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Abstract

Many rockfish species are lotiged and thought to be susceptible to being overfished.
Hypetheses about the importance of oli@genalerockfish to populatio persistence have
led to argumentthat marine reserves are needed to ensure the sustainability of rockfish
populations; However, the implications of these hypotheses for rockfish population
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dynamics are still uncleawe modeled two mechanisms by which reducing the
proportion of older fish in a population has been hypothesized to influence sustainability,
and explored whether these mechanisms influenced mean population dynamics and
recruitmentvariability. We explored whether populations with these mechanisms could
be managed more sustainably with a marine reserve in addition to a constant fishing
mortality-rate(F) than with a constark alone. Both hypotheses can be seen as portfolio
effectsswhereby risk of recruitment failure is spread over a “portfolio” of maternal ages.
First, we modeled a spawning wind@ifect whereby mothers of different ages spawned
in different:times or location@vindows)with local environmental conditions. Second,

we modeled an offspring size effedhereby older mothers produced larger offspring
than younger mothers, where length of a starvation period over which offspring could
survive increased with maternal agecruitment variabilityesulting from both models
was 5565% lower than for models withoutaternal ageelatedportfolio effectsin the
absenceyof fishing ardcreasedvith increases ifrs for both models. An offspring size
effect caused lower output reproductive rates such that the speegrediuctiveate
inputias.a model paramet®as no longer theealized rateneasured as the reproductive
rate observed in model results; this quirk is not addressed in previous analyses of
offspring size dects We conductedh standardization such that offspring size effect and
controllmodels had the same observed reproductive rates.

A comparison of long-term catch, the probability of falling below a biomass threshold,
and recruitment variability over a range of exploitation rates for models withean ag
related portfolio effecthowed no beefit of a marine reserve implemented in addition to
a constanFE (as compared to a const&nalone) for populations with sedentary adults

and sedentary or mobile larvae.
Keywords:marine reserve, maternal age effects, recruitment variability, fish population

dynamies models, fisheries management, marine protected areas,-depsityglent

mortality, larval dispersabkpatial models, rockfish, life history
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I ntroduction

Many rockfish species are lotiged andarethought to be susceptible to overfishing

(Love et al. 2002, Patrick et al. 201@erkeley et al. (2004kgrgue that rockfish may

utilize longevty in several ways which may be important for persistence in a variable
environment; thus reducing the extended age structure of rockfish may not be sustainable.
Many authors (e.g. Pauly et al. 2002, Berkeley et al. 2004b, Birkeland and Dayton 2005)
have argued that perhaps the only wagrtiect age structure and ensure sustainability is
through marine reserveBerkeley et al(2004b) suggeshat maintenance of older
rockfishrinfaypopulations essential for sustainabilibecauselder fish mayspawn in a
different'time or place than younger fish. Environmental conditions may chaage ov

time or space and therefore it is likely that even though environmental conditions may be
poor for.some offspring, conditions will be favorable for other offspring within thne sa
spawning.season or year. This can be thought of as a potential portfolio effect whereby
spawners-utilize the diversity of available spawning time or space over which
environmental conditions may vary, and this is hypothesized to reduce the risk of no
offspring.survival and to lower thater-annual variance afffspring survival Hilborn et

al. 2003; Figge 2004, Hooper et al. 2005, Schindler et al. 2010). A second hypothesis put
forth by Berkeley et al. (2004a, 2004bxhatolder mothers may produce larger offspring
that are able to survive starvation longer than offspring from younger mé{ahaegternal

age effect)Berkeley et al(2004a)conducted laboratory experimenighich showed that
older blaek'rockfish producedriaae with larger oil globules thahose of younger

mothers and that the larvae from older mothers survived longer starvation plegiods

larvae from younger mothers. Laboratory experiments presented in Sogard et al. (2008)
showed.similar resultor seveal other rockfish species.

The potential for a spawning window effect to influence population dynamics has not
been fully exploredLe Bris et al. (2015) investigated relative effects of batch spawning,
an exponential increase in fecundity with increased weight, and the influence ofahate
age on hatching probability for stocks that were well beBgay, where the influence of
density dependent mortality is minimal. They found that the influence of the fecundity-

weight relationship was the most influence on population resistance to and reconery fr

This article is protected by copyright. All rights reserved



85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

Running Title: Modeling ageelated portfolio effects

fishing pressure of the three effects; however, the density dependent moréaldgdins

by way of the stock-recruit curve would likely dampen the influence of increased
fecundity at higher stock sizes.

The potential influence of a maternal age effect on population dynamics has been the
subject ofseveraktudies and much debate (eJy-arell and Botsford 2006 pencer et

al. 2007 Venturelli et al. 2009Trippel 1997). Previously explored hypotheses of the
potentialinfluence of a maternade effect on fish population dynamics have modeled
the effect deterministically as a mean or average etiadecundity or survival of

recruits, Q’karrell and Botsford2006)explored how a maternal age effect in which
older individuals produce motarvaethan younger individuals (beyond weigsgecific
increases inyfecundity) would affect lifetime egg production (LEP), analogous to
spawning biomass per recruit (SBPR), and found that a matgaadffect acting on
larvae ‘prior to densitdependent mortality had only small effects on LEP. One reason
that ncreases in theumber of larvae produced by older individuals has limited influence
on population dynamics is thdénsitydependent mortalitpccurs after accounting for

the maternal age effeahd this means that while older individuals may produce more
larvae.this doesn’t necessarily translate into the survival of fawaethan in models

