -dependent mortality via a Beverton-Holt stock-107 

recruit curve for Pacific Ocean perch and Pacific cod, showing that a maternal age effect 108 

leads to small changes in optimal fishing mortality rates. These studies suggest that 109 

maternal age effects may have a small influence on population productivity, population 110 

recovery time, and reference points relative to equivalently parameterized models that do 111 

not include a maternal age effect.  Notably, previous studies of maternal age effects have 112 

each assumed that the effect influences deterministic population dynamics; no previous 113 
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work has been conducted to explore the potential for a maternal age effect to influence 114 

characteristics of recruitment variability. 115 

Marshall et al. (2010) questioned the ecological underpinnings of a maternal age effect by 116 

asking why younger mothers would produce smaller offspring if larger offspring were 117 

more viable in the ocean environment. We hypothesize that in a highly variable 118 

environment, such as the ocean, selection for an optimal offspring size may be 119 

inconsistent. It is possible that only larger offspring survive when environmental 120 

conditions are poor and resources are scarce. However, both small and large offspring 121 

may survive when resources are plentiful. Therefore, while large offspring may have 122 

higher survival rates when environmental conditions are poor, they may not have the 123 

same survival advantage over smaller offspring when resources are not limited and 124 

therefore selection for larger offspring may be inconsistent. The resulting effect is that 125 

having many small offspring allows the population to take advantage of favorable 126 

environmental conditions, while having some large offspring that can survive longer 127 

periods of starvation increases the probability that some offspring survive to recruit to the 128 

population even when environmental conditions are poor. These larger offspring may 129 

serve as a buffer against environmental uncertainty. We hypothesize that a maternal age 130 

effect would influence recruitment variability and that its primary influence on 131 

population dynamics may be a portfolio effect over offspring size which acts to limit  132 

recruitment variability in the absence of fishing. Such a portfolio effect may be eroded by 133 

fishing due to the reduction of the contribution of larger offspring from older mothers. 134 

There are variety of mechanisms by which fishing and age-truncation could influence 135 

population variability (see Hsieh et al. 2006, Anderson et al. 2008, and Botsford et al. 136 

2014); in this study, we model the two mechanisms described above, which may be 137 

important to long-lived iteroparous fish. The two mechanisms are: (1) changes in the 138 

timing or location of spawning (spawning window) as a function of maternal age (a 139 

spawning window model) and (2) changes in offspring size as a function of maternal age, 140 

where larger offspring are able to withstand longer periods of starvation (an offspring 141 

size model).  We explore the extent to which these two mechanisms act as portfolio 142 

effects, lowering recruitment variability in a stochastic environment in the absence of 143 
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fishing. We also explore the implications of fishing and (and thus reducing the proportion 144 

of older fish) on population dynamics and the characteristics of recruitment variability.  145 

Finally, we investigate the impact of marine reserves on population dynamics and 146 

population response to exploitation. 147 
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Methods 148 

Spawning and recruitment for both models is described below and additional population 149 

dynamics are described in Appendix S1. The dynamics of larval dispersal are the same 150 

for both the offspring size and spawning window models and are described in Appendix 151 

S1. We parameterized both models to represent black rockfish using parameters from 152 

Sampson (2007), with a steepness parameter of h= 0.6, natural mortality of M = 0.12yr-1, 153 

and ages at which 50% and 95% of fish were selected in the fishery of =3yr and 154 

=6yr, respectively. Growth parameters were =442mm, =0.33yr-1

The spawning window model 159 

, and =0.75yr, 155 

length-weight relationship parameters were =0.00000168, =3, ages at 50% and 95% 156 

maturity were  = 7.5yr and = 14yr, respectively, and the plus group started at 157 

=50yr. 158 

The spawning window model was an age-structured population dynamics model with ten 160 

spawning windows, which can be interpreted as spawning grounds or spawning times. 161 

Fish of different ages spawned at different spawning windows, where each window 162 

experienced independent environmental conditions within a year. Spawning windows 163 

were ephemeral structuring of the population that existed only at the time of spawning 164 

and not year-round.  When not spawning, the population occurred in one or two spatial 165 

areas with population dynamics occurring within each area.  Adult fish within each area 166 

were sedentary with sedentary larvae, or were linked by larval movement between areas.  167 

The convention “spawning windows” refers to the ephemeral structure in the distribution 168 

of maternal ages over time or space at the time of spawning, while “area” refers to 169 

permanent spatial structure in the population. Areas are included in the model to explore 170 

scenarios with a marine reserve (where one area is open to fishing and the other is a 171 

marine reserve). Spawning and recruitment for the spawning window model is described 172 

below with equations in Table 1; additional equations are specified in Appendix S1.  173 
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Spawning and Recruitment for the “spawning windows” model 174 

Several hypotheses about recruitment dynamics and the distribution of spawning stock 175 

biomass over time or space were modeled.  176 

Distribution of spawning biomass across spawning windows 177 

Two biological scenarios were modeled to represent potential ways that spawners could 178 

be distributed across spawning windows.  First, spawners progress across spawning 179 

windows as they age, shifting spawning windows by the same increment each year (age-180 

specific distribution of spawners over spawning windows; Figure 1a). Figure 1b shows 181 

that most of the offspring were from younger mothers and therefore came from only a 182 

few of the spawning windows (windows 2-4 especially) when the age-specific 183 

distribution of spawners was applied. Alternatively, spawners may shift to a new 184 

spawning window when reaching a new developmental stage (stage-specific distribution 185 

of spawners over spawning windows; Figure 1c). The stage-specific alternative was 186 

developed to create a scenario that would maximize a spawning window portfolio effect 187 

by resulting in a distribution of offspring over spawning windows that was as uniform as 188 

possible (Figure 1d). The two alternatives can be seen as two opposite extremes for the 189 

configuration of spawning windows, where the age-specific distribution of spawners 190 

models distinct spawning windows for each age group and the stage-specific distribution 191 

models a large amount of overlap in spawning windows among ages such that the 192 

spawning window effect is maximized. Both alternatives are described in more detail 193 