with no maternal age effedtucero (2008xplored how a maternal age effect
influencing density-dependent mortality via the Beverton-Holt stock-recruit euruél
affect timesto recovery of overexploited stocks, concluding that a maternal age effect
acting 'on.the stockecruit curve would cause small increases in the amount of time for
recovery for only a few stocks. In addition, Spencer et al. (2013) scha@ehaternal age
effect acting ordensityindependent andlependent mortality viaBevertonHolt stock
recruit_ curve for Pacific Ocean perahd Pacific codshowing tlat a maternal age effect
leads tosmall changes in optimal fishing mortality rates. Sé¢studies suggest that
maternal@ge effects may have a small influence on population productivity, population
recovery:-time, and reference points relative to equivalently parameteridsnthat do
not include a maternal age effedtotably, previoustadies of maternal age effects have

each assumed that the effect influences deterministic population dynamics; no previous
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work has been conductéal explore the potential for a maternal age effect to influence
characteristics of recruitmewnériability.

Marshall et al(2010)questioned the ecological underpinnings of a maternal age effect by
asking why younger mothers would produce smaller offspring if larger offspring were
more viable'in the ocean environméMe hypothesize that in a highly variable
environment, such as the ocean, selection for an optimal offspring size may be
inconsistent: It is possible that only larger offspring survive when enviroament
conditions are poor and resources are scarce. However, both small and large offspring
may survive when resources are plentiful. Therefore, while large offspring may ha
higher'survival rates when environmental conditions are poor, they may not have the
same survival advantage over smaller offspring when resources are not limited and
therefore seleatn for larger offspring may be inconsistehe resulting effect is that
having:many small offspring allows the population to take advantage of favorable
environmental conditions, while having some large offspring that can survive longer
periodstofistarvation increases the probability that some offspring survivaud te the
population even when environmental conditions are poor. These larger offspring may
serve_ asa buffer against environmental uncertainty. We hypothesize that a maternal age
effect would influence recruitment variability and that its primary influence on

population dynamics may be a portfolio effect over offspring size which altsitto
recruitment,variability in the absence of fishing. Such a portfolio effect magodecd:by
fishing'duesto the reduction of the contribution of larger offspring from older mothers.
There @are variety of mechanisms by which fishing andtagesation could influence
population variability (see Hsieh et al. 2006, Anderson et al. 2008, and Botsford et al.
2014; in this study, we model the two mechanisms described above, which may be
important to'longived iteroparous fish. The two mechanisans: (1) changes in the

timing ordocation of spawning (spawning windpas a function of maternal age (a
spawning window model) and (2) changes in offspring size as a function of maternal age,
where larger offspring are able to withstand longer periods of starvation (prngjfs

size model). We exploithe extent to whiclthese two mechanisms act as portfolio

effects, lowering recruitment variability in a stochastic environment in thenabof
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fishing. We alsoexplore the implications of fishing and (and thus reducing the proportion
of older fish) on population dynamics and the characteristics of recruitment Mgriabi
Finally, we investigate thenpact ofmarine reservesn population dynamics and

population response to exploitation.
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Methods

Spawning and recruitment for both models is described below and additional population
dynamics are described in Appendix $he dynamics of larval dispersal are the same

for both.the offspring size and spawning window models and are described in Appendix
S1 We parameterized both models to represent black rockfish using parameters from

Samp$on(2007yyith a steepness parametehsf0.6, natural mortality dfl = 0.12yf,
and ages at which 50% and 95% of fish were selected in the fishégy of arB§y;

=6yr, respectively. Growth parameters wdre=442mm,x =0.33yt, andt, =0.75yr,

lengthweight relationship parameters waete=0.00000168,8 =3, ages at 50% and 95%

mat

maturity wereag,

mat

=7.5yr anda,, = 14yr, respectively, and the plus group started at

A ax =50V

The spawning window model

The spawning window modalasan age-structured population dynamics maedti ten
spawning windows, which can be interpreted as spawning grounds or spawning times.
Fish_of-different ages spawneddifferent spawning windowsyhereeachwindow
experiencd independent environmental conditiamshin ayear Spawning windows
wereephemeral structuring of the population that existed only at the time of spawning
and notyear-round. When not spawning, the population ocaaroee or twospdial

areas withspopulation dynamics occurring within each area. Adulviteim each area
weresedentaryvith sedentary larvaerwerelinked by larvaimovement between areas.
The cawvention “spawning windowigefersto the ephemeral structure in the distribution
of maternal.agesver time or spacat the time of spawning, whifared refers to
permanent.spel structure in the population. Areas are included in the model to explore
scenarios ' with a marine reserveh@re one area is open to fishing and the other is a
marine reserveSpawning and recruitment for the spawning windoadel is described
belowwith equations in Table Hdditional equations are specified in Appendix S1.

This article is protected by copyright. All rights reserved
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Spawning and Recruitment for the “spawning windomedel

Several hypotheses about recruitment dynamics and the distribution of spawning stock

biomass over time or spasere modeled

Distribution of spawning biomass across spawning windows

Twaosbielegical scenarios were modeled to represent potential wayspthahersould

be distributed across spawning windovi&rst, spawners progress across spawning
windowsas they ageshifting spawning windowly the same increment each year {age
spedfic distribution of spawners over spawning windows; Figure 1a). Figure 1b shows
that maost of the offspring were from younger mothers and therefore came from only a
few of the spawning windows (windows 2-4 especially) when thespgeHic

distribution ofspawners was applieAlternatively, spawners may shift to a new
spawning windowvhen reaching a new developmental stage (stpgeific distribution

of spawnersiover spawning windows; Figligz The stagespecific alternative was
developed.to creates@nario that would maximizespawning windowvportfolio effect

by resultingin a distribution of offspring over spawning windothsit was as uniform as
possible«(Figure 1d)he two alternatives can be seen as two opposite extremes for the
configuration of spawning windows, where the agecific distribution of spawners
models distinct spawning windows for each age group and the gtaggic distribution
models_a.large amatof overlap in spawning windows among ages such that the
spawning window effect is maximizeBoth alternatives are described in more detail

below,

Age-specific distribution of spawners over spawning windows

We modeled the process by which spawners distribute among spawning windowss using
discreteBeta function (Equation 1Y his parameterization allows flexibility in the
overlap of different ages in each spawning wingdaivich impacts survival of recruits

owing to stochastic events or density-dependantality.
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i (n—i+1)"