below. 194 

Age-specific distribution of spawners over spawning windows 195 

We modeled the process by which spawners distribute among spawning windows using a 196 

discrete Beta function (Equation 1). This parameterization allows flexibility in the 197 

overlap of different ages in each spawning window, which impacts survival of recruits 198 

owing to stochastic events or density-dependent mortality.  199 A
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(1) , 200 

where Pa,i

Stage-specific distribution of spawners across spawning windows 214 

 is the proportion of age a spawners that spawn at spawning window i and n 201 

represents the total number of spawning windows. The means, , of the Beta functions 202 

for each fish age are evenly spaced values between 0.1 and 0.999 (Figure 1a). This model 203 

creates a gradual change in spawning window use with maternal age.  The variance of the 204 

age-specific Beta functions was 0.001 for all ages so that the distribution of spawning 205 

biomass over spawning windows was distinct for each age; a large value for the variance 206 

would dampen the influence of spawner age on resulting variation in recruitment. 207 

Likewise, holding the CV (rather than the variance) of each Beta function constant across 208 

ages would result in an overlap of multiple older ages within a spawning window; this 209 

effect is modeled using the stage-specific scenario (described below), where ages 210 

(especially older ages) are grouped together such that the spawning window effect is 211 

approximately maximized. The parameters  and  are calculated from the mean and 212 

variance of the Beta function. 213 

Here we represent a similar ontogeny of spawning windows, but instead presume that 215 

spawning window selection is similar for distinct life history stages, each corresponding 216 

to multiple age-classes. We consider eight of these stages, , where k is an index for 217 

group number. The means, , of the Beta functions for fish group were evenly spaced 218 

values between 0.1 and 0.9 and the variance for each group-specific beta function was 219 

0.001. As for the age-specific distribution of spawners,  and  were calculated from 220 

the mean and variance for group k. 221 
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 222 

These groupings and the number of groups were not based on black rockfish life history, 223 

but were chosen because they resulted in an approximately uniform distribution of 224 

offspring across spawning windows (Figure 1d) and therefore would maximize the 225 

portfolio effect across spawning windows in the absence of fishing. An exponential 226 

increase in fecundity-at-age as a function of weight-at-age is an alternative example of an 227 

effect that would result in a more even spread of eggs across spawning windows (Le Bris 228 

et al. 2015).  The standardized Beta function for each group, G, was: 229 

(2)  230 

The standardized Beta function for each age was 231 

(3) . 232 

Recruitment 233 

The equations for recruitment and environmental variation are given in Table 1.  234 

Throughout the manuscript the term “environmental variation” will refer to a model input 235 

and “recruitment variability” will refer to a model output. For the spawning window 236 

model, environmental variation influences density-independent survival at each spawning 237 

window. Recruitment variability is the amount of variability in the number of recruits 238 

from year to year that results from the specifications of environmental variability. 239 
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Density-dependent mortality occurs by way of the Beverton-Holt stock-recruitment curve 240 

and can occur within spawning window (local) or globally.  Environmental variation can 241 

occur before or after density-dependent mortality.  Reproductive rate, h, is measured as 242 

the proportion of the unfished number of recruits, , in spawning window i and area j 243 

produced when the number of eggs in spawning window i and area j is 20% of the 244 

number of eggs in spawning window i and area j when the population is in an unfished 245 

state, ; this definition of reproductive rate is often referred to as “steepness.” Egg 246 

production is assumed to be proportional to mature female spawning biomass. 247 

Environmental variation (process error) influences recruitment in each annual time-step 248 

and for each spawning window, i, with correlation, , among spawning windows where 249 

 and  . 250 

Biological scenarios 251 

Scenarios where environmental conditions in all spawning windows were perfectly 252 

correlated ( ) were compared to scenarios where environmental conditions at each 253 

spawning window were uncorrelated ( ). A set of simulations for each biological 254 

and management scenario with and without a spawning window effect were conducted. 255 

Scenarios with age- and stage-specific distributions of spawning biomass over spawning 256 

windows were performed.  For both of these scenarios, we conducted simulations where 257 

environmental variation occurred before and after density-dependent mortality. Density-258 

dependent mortality was assumed to be global among spawning windows, but local to 259 

spatial area (Table 1). Several biologically feasible scenarios could be imagined where 260 

density-dependent mortality would be a global effect, including that spawners could 261 

experience global density-dependent mortality prior to occupying spawning windows and 262 

completing parturition. Alternatively, density-independent mortality could occur within 263 

spawning windows prior to global density-dependent mortality at the time of settlement. 264 

An exploratory simulation was conducted assuming that density dependence was local to 265 

spawning window and spatial area (Table 1, Equations T.2 and T.9) and results did not 266 

differ from simulations conducted with global density dependence (Table 1, Equations 267 
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T.3 and T.8); therefore, simulations with density dependence as local to spawning 268 

window were not explored further.  269 

Model setup and standardization 270 

Two main approaches were used to evaluate the spawning window model.  271 

Environmental variability, though confounded with observation error, is often assumed to 272 

be in the vicinity of CV = 0.5 or 0.6 (e.g. Sampson 2007). Therefore, first we specified a 273 

moderate level of environmental variability ( =0.5) and calculated the resulting 274 

magnitude of recruitment variability (the coefficient of variation (CV) of recruitment 275 

over years and simulations) for models with ( ) and without ( ) a spawning 276 

window effect. We used this approach to evaluate whether the spawning window effect 277 

resulted in lower recruitment variability for a population in an unfished state. 278 

Second, we standardized the magnitude of recruitment variability (CV of recruits) for a 279 

population in an unfished state by finding the level of environmental variability (value of 280 

) in each scenario that resulted in recruitment variability of CV = 0.5 for an unfished 281 

population. We used this approach to compare the relative influence of fishing on 282 

recruitment variability among models (the offspring size and spawning window models) 283 

and corresponding “control” scenarios.  284 

Methods for the offspring size model 285 

The offspring size model assumes that older mothers produce larger offspring that are 286 

able to survive a longer starvation period than smaller offspring from younger mothers.  287 