(1) P.i= Ziaafl(n i _,_1)/3;;1 ,

where B 1Sithe proportion of agaspawners that spawn at spawmmgdow i andn
represents the total number of spawning winddwe means/., , of the Beta functions

for each fish age are evenly spaced values betwé&ean@.0.999 (Figure 1a). This model
creates’a gradual change in spawnimgdow use with maternal age. The variance of the
agespecificBetafunctionswas0.001 for all ages so that the distribution of spawning
biomass over spawning windowssdistinct for each age; a large value for the variance
would dampen the influence of spawner age on resulting variation in recruitment.
Likewisepholding the CV (rather than the variance) of each Beta function constant across
ages would result in asverlap of multiple oldeageswithin a spawning windowthis

effect ismodeled usinghe stagespecific scenarigdescribed below), where ages

(especially older ages) are grouped together such that the spawning window effect is
approximately maximized’he parameters, and 8, are @lculated from the mean and

variancesof thé&eta function.

Stagespecific distribution of spawners across spawning windows

Here we represent a similar ontogeny of spawmimglows, but instead presume that

spawning windowselection is similar for distindife history stages, each corresponding
to multipleageclassesWe consider eight of these stages, wherek is an index for
group numberThe meansy, , of the Beta functions for fish group were evenly spaced
values-between 0.1 and 0.9 and the variance for each gpegffic beta function was
0.001.As*for the agespecific distribution of spawners,,  aff] were calculated from

the mean and variance for grokip

This article is protected by copyright. All rights reserved
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G =1<a<8

G,=8<a<11

G,=11<a<13

G, =13<a<15

G, =15<a<17

G, =17<a<21

G,=21<a< 28

G, =a=28

These groupings and the number of groups were not based on black rockfish life history,
but were chosen because they resultedhiapproximately uniform distribution of
offspring across spawningindows (Figure 1d) and therefore would maximize the
portfolio_effect across spawning windows in the absence of fishing. An exponential
increasein‘fecunditgt-age as a function of weiglt-age is an alternative example of an
effect that'would result in a more even spretdggs across spawning windows (Le Bris

et al. 2015)., The standardized Beta function for each ggupas:

% (n i+

S (i 415

2 Bs

The standardized Betariction for each age was
(3) Pw=F foracG.

Recruitment

The equations for recruitment and environmental variation are given in Table 1.
Throughoutthe manuscript the term “environmental variation” will refer to a model input
and “reeruitment variability” will refer t@a model output. For the spawning window

model, environmeral variation influences densiindependent survival at each spawning
window. Recruitment variability is the amount of variability in the number of recruits

from year to year that results from the specifications of environmental variability

This article is protected by copyright. All rights reserved
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240 Densitydependent mortality occurs by way of the Bevelitwit stockrecruitment curve
241 and can occur within spawning winddlecal) or globally. Environmental variation can

242  occur before or aftetensitydependent mortalityReproductive rate, h, is neaed as

243 the proportien of the unfished number of recrull%s:i;o , In spawning window areg
244  producedwhen the number of eggs in spawning windawd area is 20% of the

245 number of eggs in spawning windewand area yvhen the population is in an unfished

B . _— : .
246 state, ['° ;this definition of reproductive rate is often referred to as “steepkgss.”

247 production.is assumed to be proportional to mature female spawning biomass.
248 Environmental variatioprocess errornfluenceseauitment in each annual tinstep

249 and for each spawning window, i, with correlatiéh, , among spawning windbese

250 gi,t - N(0,0'é) andni,t :pni—lt +‘C"it \ll_pz ]

251 Biological'scenarios

252  Scenariosvhere environmental conditions in all spawning windewese perfectly

253 correlated«p.=1) were comparetb scenariosvhere environmental conditionsedch
254  spawningswindovwere uncorrelatedd = 0). A set of simulations for eadsiological

255 and management scenario with and without a spawning wieffeatwere conducted.

256  Scenarios with ageand stagespecific dstributiors of spawning biomass over spawning
257 windowswere performed For both of these scenarios, we conducted simulattbese

258 environmental variation occurrdxfore andafter densitydependent mortalityDensity

259 dependentJnortalitwas assumed to be global among spawning windows, but local to
260 spatial aregTable 1).Several biologically feasible scenarmsuld be imagined where

261 density-dependent mortality woute a global effecincluding thaspawnersould

262 experience global dsity-dependent mortality prior to occupying spawning windows and
263 completing padrition. Alternatively, densityndependent mortality could occur within
264 spawning windows prior to global densitependent mortality at the time of settlement.
265 An exploratory simulation was conducted assuming that density dependence was local to
266 spawning windovand spatial are@lable 1, Equations T.2 and T.9) and results did not

267 differ from simulations conducted with global density dependehablé 1,Equations

This article is protected by copyright. All rights reserved
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268 T.3 and T.8); therefore, simulations with density dependence as local to spawning
269 window were not explored further.