Accounting for an offspring size effect is conducted in five steps.  First, environmental 288 

conditions for each year are defined by a distribution of the number of days of starvation 289 

that offspring may experience. The number of days of starvation at time t, dt

Rσ

, is chosen 290 

from a lognormal distribution, where  such that . 291 

For example, if = 0 food is readily available at the time of birth at time t and all larvae 292 

will survive starvation. If  = 10, only larvae that are equipped to survive for 10 days 293 

with no food will survive. Second, a relationship between maternal age and the number of 294 
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days at which 50% of offspring from maternal age a die of starvation, D50,a, is defined 295 

based on data from laboratory experiments (Berkeley et al. 2004a).  Third, logistic 296 

functions for each maternal age are defined that map the relationship between the number 297 

of days of starvation in a particular year, dt, to the survival of offspring from each 298 

maternal age; these logistic functions use the number of days to 50% starvation, D50,a

Relating maternal age to number of days of starvation at which 50% of offspring die 304 

, as 299 

a parameter. Fourth, the survival of offspring from each maternal age is combined with 300 

information about the current age distribution and unfished age distribution of the 301 

population to calculate a single survival term that is applied to eggs or recruits. Steps 2-5 302 

are described in more detail below. 303 

Berkeley et al. (2004a) reported the number of days to 50% mortality for offspring from 305 

mothers aged 4 to 18 years, and fit a nonlinear model to these data. There are no data 306 

beyond age 18, even though black rockfish are long-lived and the maximum age in the 307 

population dynamics model is amax

(4) , 316 

 = 50; by fitting a model to these data we are making 308 

assumptions about the relationship between maternal age and time to 50% mortality for 309 

mothers whose ages are outside the range of the data. Therefore, we develop biological 310 

scenarios using the model from Berkeley et al. (2004a), as well as exponential and linear 311 

models fit to the data published in Berkeley et al. (2004a). . Based on the data available, 312 

Berkeley’s model appears to be the most reasonable model fit, but the other two scenarios 313 

were included to capture the uncertainty in this relationship for offspring of mothers 314 

above age 18 (Figure 2a). Berkeley’s model is: 315 

where D50,a

(5) . 319 

 is days to 50% mortality of offspring from maternal age a. The exponential 317 

model is: 318 

0.23
50, 15.23 28.79(1 e )a
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The linear model is: 320 

(6) . 321 

Mapping number of days of starvation to survival of offspring of each maternal age 322 

The number of days of starvation to 50% mortality for each maternal age, D50,a, and , 323 

the difference between the number of days to 95% mortality and D50,a

(7) . 327 

, define a 324 

descending logistic model for each maternal age relating the number of days of starvation 325 

to offspring survival,  (Figure 2b-d). 326 

The proportion of larvae surviving dt days of starvation, , is a function of numbers-at-328 

age in area j at time t (the subscript i is omitted because there is only one spawning 329 

window in the offspring size model), maturity at age, Oa, weight at age, wa

(8) . 333 

, survival of 330 

offspring of maternal age a at time t, and offspring survival for offspring of maternal age 331 

a in year t, . 332 

Spawning and recruitment for the offspring size model 334 

As for the spawning window model, density-dependent mortality can occur before or 335 

after environmental variation.  The subscript i is omitted from the description of 336 

recruitment dynamics for the offspring size model for simplicity because there is only 337 

50, 0.6534 3.1395aD a= +

δ
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one spawning window. Egg production is assumed to be proportional to mature female 338 

spawning biomass. 339 

Density-dependent mortality followed by environmental variation 340 

Recruitment prior to larval dispersal, , follows the Beverton-Holt stock-recruitment 341 

function where  is the spawning stock biomass in area j at time t. A survival scalar, 342 

, is necessary;  represents environmental variation, but will never have a value greater 343 

than 1 and hence will lower the mean number of recruits from its pre-defined value when 344 

the population is in an unfished state. The value of the survival scalar, , is found 345 

numerically for each scenario such that mean recruitment when the population is in an 346 

unfished state remains equal to . 347 

(9) . 348 

Environmental variation followed by density-dependent mortality 349 

The number of eggs in area j at time t is a function of the spawning stock biomass, , 350 

the proportion of eggs that survive environmental variation at time t, , and the survival 351 

scalar, . The number of recruits prior to larval dispersal, , is: 352 

(10) . 353 

Biological scenarios 354 

All simulations were conducted for (1) the offspring size model and (2) a control model, 355 

which assumed that all offspring had the size and characteristics that would be associated 356 

with an offspring from an age 15 mother produced from the offspring size model; almost 357 
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100% of age 15 individuals are mature and so offspring are large enough to survive a few 358 

days of starvation in most model parameterizations. 359 

An offspring size model and a control model were based on the three assumptions 360 

(Berkeley, linear, and exponential models; Equations 4-6) relating maternal age to the 361 

time to 50% mortality of offspring.  In addition, all of the above scenarios were 362 

conducted when density-dependent mortality occurred prior to environmental variation. 363 

Model setup and standardization 364 

Three main approaches were used to evaluate the offspring size model. First, the true 365 

distribution of the number of days of starvation experienced by larvae of any given fish 366 

population is unknown, but recruitment variability is often assumed to be in the vicinity 367 

of CV = 0.5 (e.g. Sampson et al. 2007).  To evaluate the role of an offspring size effect in 368 

determining recruitment variability in the absence of fishing we found a value for the 369 

mean number of days of starvation, , that resulted in recruitment variability of CV = 370 

0.5 for an offspring size model. The same mean number of days of starvation, , was 371 

applied to the control model for a population in an unfished state to assess the magnitude 372 

of additional recruitment variability that would occur in the absence of the offspring size 373 

effect. 374 

Second, as for the spawning window model, to evaluate the influence of fishing on the 375 

magnitude of recruitment variability and to allow for comparison of results between the 376 

offspring size and spawning window models, we standardized both offspring size and 377 

control models such that recruitment variability was CV = 0.5 in the absence of fishing 378 

by changing the mean number of days of starvation, .  379 

Third, initial runs of the offspring size model showed that reproductive rate (steepness) is 380 

reduced by an offspring size effect.  In a typical age-structured model, the reproductive 381 

rate that is specified as a model input is also the average reproductive rate that results 382 

from model runs. The input parameter for reproductive rate, h, is not steepness by 383 

definition in the offspring size model; when spawning stock biomass is 20% of unfished 384 

spawning stock biomass, the proportion of recruits that occur is less than h of the 385 

unfished number of recruits. That is (omitting the subscript j for simplicity), 386 
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. Hence, a comparison of an offspring size model and a 387 

corresponding control model with the same values specified for reproductive rate 388 

parameter h is a comparison of stocks with different reproductive rates.  Although this is 389 

an interesting theoretical feature of this model (an offspring size effect may be a factor 390 

that contributes to the reproductive rate that we observe for a stock), we are interested in 391 

comparing stocks with the same reproductive rates, with and without an offspring size 392 

effect.  Therefore, in the third approach we introduce the parameter z, which is the 393 

reproductive rate (steepness) in the offspring size model and we find the value of h 394 

(which determines the reproductive rate, but is not the reproductive rate itself) for which 395 

z, the actual reproductive rate (steepness), is equal to 0.6.  Mathematically, for typical age 396 

structured models and in the spawning window model .  For 397 

the offspring size model, we numerically found the value of h such that 398 

 for a given mean number of days of starvation, .  The process 399 

of standardizing the reproductive rate was nested within the aforementioned 400 

standardization of the mean number of days of starvation (such that recruitment 401 

variability was equal to CV = 0.5) because the mean number of days of starvation 402 

influences the extent to which the input measure for reproductive rate, h, differs from the 403 

resulting reproductive rate.  For each trial combination of the mean number of days of 404 

starvation and the input measure for reproductive rate, (  & h), we found the survival 405 

multiplier ( ), as mentioned previously, so that the average recruitment for an unfished 406 

population was equal to the value for the number of recruits in an unfished population 407 

that was specified as a model input, R0

Management Scenarios (both models) 409 

. 408 

Two management scenarios were evaluated for each biological scenario: a constant F 410 

strategy with logistic selectivity and a constant F strategy with a no-take marine reserve 411 

covering 20% of the area with logistic selectivity in the fished area and where the F was 412 
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applied to biomass in the fished area.  Choice of spawning window was based only on 413 

fish age or stage and was independent of whether a fish occurred within a marine reserve 414 

or fished area.  Values for fishing mortality (F) ranging from 0 to 0.2yr-1

Performance Measures (both models) 425 

 were simulated 415 

for each management scenario. For each management scenario, the population was 416 

initialized at an equilibrium corresponding to that scenario and a value for F.  Outcomes 417 

of a no-take marine reserve are expected to change with fish movement dynamics.  418 

Therefore, the management scenario that included a marine reserve was always 419 

conducted for a sedentary population with no larval and adult movement as well as for a 420 

population with extensive larval movement. Larval movement occurred after density-421 

dependent mortality (Appendix S1). The outcome of the management scenarios without 422 

no-take marine reserves does not depend on larval movement patterns and therefore were 423 

only simulated for a sedentary population. 424 

The following metrics were used to measure differences in performance of models with 426 

and without a spawning window or offspring size effect and to compare the offspring size 427 

model to the spawning window model for scenarios with constant F policies: (1) average 428 

inter-annual variability in recruitment (referred to as “recruitment variability” throughout 429 

the manuscript). Average inter-annual variation was calculated by measuring the inter-430 

annual CV (standard deviation/mean) over 100 years beginning after a 100 year burn-in 431 

period and averaged over 500 simulations for each fishing mortality rate and (2) the 432 

distribution of catches at each fishing mortality rate, including catches from the 100 years 433 

after the burn-in period and over the 500 simulations.  434 

To compare the efficacy of constant F policies with and without a marine reserve 435 

covering 20% of the area we evaluated the following metrics over a range of exploitation 436 

rates (catch/total biomass where total biomass includes biomass within marine reserves): 437 

(1) average inter-annual variability in recruitment (as described above), (2) the 438 

probability of the spawning stock biomass falling below 20% of unfished spawning stock 439 

biomass, and (3) the long-term (cumulative) catch averaged over simulations. 440 
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Results 441 

The structure of the results section is as follows. First, we show that a portfolio effect 442 

exists for both the spawning window and offspring size models in the absence of fishing 443 

whereby recruitment variability is lower with an offspring size or spawning window 444 

effect than without such an effect.  Next, we discuss the effects of fishing on recruitment 445 

and catch variability for the spawning window model and then for the offspring size 446 

model and show the effect of the offspring size model on reproductive rate.  Lastly, we 447 

show the performance metrics for constant F policies with and without a marine reserve 448 

for a sedentary population and a population with high larval movement rates. 449 

Existence of a portfolio effect for populations in an unfished state 450 

As expected, both of the potential mechanisms (age-specific spawning windows and 451 

variation in offspring size by age) lead to a portfolio effect, exhibiting lower recruitment 452 

variability than for control models without these mechanisms for populations in an 453 

unfished state (Figure 3).  More specifically, Figure 3a shows that the spawning window 454 

model ( ) results in inter-annual recruitment variability in the absence of fishing 455 

mortality that is 55% lower than a model with only one spawning window ( ) when 456 

both models simulate the same level of environmental variability ( ).  Likewise, Figure 457 

3b shows that the offspring size model exhibits recruitment variability that is 65% lower 458 

than for a control model in the absence of fishing mortality when both the offspring size 459 

and control models simulate the same mean number of days of starvation ().The 460 

magnitude of variability shown in Figure 3a is not comparable to that in Figure 3b; the 461 

total amount of recruiment variation for the offspring size effect model originates from 462 

the mean number of days of starvation (µd), as well as σR, while the magnitude of 463 

recruitment variation for the offspring size model originates from a combination of ρ and 464 