270 Model setup and standardization

271 Two main approaches were used to evaluate the spawning window model.
272  Environmental variability, though confounded with observation error, is often assumed to
273 be in the vicinity of CV = 0.5 or 0.6 (e.g. Sampson 2007). Thereforewirsipecified a

274 moderate leyel of environmental variability{ =0.5) aadtulated the resulting
275 magnitudesefecruitment variability (the coefficient of variation (Cof) recruitment
276 over yearsand simulations) for mosl@lith (o =0) and without p =1 ) a spawning

277 window effect We used this approach to evaluate whether the spawning waftkmt/
278 resulted.in lower recruitment variability forp@pulation in an unfished state.
279 Secondwe standardized the magnitude of recruitment variability (CV of recruits) for a

280 populationtin an unfished state by finditing level of environmental variabilitydlue of
281 o0y)in each scenarithat resulted imecruitment variabilityof CV = 0.5 for an unfished

282 populationsWe used this approach to compareetaiveinfluence of fishing on
283 recruitment.variability amongodels (the offspringize and spawninggindow models)
284 and correspondintzontrol” scenarios.

285 Methodsfor, the offspring size model

286 The offspring size model assumes that older mothers produce larger offspring that ar
287 able to survivea longerstarvationperiodthan smaller fispring from younger mothers.

288 Accounting for aroffspringsize effect is conducted in fiveeps. First, environmental

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

290 that offspringmay experiencelhe number of days of stati@n at timet, d;, is chosen

291 from.asdegnormal distribution, where, , ~ N(uy,0%)  such titht= expe,,— o} /2)
292 For example, ifd, = 0 food is readily available at the time of birth at tinaad all larvae

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

294  with no food will survive. Second, a relationship between maternal age and the number of

This article is protected by copyright. All rights reserved
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days at which 50% of offspring fromaternal aga die of starvationDsq 4, is defined

based on data from laboratorypeximentgBerkeley et al. 2004a). Third, logistic

functions for each maternal age are defined that map the relationship between the number
of days of starvation in a particular yedy;, to the survival of offspring from each

maternal age; these logistic functions use the number oftd&@6 starvation)sga, as

a parameter. Fourth, the survival of offspring from each maternal age is comidimed w
informationtabout the current age distribution and unfished age distribution of the
population to calculate a single survival term thapplied to eggs or recruitSteps 25

are described in more detail below.

Relatingsmaternal age to number of daystarvationat which 50% of offspring die

Berkeley-et'al. (2004a) reported the number of days to 50% mortality for offspnmg fro
mothers aged 4 to J&ars,and fit anonlinear modelo thesedata.Thereareno data
beyond age,18, even though black rockfish are lomgland the maximum age in the
population dynamics model &nax = 50; by fitting a model to thesgata we are making
assumptions about the relationship between maternal age and time to 50% nhartality
motherswhose ageare outside the range of the datherefore, & developbiological
scenarios using the model from Berkeley et al. (2p@%awellas exponentiahandlinear
modelsfit to the data phblished in Berkeley et al. (2004a)Based on the data available,
Berkeleys model appears to be the most reasonaiadel fit, but the other two scenarios
were included to capture the uncertainty in this relationship for offspring of rmothe
above age-18 (Figure 2&erkeley’s model is

(4) "Dg,= 15.23 28791 é** ,

whereDsgqids days to 50% mortality of offspring from maternal ag&he exponential

modehis

(5) Dy, =4.5578"%

This article is protected by copyright. All rights reserved
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The linear model is

(6) Dy, =0.6534+ 3.139.

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

The number of days of starvation to 50% mortality for each maternaDagg.ando
the difference between the number of days to 95% mortalitPasy define a
descendindpgistic model for each maternal age relating the number of days of starvation

to offspring survival,y,, (Figure 2b}d

D) Jau {1+ eXP[_'n(lg)fd;_ D5°‘a)ﬂ -

The proportion of larvae survivindy days of starvation/, , is afunction of numberst

age'in.areqtat timet (the subscript is omitted because there is only one spawning
window.inthe offspringize model), maturity at ag@,, weight at agew,, survival of

offspring of maternal ageat timet, and offspring survival for offspring of maternal age

ainyeart, y,, .

Z(j/a,toawaz Na j,t]
®) == : :
Z(Oawaz N, j'tj

Spawning-and recruitment for tloéfsping sizemodel

As for the .spawning window model, density-dependent morizdityoccur before or
after environmental variation. The subscrifg omitted from the description of

recruitment dynamics for thaffspring size model for simplicity because there is only

This article is protected by copyright. All rights reserved
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one spawning window. Egg production is assumed to be proportometure female

spawning biomass.

Densitydependent mortality followed by environmental variation

Recruitment prior to larval dispersd®,, , follows the BevertorHolt stockrecruitment
function'whereB, , is the spawning stock biomass in ayeatimet. A survival scalarg

, iIs necessary4 represents environmental variation, but will never have a value greater

than 1 and*hence wibwer the mean number of recruit®m its predefined value when
the population is in an unfished state. The value of the survival sgalar, , is found
numericallysfor each scenario such that mean recruitment when the populatiamis i

unfished-state remairegjual toR, , .

4n(B,/B,,)
(1-h)+(5h-1)( B, /B,

@) [RiaF Ro )Mﬁ :

Environmental variation followed by ddétysdependent mortality

The number of eggs in argat timet is a function of the spawning stock biom@%, ,

the proportion of eggs that survive environmental variation atttiche and the survival

scalar,gwsFhe number of recruits prior to larval disperdd], ., , is:

4h(BjE,tﬂt¢/§vo)
(1-h)+ (5h- 1)( B;EMW/ aﬂ) |

(10) R;,t+l = R 0

Biolegical scenarios

All simulations were conducted fét) the offspringsize model an¢) a control model,
which assumed that alffspring hadhe size and characteristics that would be associated

with anoffspring from an age Ifmotherproducedrom theoffspringsize modelalmost
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100% of age 1tdividuals are maturand so offspring are large enough to survive a few
days of starvation in mosodel parameterizations

An offspring sizemodel and a control model webased on théhree assumptions
(Berkeley, linear, and exponential models; Equation} 4l&ting maternal age the

time t0.50% mortality of offspring. In addition, all of the above scenarios were
conductedvhendensitydependent mortalitpccurred prior to environmental variation.

Model setup and standardization

Threemain approaches were usecet@luate the offspringize malel. First, he true
distribution of the number of days of starvation experienced by larvae of any given fish
populationtis unknown, but recruitment variability is often assumed to be in the vicinity
of CV =0:5'(e.g. Sampson et al. 200Tp evaluate theole of an offspring size effect in
determining recruitment variability the absence of fishing we found a value for the

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

0.5 for an'effspring size model. The same mean number of days of starygtiomas

appliedte.the control mod&r a population in an unfished stateassess the magnitude
of additional recruitment variability that would occur in the absence of therioifssize
effect.

Secondyas.for the spawning window model, to evaluate the influence of fishing on the
magnitude of recruitment variabilignd to allow for comparison of results between the
offspring"size and spawning window models, we standardized both offspring size and

controlmodels such that recruitment variability was CV = 0.5 in the absence of fishing
by changing'the mean number of days of starvatign,

Third, initialiruns of the offspring size model showed that reproductivéstatepnesss
reduced by an offspringjze effect. In a typical aggructured model, the reproductive
raterthat is specified as a model injgudlso the average reproductive rate that results
from model runsTheinput parameter for reproductive ralteis not steepness by
definition in e offspring size model; when spawning stock biomass is 20% of unfished
spawning stock biomass, the proportion of recruits that occur is lesis thaine

unfished number of recruits. That(@mitting the subscrigtfor simplicity),
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R B . : :
387 —=#hwhen—= 0.z Hence, a compans of an offspring size model and a

388 corresponding control model with the same values specified for reproducéve rat

389 parameteh is a comparison of stocks with different reproductive rates. Although this is
390 an interesting theoretictdature of this moddhln offspring size effect may be a factor

391 thateontributes to the reproductive rate that we observe for a stock), we are interested in
392 comparingsstocks with the same reproductive rates, with and without an offspeng siz
393 effect.[Therefore, in the thirdpproach we introduce the parametewhich isthe

394 reproductive ratésteepnegsn theoffspring size model and we find the valuenof

395 (which'determines the reproductive rate, but is not the reproductive rf)efatsevhich

396 z the actualyreproductivate (steepness), is equal to.OMsathematically, ér typical age

. : . B
397 structured*models and in the spawning window mel_%e# z=hwhen—= 0. . For

398 the offspring size model, we numerically found the valule sxich that

R B . .
399 —=z WhenE: 0.z for a given mean number of days of starvatiagn, . prbeess

400 of standardizing the reproductive rate was nested within treraéntioned

401 standardization of the mean number of days of starvédiseh that recruitment

402 variability was equal to CV = 0.%ecause the mean number of days of starvation
403 influencesthe extent to which the input measure for reproductive matiffers from the
404 resulting.reproductive rateFor each trial combination of the mean number of days of

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

406 multiplier (¢), as mentioned previouslyo that theaverage recruitment for an unfished

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

408 that was'specified as a model ingry,

409 Management Scenarios (both models)

410 Two management scenarios were evalufde@ach biological scenariaconstant
411 strategy with logistic selectivity and a constkrgtrategy with a ndake marine reserve
412  covering 20% of the area with logistic selectivity in the fished area and whdfenidie
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applied tobiomass in the fished are&€hoice of spawning window was based only on
fish age or stage and was independenttwéther a fish occurred within a marine reserve
or fished area. ®lues for fishing mortalityR) ranging from 0 to 0.2yrwere simulagd

for each.management scenafo@r each management scenario, the population was
initialized at an equilibrium corresponding t@tlscenario and a value flér Outcomes

of amotake'marine reserve are expected to change with fish movement dynamics.
Thereforeythe management scenario that included a marine reseievess

conducted for a sedentary population with no larval and adult movanevell ador a
populationswith extensive larval movement. Larval movement occafteddensity
dependentsmortalitpAppendix S). The outcome othe management scenarios without
notake marine reservaetes not depend on larval movement patterns and therefore were

only simulated for a sedentary population.

Performance M easur es (both models)

The following metricswvere used to measure differences in performance of models with
andwithout-aspawning window or offspring sizdfectand to compare the offsprisize
model to_the spawning window model for scenarios with constant F polit)es/erage
inter-annualvariability in recruitmen(referred to as “recruitment variability” throughout
the manuscript Averageinter-annualvariation was calculated by measuring ititer-
annualCV (standard deviation/meaayer 100 years beginning after a 100 year barn-
period andcaveragedver D0 simulations for each fishing mortality rate and (2) the
distribution-of catches at each fishing mortality rate, including catchestifroi00 years
afterthesburrin period and over the 500 simulations.