σR

Effects of fishing on the spawning window portfolio effect 466 

. 465 

Figure 4 shows the influence of fishing mortality on recruitment variability where the 467 

recruitment variability was standardized to be CV = 0.5 for the spawning window and 468 
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corresponding control models for populations in an unfished state.  Recruitment 469 

variability increases as a function of increasing fishing mortality for the spawning 470 

window model, while it remains constant for all fishing mortality and spawning stock 471 

biomass levels in the control models for both the age- and stage-specific spawning 472 

window models when environmental variation occurs after density-dependent mortality 473 

(Figure 4a & b).  Recruitment variability also increases as a function of increasing fishing 474 

mortality and decreasing spawning stock size when environmental variation occurs 475 

before density-dependent mortality (Figure 4c & d), but the increase in the recruitment 476 

variability due to the declining influence of density-dependent mortality on offspring at 477 

lower spawning stock sizes (which applies to the spawning window and control models 478 

alike) is much greater in magnitude than the influence of age- or stage-specific spawning 479 

windows (Figure 4c & d). 480 

Effects of fishing on the offspring size portfolio effect 481 

Variation in offspring size by maternal age results in lower reproductive rates at 482 

intermediate spawning stock sizes (steepness is approximately 16% lower) than for a 483 

corresponding control model for all offspring size model scenarios (a “mean effect;” e.g. 484 

Figure 5a). This means that the input parameter for the reproductive rate, which is 485 

measured as steepness in a typical age-structured model (e.g. Figure 5a, black line), is no 486 

longer the reproductive rate for the fish stock (Figure 5a, solid red line). Figure 5b shows 487 

that the stock-recruit relationship is nearly identical in shape and magnitude at each stock 488 

size to a typical, deterministic Beverton-Holt stock-recruit curve with no offspring size 489 

effect when the reproductive rate (steepness) is standardized. Therefore, the mean effect 490 

caused by the offspring size model can be completely removed by standardizing the 491 

reproductive rate such that it is the same as for a control model. With the mean effect 492 

removed, other performance metrics can be compared between offspring size and control 493 

models. 494 

Recruitment variability increases as a function of increasing fishing mortality rates for 495 

scenarios with Berkeley, linear, and exponential relationships between maternal age and 496 

time to 50% mortality and when the offspring size effect occurred after density-497 
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dependent mortality (Figure 6a-c).  The increases in recruitment variability with increases 498 

in fishing mortality are least pronounced when the Berkeley relationship is applied 499 

(Figure 6a) and largest when the exponential relationship is used (Figure 6c). Figure 6d-500 

6f confirm that the mean stock recruit curves for each of the offspring size model 501 

scenarios is nearly identical to the deterministic Beverton-Holt stock recruit curve after 502 

the reproductive rates are standardized to match that of the deterministic Beverton-Holt 503 

curve. 504 

Simulations where environmental variation occurred prior to density-dependent mortality 505 

for the offspring size models required the mean number of days of starvation to be greater 506 

than or equal to 119 days to achieve recruitment variability of CV = 0.5 for an unfished 507 

stock.  These scenarios were not explored further because it is unrealistic to assume that 508 

the mean number of days of starvation endured by larvae is 119 or more days (Berkeley 509 

et al. 2004a, Sogard et al. 2008). 510 

How do portfolio effects influence variation in catch? 511 

Variability in catch is higher for the stage-specific spawning window and offspring size 512 

models than for the corresponding control models (Figure 7).  However, the increase in 513 

variability is mostly due to spikes in catches, rather than extremely low catches, as 514 

indicated by the long upper tails of the distributions of catch at each fishing mortality 515 

level for the spawning window and offspring size model in Figure 7 (relative to the 516 

control models). In contrast, the lower tails of the distributions are similar for spawning 517 

window and offspring size effect and control models (Figure 7).  The largest catches for 518 

the spawning window model (Figure 7a) are approximately double the size of the largest 519 

catches for the offspring size model (7b) for intermediate fishing mortality rates (e.g. F = 520 

0.1yr-1

Comparing the constant F policy with no marine reserve to the constant F policy 522 

with a marine reserve 523 

). 521 

Recruitment variability increases with increasing fishing mortality rates up to an F of 524 

0.15yr-1 and then decreases for higher Fs for a population with sedentary larvae and 525 

adults influenced by a spawning window or offspring size effect (Figure 8b & e). This 526 
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result occurs because, as the population outside the marine reserve is fished to extinction, 527 

the total population resides within the marine reserve and has the age structure of an 528 

unfished population. Therefore the recruitment variability returns to a CV of 0.5, the 529 

magnitude of the recruitment variability for an unfished population.   530 

A similar effect occurs for populations with highly mobile larvae, but extinction in the 531 

fished area occurs at a higher fishing mortality rate than for the scenario with a marine 532 

reserve and sedentary larvae (Figure 8c & f); likewise a flow of larvae from the marine 533 

reserve means that the fishing mortality associated with maximum sustainable yield in the 534 

fished area is slightly higher (by 0.02yr-1

Results for the spawning window model were very similar to those for the offspring size 541 

model in comparisons of the constant F policy with no marine reserve to that with a 542 

marine reserve. The constant F policy with no marine reserve produced the highest 543 

cumulative catch; the marine reserve policy applied to a population with highly mobile 544 

larvae could produce up to 90% of the highest cumulative catch, while a marine reserve 545 

policy applied to a population with sedentary larvae could produce 80% of the highest 546 

cumulative catch (Figure 9a & d).  In the case of the population with sedentary larvae 547 

managed with a marine reserve, cumulative catch and exploitation rate become very low 548 

as F becomes high because the biomass in the fished area (and thus available to the 549 

fishery) is very low when F is high and is not supplemented by fish moving from the 550 

marine reserve to the fished area; total biomass remains stable due to the biomass within 551 

the marine reserve (Figures 9a & d, black dashed line). 552 

) than for the scenario with a marine reserve and 535 

sedentary larvae (Figure 8b & c).  Increases in recruitment variability at very low fishing 536 

mortality rates are similar for both marine reserve and non-marine reserve management 537 

scenarios for both the spawning window and offspring size models (Figure 8c & f), while 538 

recruitment variability continues to increase at high Fs in the absence of a marine reserve 539 

for both the spawning window and offspring size models. 540 

The probability of spawning stock biomass falling below 20% of unfished spawning 553 

stock biomass increases at lower exploitation rates for the marine reserve policy applied 554 

to both populations with sedentary and highly mobile larvae than for the constant F 555 

policy with no marine reserve.  Recruitment variability increases as a function of 556 
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exploitation rate as is nearly identical for the marine reserve and constant F with no 557 

marine reserve policies (Figure 9c & f); one exception is that recruitment variability is 558 

higher when F is very high and exploitation rates are low (a signal that population is 559 

nearly extinct outside of the marine reserve) when a marine reserve is applied to a 560 

population with sedentary larvae for the offspring size model (Figure 9f, black dashed 561 

line). 562 
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Discussion 563 

General main points applying to both models 564 

Both the spawning window and offspring size mechanisms acted as portfolio effects for 565 

all biological scenarios (the age-specific, stage-specific spawning window models and the 566 

Berkeley, linear, and exponential relationships for the offspring size model), reducing 567 

recruitment variability relative to control models substantially (by 55-65%) for 568 

populations that were unfished (Figure 3). In the case of the spawning window models, 569 

offspring from mothers of different ages spawn in different windows (times or sites) such 570 

that a year with poor environmental conditions (or particularly good environmental 571 

conditions) for all offspring is rare. In the case of the offspring size model, older mothers 572 

produce offspring that are able to survive more days of starvation and therefore 573 

environmental conditions must be poor for longer time periods to result in a recruitment 574 

failure than if all offspring had equal abilities to survive starvation. Fishing eroded the 575 

portfolio effects for both mechanisms that were modeled such that recruitment variability 576 

increased with increased fishing mortality levels by 20-40% at FMSY

While the spawning window portfolio effect was large relative to larval survival, the 583 

effect was small as compared to the influence of density-dependent mortality when 584 

density-dependent mortality occurred during post-larval stages (after environmental 585 

variation). This finding corroborates results from Minto et al. (2008) showing that 586 

increases in recruitment variability at low stock sizes can be explained by a release from 587 

density-dependent mortality. However, Minto et al. (2008) did not consider alternative 588 

mechanisms that could contribute to increased recruitment variability at low stock sizes, 589 

such as the portfolio effects investigated in this paper. The influence of a spawning 590 

window or offspring size effect on recruitment variability would be confounded with 591 

 and recruitment 577 

followed the environmental signal more closely at low stock sizes for all biological 578 

scenarios (e.g. Figures 4 & 6). As fishing mortality rates increased, fewer older mothers 579 

remained in the population and therefore the spawning window and offspring size effect 580 

were less pronounced, increasing both recruitment variability and subsequently 581 

increasing variability in catch. 582 
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effects of density-dependent mortality in data. Whether density-dependent mortality 592 

occurs primarily at an early larval stage, or early or late in the juvenile stage (such as time 593 

of settlement) and how much environmental variation occurs before versus after density-594 

dependent mortality is an open area of research (e.g. Myers and Cadigan 1993a, b, 595 

Wiedenmann and Essington 2006).  For the offspring size model, parameterization of the 596 

mean number of days of starvation for a scenario with environmental variation occurring 597 

before density-dependent mortality was unrealistic (  days or more). When 598 

environmental variation occurs prior to density-dependent mortality, density-dependent 599 

mortality acts on the larvae that survive starvation in a given year, rather than spawning 600 

stock biomass.  The number of larvae that survive environmental variation in a year with 601 

favorable environmental conditions can be much greater than the deterministic number of 602 

larvae produced at unfished biomass. However, at this magnitude of larvae, there is an 603 

asymptote in the Beverton-Holt stock-recruit curve such that a very high number of 604 

larvae still translate into the survival of R0

General conclusions about marine reserve policies vs a constant F policy with no 614 

marine reserve for populations with spawning window or offspring size effects 615 

 recruits (the deterministic number of recruits 605 

in the absence of fishing). This means that all of the recruitment variation comes from 606 

negative deviations in environmental conditions and the average number of days of 607 

starvation (which determines the amount of recruitment variability in the offspring size 608 

model) required to maintain negative deviations such that recruitment variability is equal 609 

to CV = 0.5 is very high.  Therefore, it is either unrealistic that all of the environmental 610 

variation comes from the number of days of starvation endured by offspring and/or it is 611 

unrealistic that all of the environmental variation occurs before density-dependent 612 

mortality. 613 

A marine reserve policy was found to perform worse than or equal to a constant F policy 616 

with no marine reserve for both portfolio effects (populations with an offspring size or 617 

spawning window effect) for all of the sustainability metrics that were explored.  The 618 

constant F policy with no marine reserve produced cumulative catches that were larger 619 

than or equal to those for the marine reserve policy (for populations with sedentary and 620 
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highly mobile larvae) at all exploitation rates. In addition, the probability of spawning 621 

stock biomass falling below 20% of unfished spawning stock biomass is equivalent 622 

among policies or lowest for the constant F policy with no marine reserve at all. Lastly, 623 

recruitment variability was a monotonically increasing function of exploitation rate 624 

without a marine reserve and with a marine reserve recruitment variability increased with 625 

increasing fishing mortality rates except in the case of fishing mortality rates that were 626 

well above FMSY

The results for cumulative catch are not new; previous studies have also found that 633 

potential long-term catches are higher with conventional regulations than with a marine 634 

reserve when adults are sedentary and with or without larval movement (Gerber et al. 635 