To compare th efficacy of constant F policies with and without a marine reserve
covering 20% of the area we evaluated the following metrics over a range of exploitat
rates (catch/total biomassere total biomass includes biomass within marine reserves
(1) avera@ interannual variability in recruitment (as described abp{@)the

probability ofthe spawning stock biomass falling below 20% of unfished spawning stock

biomass, and (3) the lortgrm (cumulativeratchaveraged over simulations.
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Results

The structue of the results section is as follows. First, we show that a portfolio effect
exists for both the spawning window and offspring size models in the absence of fishing
wherebysrecruitment variability is lower with an offspring size or spawwingow

effectthan withoutsuchan effect. Next, we discuss the effects of fishing on recruitment
and'catch variability for the spawning window model and then for the offspring size
model‘and show the effect of the offspring size model on reproductive rate. Lastly, we
show theperformance metrics faonstanf policies with and without a marine reserve

for a sedentary population and a populatath high larval movement rates.

Existenceofa portfolio effect for populationsin an unfished state

As expected, th of the potential mechanisms (age-specific spawning windows and
variatian in offspring size by age) lead to a portfolio effect, exhibiting laweruitment
variability.than for control models without these mechanisms for populations in an
unfished stat¢Figure 3) More specifically, jure 3a shows that the spawning window

model.(p =0) results ininter-annual recruitment variability in trebsence of fishing

mortalitythat is 55% lowethan a model with only one spawning window<£1 ) when
both modelsimulatethe saméevel of environmental variabilityoy ). Likewise, Figure

3b showstthat the offspring size model exhibits recruitment variathibtyis 65% lower

thanfor a control model in the absence of fishing mortality when both the offspring size
and control modslsimulatethe same mean number of days of starvatign)(The

maghnitude-of variability shown in Figure 3a is not comparable to that in Figure 3b; the
total @amount of recruiment variation for the offspring size effect model originates from
the mean number of days of starvatipg)( as well assr, while the magnitude of
recruitmentwvariation for the offspring size model originates from a combinatjoard

OR.

Effects of fishing on the spawning window portfolio effect

Figure 4 shows the influence of fishing mortalityresruitment variabilityvhere the

recruitment variabilitywas standardized to & = 0.5 for the spawning window and
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corresponding control models for populations in an unfished sta&eruinent

variability increasess a function oincreasindishing mortalityfor the spawimg

window mode] while it remains constant for all fishimgortality and spawning stock
biomass levels in the control models for both the age- and stage-specific spawning
window, models when environmental variation occurs aféasitydependent mortality
(Figureda& b). Recruitment variabilityalso increases as a function of increasing fishing
mortalitysand decreasing spawning stock size when environmental variation occurs
before densitydependent mortalit{Figure 4c& d), but the increase in thiecrutment
variability due to the declining influence of denstgpendent mortalitgn offspringat

lower spawning stock sizes (which applies to the spawning window and control models
alike) is much greater in magnitutten the influence of age- or stagjgedfic spawning

windows (Figure 4& d).

Effects of fishing on the offspring size portfolio effect

Variation'in offspring size by maternal age results in lower reproductiveaiate
intermediatespawning stock sizgsteepness is approximately 16% lower) than for a
corresponding control model fatl offspring size model scenarios (a “mean effeetg.

Figure 5a).This means thahe input paraeter for the reproductive ratghich is

measured as steepness in a typicalsigectured model (e.g. Figur@,%lack line) is no

longer the reproductive rate for the fish stock (Figure 5a, solid red line). Figure 5b shows
thatthe stockrecruit relationship is nearly identical in shape and magnitude at eakh stoc
size toqartypical, deterministic Bevertbiolt siock-recruit curve with no offspring size
effectwhenthe reproductive rate (steepness) is standardibecefore, the mean effect
caused by the offspring size model can be completely removed by standardizing the
reproductive rate such that it is the saamdor a control model. With the mean effect
removed, other performance metrics can be compared between offspring size and control
models.

Recruitment variabilityncreases as a function of increasing fishing mortality rates for
scenarios with Berkeley near, and exponential relationships between maternal age and
time to 50% mortalityand when the offspring szffect occurred after density
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dependent mortalitgFigure 6a€). The increases in recruitment variability with increases
in fishing mortalityare least pronounced when the Berkeley relationship is applied
(Figure 6ajand largest when the exponential relationship is used (FigurEiguaje 6d

6f confirm. that the mean stock recruit curves for each of the offspring size model
scenarios is nearly idécal to the deterministic Bevertétolt stock recruit curve after

the reproductive rates are standardized to match that of the deterministic Béiatton
curve.

Simulations where environmental variation occurred prior to dedsipendent mortality

for the offspring size models required the mean number of days of starvation to be great
than orequal to 119 days to achieve recruitment variability of CV = 0.5 for anathfish
stock. These scenarios were not explored further because it is unrealistic to assume that
the mean number of days of starvation endured by larvae is 119 or mo(8elkgtey

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

How do portfolio effectsinfluence variation in catch?

Variability=in: catch is higher fothe stagespecificspawning window and offspring size
models than for the corresponding control models (Figure 7). However, the increase in
variability 1s mostly due to spikes in catches, rather than extremely low catches, as
indicated by the long upper tails of the distributions of catawach fishing mortality

level for the spawningiindow and offspring size model in Figure 7 (relative to the

control models)In contrast, the lower tails of the distributions are similasfiwning
window-and-offspring sizeffect and control model&igure 7). The largest catches for

the spawning window model (Figure 7a) are approximately double the size of the larges
catches for the offspring size model (7b) for intermediate fishing mortality (@igF =
0.1yr?h).