2005, Hilborn et al. 2006, McGilliard and Hilborn 2008). An exception to this conclusion 636 

is when larval dispersal occurs before density dependent mortality and density dependent 637 

mortality occurs locally (Ralston and O’Farrell 2008, McGilliard and Hilborn 2008). A 638 

wealth of previous marine reserve modeling efforts explore a variety of assumptions 639 

about fishing fleet behavior, economics, marine reserve size, number, and spacing, and 640 

the details of larval or adult movement, among other topics, and some of these 641 

assumptions impact the influence of marine reserves on cumulative catch (e.g. Botsford 642 

et al. 2001, Hart 2006, Hart and Sissenwine 2009, Moffitt et al. 2009). This manuscript 643 

addresses only whether there is a particular benefit of marine reserves for sustainability 644 

due to age-related portfolio effects.  645 

. For both the spawning window and offspring size models, the 627 

population outside the marine reserve was at very low biomass at high values of F and 628 

the recruitment variability began to return to levels for an unfished population, reflecting 629 

the unfished state inside the marine reserve. In the most extreme case a marine reserve 630 

was applied to a population with sedentary larvae where the sub-population in the fished 631 

area was almost extinct.  632 

Spawning window model conclusions 646 

Results for the age-specific spawning window model show that the magnitude of increase 647 

in recruitment variability at fishing mortality rates at or below FMSY is small 648 

(approximately 0.1 or less; Figure 4) and never increases more than 0.15, even at very 649 
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high Fs.  Figure 1b shows that although spawners are spread evenly over the spawning 650 

windows, offspring are aggregated in windows 2-5, a minority of the spawning windows. 651 

Although the older fish spawn in different windows than younger fish and have higher 652 

fecundity than younger fish, there are not many of them and most of the offspring still 653 

come from younger spawners. The stage-specific spawning window model maximizes 654 

the portfolio effect by spreading offspring evenly among spawning windows and shows a 655 

substantial increase in recruitment variability at high fishing mortality rates when 656 

density-dependent mortality occurs before environmental variation. 657 

Offspring size model conclusions 658 

The offspring size model displayed a small decrease in the population reproductive rate 659 

as was reported in several previous studies on maternal age effects (Spencer et al. 2007, 660 

2013, Lucero 2008).  However, this study shows that for a density-independent offspring 661 

size effect the change in reproductive rate can be taken into account by changing the 662 

input parameter for reproductive rate (h, which is not steepness in the offspring size 663 

model) so as to compare the offspring size model to a control model with the same 664 

resulting mean stock-recruit curve and the same reproductive rate (steepness; Figure 4).  665 

Without standardizing the reproductive rate it would not be possible to compare the 666 

results of the offspring size model to a control model – this would be a comparison to two 667 

stocks or species with fundamentally different mean reproductive rates.  Observations of 668 

fish stocks and estimates of reproductive rates inherently account for any mean effect 669 

caused by an offspring size effect –fish stocks are never observed prior to the occurrence 670 

of a mean offspring size effect and hence the mean effect of the offspring size model is 671 

already taken into account when estimating the reproductive rate within a stock 672 

assessment with typical assumptions about recruitment. Spencer and Dorn (2013) and 673 

Shelton et al. (2012) fit models with and without a maternal age effect to data (Spencer et 674 

al. 2013b) or time-series of recruits and spawners estimated by a stock assessment 675 

(Shelton et al. 2012). Spencer et al. (2013b) estimated a slightly different stock-recruit 676 

curve in models with maternal age effects than without maternal age effects. Some 677 

models from Shelton et al. (2012) with maternal age effects better explained the time 678 
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series of recruits and spawners than models without maternal age effects. However, both 679 

studies included models with a density-dependent maternal age effect, which was not 680 

explored in our study. 681 

The offspring size effect influences recruitment variability even after the reproductive 682 

rate has been standardized (Figure 6, a-c).  Typical assessments for U.S. West Coast 683 

rockfish species are age-structured models with a specified (or occasionally estimated) 684 

value for recruitment variation which is not assumed to vary as a function of stock size. 685 

Mis-specifying the recruitment variation can lead to substantial bias in biomass and 686 

steepness estimates (Methot and Taylor 2011). Future studies could explore the impacts 687 

of specifying or estimating a constant value for recruitment variability for a stock where 688 

recruitment variability varies as a function of stock size. 689 

Assumptions and potential future studies 690 

As with any modeling effort, the offspring size and spawning window models were based 691 

on some assumptions that may not be realistic.  The offspring size model that uses an 692 

exponential relationship between maternal age and offspring size is an extreme scenario 693 

because offspring from the oldest mothers can survive unrealistically long starvation 694 

periods (Figure 2d).  This case must be interpreted as an extreme upper bound on the 695 

potential influence of an offspring size effect. There is a large age range (age 18+ that is 696 

outside of the range of the data. The three relationships between maternal age and time to 697 

50% mortality that were modeled were intended to explore the upper and lower bounds of 698 

the potential influence of an offspring size effect; the exponential relationship provides an 699 

effective upper bound. Likewise, the Berkeley relationship can be interpreted as a lower 700 

bound on the potential influence of an offspring size effect. The Berkeley relationship 701 

assumes that offspring size (and hence time to 50% mortality) stops increasing for 702 

offspring born to mothers older than approximately age 18. 703 

Future studies could explore the magnitude of age-related portfolio effects when 704 

environmental conditions are temporally autocorrelated. Additionally, inter-annual 705 

temporal autocorrelation in recruitment is observed for many marine fish species; future 706 
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analyses could explore the interplay between age-related portfolio effects and inter-707 

annual temporal autocorrelation.  708 

The possibility that older spawners may utilize a larger range of spawning windows than 709 

younger individuals could be explored as an extension to the spawning window model. 710 

The offspring size model assumed an arbitrary value for the slope of the logistic curve 711 

relating the number of days of starvation to the proportion of offspring that survive. In the 712 

offspring size model, the mean number of days of starvation was changed to standardize 713 

the CV of recruits for an unfished population. Alternatively, the mean could be held 714 

constant and the variation of the number of days of starvation could be adjusted to 715 

standardize the CV of recruits.  Future analyses could explore the potential importance of 716 

these factors.  717 

Other portfolio effects that are not age-related could be occurring.  For instance, evidence 718 

exists that rockfish populations may utilize multiple habitats or spawning windows, but 719 

this may be genetic and unrelated to age (Hauser and Carvalho 2008, Palof et al. 2011). 720 

Heterogeneity in reproductive success could, in part, be driven by the length distribution 721 

(rather than the age distribution) of the population. Several studies have found evidence 722 

of multiple genetic sub–populations of rockfish over their geographic range (Withler et 723 

al. 2001, Buonaccorsi et al. 2002). Future modeling studies could evaluate the relative 724 

influence of these portfolio effects on overall recruitment variability and associated 725 

implications for management. 726 
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environmental 

variation T.2  

Global density-

dependent mortality 

followed by 

environmental 

variation 
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T.4  
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variation followed by 

global density-

dependent mortality 

T.6  

T.7  

T.8  

Environmental 

variation then local 

density-dependent 

mortality 

T.9  

 873 

 874 

Figure legends 875 

Figure 1. Distribution of spawners over spawning windows by age (a & c) and the 876 

resulting distribution of offspring over spawning windows (b & d) for the spawning 877 

window models.  Graphs a & b show age-specific distribution of spawners over spawning 878 

windows and graphs c & d show stage-specific distribution of spawners over spawning 879 

windows. 880 
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Figure 2. Panel (a) shows time to 50% mortality (D50,a) for maternal age a in the 882 

offspring-size model. Dots are data from Berkeley et al. (2004a) and lines are three 883 

models fit to the data used as hypotheses about the relationship between maternal age and 884 

D50,a

 889 

: a model fit by Berkeley et al. (2004a; black line), a linear model (blue line), and an 885 

exponential model (red line). Panels b – d show survival over a range of number of days 886 

of starvation resulting from use of the Berkeley (b), the linear (c), and the exponential (d) 887 

relationship for a range of maternal ages (lines).  888 

Figure 3. Recruitment relative to R0

 897 

 for a sample simulation for (a) the age-specific 890 

spawning window model with simulated environmental variability of  and (b) 891 

the offspring size model with an exponential relationship between maternal age and time 892 

to 50% mortality of offspring; mean number of days of starvation, , is that which 893 

results in output recruitment variability of CV = 0.5 for a scenario with an offspring size 894 

effect. Control scenarios are shown in grey and offspring size and spawning window 895 

effects (the portfolio effects) are shown in black. 896 

Figure 4. Recruitment variability (CV; y-axis) as a function of fishing mortality (x-axis) 898 

for the spawning window model with density-dependent mortality occurring before 899 

environmental variation (a & b) and after environmental variation (c & d); (a & c) show 900 

an age-specific distribution of offspring across spawning windows, (b & d) show a stage-901 

specific distribution of offspring across spawning windows. Control scenarios ( ) are 902 

solid black lines and spawning window models are grey dotted lines (). 903 

 904 

Figure 5. The relationship between spawning stock biomass relative to unfished spawning 905 

stock biomass and recruits for the offspring size model with a linear relationship between 906 

maternal age and time to 50% mortality for (a) an input reproductive rate of h = 0.6 and 907 

(b) an input reproductive rate (h) standardized such that output reproductive rate 908 

(steepness) is equal to z = 0.6.  Data points are indicated with grey dots, mean stock-909 

recruit relationship (red solid line), and 90% intervals (red dashed lines). The black line 910 
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shows a deterministic Beverton-holt stock-recruit curve with steepness equal to 0.6 and 911 

the number of recruits corresponding to unfished biomass (R0

 914 

) equal to that used for the 912 

offspring size model. 913 

Figure 6. Recruitment variability (CV) over a range of fishing mortality rates and 915 

depletion levels (B/B0 shaded in grayscale; a-c) for offspring size models and 916 

corresponding control models with reproductive rate standardized (steepness is equal to 917 

0.6). FMSY is shown for the offspring size model (*) and for the corresponding control 918 

model (o). Graphs d-f show the relationship between spawning stock biomass relative to 919 

unfished spawning stock biomass and recruitment with data points (grey dots), mean 920 

stock-recruit relationship (red solid line), and 90% intervals (red dashed line). The black 921 

line shows the deterministic Beverton-holt stock-recruit curve with the same reproductive 922 

rate (steepness) and R0

 926 

 as for the stochastic simulations with reproductive rate (steepness) 923 

standardized. Offspring size model with a Berkeley (a & d), linear (b & e), and 924 

exponential (c & f) relationship between maternal age and time to 50% mortality. 925 

Figure 7. Distribution of catch over a range of fishing mortality rates (F) for the stage-927 

specific spawning window model (a) and the offspring size model with steepness 928 

standardized and a linear relationship between the maternal age and time to 50% 929 

mortality (b).  Distribution of catch for the spawning window and offspring size models 930 

are shown in pink and face to the right and the corresponding control models are in black 931 

and face to the left. 932 

 933 

Figure 8. Recruitment variability (CV) over a range of fishing mortality rates (F) for a 934 

management scenario with no marine reserve (a &d), a marine reserve covering 20% of 935 

the area applied to (1) a population with sedentary larvae and adults (b & e), and (2) a 936 

population with a high larval movement rate and sedentary adults (c & f). Panels a-c 937 

show an age-specific spawning window model (grey dashed lines) with corresponding 938 

control models (black solid lines). Panels d-f show offspring size models with 939 

standardized steepness and a linear relationship between maternal age and time to 50% 940 
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mortality of offspring. FMSY

 943 

 is shown for the offspring size model (*) and for the 941 

corresponding control model (o). 942 

Figure 9. Relative cumulative catch (a & d), probability of spawning stock biomass 944 

falling below 20% of unfished spawning stock biomass (b & e), and recruitment 945 

variability (c & f) over a range of exploitation rates (catch/total biomass) for the 946 

spawning window model (a-c) and the offspring size model (d-f).  Solid black lines 947 

represent a constant F policy with no marine reserve, dashed black lines indicate a marine 948 

reserve applied to a sedentary fish stock, dotted grey lines indicate a marine reserve 949 

applied to a fish stock with long larval dispersal rates. Lines are drawn over a range of 950 

fishing mortality rates (Fs), starting at F = 0 to F = 0.4 (indicated with an asterisk).  951 
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