Comparing the constant F policy with no marinereserveto the constant F policy
with amarinereserve

Recruitment variabilityncreases with increasing fishing mortality rates up t& ah
0.15yf* and then decreases for higlerfor a population with sedentary larvae and

adults influenced by a spawning windowoffspring size effedfFigure 8b & e) This
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527 result occurs becauses the population outside the marine reserve is fished to extinction,
528 the total population resides within the marine reserve and has the agerstofien

529 unfished population. Therefore thecruitment variabilityreturns toa CV of0.5, the

530 magnitude of theecruitment variabilityfor an unfished population.

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

532 fished arearoccurs at a higher fishing mortality rate than for the scenario with a marine
533 reserveandisedentary larvae (Figure 8c & f); likewise a flow of larvae from the marine
534 reserve means thtte fishing mortality associated with maximum sustainable yield in the
535 fished areauis slightly higher (by 0.0éyrthan for the scenario with a marine reserve and
536 sedentary larvae (Figure 8b & cnclreases inecruitment variabilityat very low fishing

537 mortality rates are similar for both marine reserve andmarne reserve management

538 scenarios for both the spawning window and offspring size m{gigisre 8c & f) while

539 recruitment variabilitycontinues to increase at high in the absence of a marine reserve
540 for bothsthe/spawning window and offspring size models.

541 Resultssforthe spawning window model were very similar to those for the offspréng s
542 modekin comparisons of the const&mnpolicy with no marine reserve to that with a

543 marinesreServelhe constankE policy with no marine reserve produced the highest

544  cumulative catchthe marine reserve policy applied to a population with highly mobile
545 larvae'could produce up to 90% of the highest cumulative ,catdle a marine reserve

546 policy applied to a population with sedentary larvae could produce 80% of the highest
547 cumulativescatch (Figure 9a & d). In the case of the population with sedentary larvae
548 managed with a marine reserve, cumulativetcand exploitation rate become very low
549 asF becomes high becausiee biomass in the fished area (and thus adaile the

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

551 marine reserve to the fished area; total biomass remains stable due to the biomass within
552 the marine‘reservig-igures 9a & d, black dashed line).

553 The probability of spawning stock biomass falling below 20% of unfished spawning
554  stock biomass increases at lower exploitation rates for the marine reserve policy applied
555 to both populations with sedentary and highly mobile larvae than for the caRstant

556 policy with no marine reserveRecruitment variability increases as a function of
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557 exploitation rate as is nearly identical for the marine reserve and coRstahtno

558 marine reserve policiggigure 9c & f) one exception is that recruitment variability is
559 higher wherF is very high and exploitation rates are low (a signal that population is
560 nearly extinct outside of the marine reserve) when a marine reserve is applied to a
561 population with sedentary larvae for the offspring size model (Figure 9f, blackddashe
562 line):
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Discussion

General main points applying to both models

Both the"Sspawning windoand offspring size mechanisms acted as portfolio effects for
all biologieal-seenariofhe agespecific, stagepecific spawningvindow models and the
Berkeley, linear, and exponential relationships for the offspring size model)ingduc
recruitment variability relative to control modeigbstantially (by 5%5%)for
populations/that were unfishéigure 3) In the case of the spawning window models,
offspring from mothers of different ages spawn in different windows (timeses) siich
that a year with poor environmental conditions (or particularly good environmental
conditions) for all offspring is rare. In the case of the offspring size model, olderrmothe
producesoffspring that are able to survive more days of starvation artbtieer
environmental conditions must be poor for longer time periods to result in a recruitment
failure/than'if all offspring had equal abilities to survive starvatiashing eroded the
portfolio effects for both mechanisms that were modeled such thmaitneent variability
increasedwith increased fishing mortality levieys20-40%at Fysy and recrument
followed.the environmental signal more closely at low stock sizes for all biological
scenarioge.g. Figures 4 & 6)As fishing mortality rateghcreased, fewer older mothers
remainedsinsthe population and therefore the spawning window and offspring size effect
were less pronounced, increasing both recruitment variability and subsequently
increasing variability in catch.

While the spawning windowwortfolio effect was lege relative to larval survivathe

effect was small as comeal to the influence of density-dependent mortality when
density=dependent mortality occurred during dastal stages (after environmental
variation=This findingcorrdoorates results frolinto et al.(2008) showing that
increases imecruitment variabilityat low stock sizes can be explaineddoelease from
density-dependent mortality. However, Minto et al. (2008) did nagidenalternative
mechanisms that coutntribute to increased recruitment variability at low stock sizes
such agheportfolio effectsinvestigated in this papefheinfluence of a spawning

window or offspring size effeabn recruitment variability would be confounded with
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592 effects ofdensitydependent mortalitin data. Whether densigependent mortality

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

594  of settlement) and how much environmental variation occurs bedosesafter density-

595 dependent mortalitis an open area of r@rch(e.g. Myers and Cadigan 1993a, b,

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

597 mean number of days of starvation for a scenario with environmental variatiomiogc
598 before"densitydependent mortalitwas unrealistic £, =119 days or more). When

599 environmental vaation occurs prior to densigependent mortalitydensitydepadent

600 mortality acts on the larvabat survive starvation in a given year, rather than spawning
601 stock biomass. The number of larvidlat survive environmental variation in a year with
602 favorable environmental conditions can be much greater than the determinidbierrmim
603 larvaepreduced at unfished biomass. However, at this magnitudevak there is an

604 asymptote«in the Bevertddelt stockrecruit curve such that a very high number of

605 larvaestill translateinto the survival oR, recruits the deterministic number of recruits
606 in the absence of fishifgThis means that all of the recruitmemriation comes from

607 negativerdeviations in environmental conditions and the average number of days of
608 staryation (which determines the amount of recruitment variability in the offspring size
609 model) required to maintaimegative deviations such that neément variability isequal
610 to CV =0:5.s very highThereforejt is either unrealistic that all of the environmental
611 variation comes from the number of days of starvation endured by offspring ansl/or it i
612 unrealistic that all of the environmental \&ion occurs befordensity-dependent

613 mortality.

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

615 marinereservefor populationswith spawning window or offspring size effects

616 A marinewreserve policy was found to perform sethan or equal to a const&npolicy

617 with no"marine resge for both portfolio effects (populations with an offspring size or
618 spawning windoweffeci for all of the sustainability metrics that wesgplored. The

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

620 than or equal to those for the marine reserve policy (for populations with sedentary and
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highly mobile larvaegt all exploitation ratedn addition, the probability of spawning

stock biomass falling below 20% of unfished spawning stock biomass is equivalent
among policies or lowest for the const&npolicy with no marine reserve at dllastly,
recruitment variability was a monotonically increasing function of exploitation rate
without,a marine reserve and with a marine reserve recruitment variability increased with
increasing-fishing mortality rates except in the case of fishing mortality rates that were
well aboveFysy. For both the spawning window and offspring size models, the
population qutside the marine reserve was at very low biomass at high vafuasdf

the recruitment variability began to return to levels for an unfished population,irgflect
the unfished state inside the marine resdrvéhe most extreme case a marreserve

was appliedito a population with sedentary larvae whersuapopulation in the fished

area was almost extinct.

The results for cumulative catch are not new; previoudietihave also found that
potentiallengterm catches are higher witbroventional regulations than with a marine
reservawhen adults aresedentary and with or without larval movemeaé(ber et al.

2005, :Hilborn et al. 2006, McGilliard and Hilborn 2008). An exception to this conclusion
is whenslarval dispersal occurs before density dependent mortality and densityes¢pend
mortality occurs locally (Ralston and O’Farrell 2008, McGilliard and Hilborn 2088)
wealthof previous marine reserve modelgffprts explore a variety of assumptions

about fishing fleet behavior, economics, marine reserve size, number, and spacing, and
the details.of larval or adult movement, among other topics, and some of these
assumptions impact the influence of marine reserves on cumulativgeatcBotsford

et al. 2001, Hart 2006, Hart and Sissenwine 2009, Moffitt et al. 2009). This manuscript
addresses only whether there is a particular benefit of marine reserves for sustainability

due to ageelated portfolio effects.

Spawning window model conclusions

Results for the agspecific spawningvindow model show that the magnitude of increase
in recruitment variability at fishing mortality rates at or beewsyis small
(approximately 0.1 or less; Figure 4) and never increases more than 0.15, even at very
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highFs. Figure 1b shows that although spawners are spread evenly over the spawning
windows, offspring are aggregated in windows 2-5, a minority of the spawning windows.
Although the older fish spawn in differemtndowsthan younger fish and have higher
fecundity.than younger fish, there are not many of them and most of the offspring still
come from younger spawners. The stage-specific spawning window madslizes

the portfolioeffect by spreading offspring evenly among spawning windows and shows a
substantialtincrease in recruitment variability at high fishing mortality rates when

density-dependent mortality occurs before environmental variation.

Offspring size model conclusions

The offspring size model displayedmall decrease itihe populationreproductive rate

as was'reported several previous studies amaternal age effec{Spencer et al. 2007,
2013, Lucero 2008). However, this study showsfitrad densityindependent offspring
size effecthe change in reproductive rate can be taken into account by changing the
input parameter for reproductive rake {hich is not steepness in the offspring size
model)'soras to compare the offspring size model to a control model with the same
resulthg mean stockecruit curve anthe same reproductive rate (steepness; Figure 4).
Without standardizing the reproductive rate it would not be possible to compare the
results,of the offspring size model to a control model — this would be a comparisan to tw
stocks or species with fundamentally different mean reproductive @teservations of
fish stacks and estimates of reproductive rates inherently account for any mean effect
causedsby-an offspring size effedish stocls are never observguior to the occurrence

of aimean-offspring size effect and hence the mean effect of the offspring sizesmodel
already taken into account when estimating the reproductive rate within a stock
assessmentith typical assumptins about recruitmenpenceand Dorn (2013) and
Shelton et al. (2004it models with and without a maternal age effect to {@peencer et

al. 2013b)or time-series of recruits and spawners estimated by a stock assessment
(Shelton et al. 2012). Spenaaral. (2013b) estimated a slightly different stoekruit

curve in models with maternal age effects than without maternal age effects. Some
models from Shelton et al. (2012) with maternal age effects better explainedehe t
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series of recruits and spaers than models without maternal age effects. However, both
studies included models with a dengitgpendent maternal age effect, which was not
explored in our study.

The offspring size effect influences recruitmeatiability even after the reproductive
ratehas been standardized (Figure 6).aTypical assessments for U.S. West Coast
rockfishrspecies are agtructured models with a specified (or occasionally estimated)
value forrecruitment variatiowhich is not assumed to vary as a function oflstze
Mis-specifyingthe recruitment variatiooan lead to substantial bias in biomasd
steepnesssestimat@dethot and Taylor 2011). Future studies could explore the impacts
of specifying or estimating a constant valueremruitment variabilityfor a stock where

recruitmentariabilitywaries as a function of stock size.

Assumptions and potential future studies

As with any /modeling effort, the offspring size and spawning winomalels were based

on some ‘assumptions thraty not be realistic The offspring size model that uses an
exponentialrelationship between maternal age and offspring size is an extreme scenario
because_ oifspring from the oldest mothers can sunuvealisticallylong starvation

periods (Figure @. This case must be integied as an extreme upper bound on the
potential influence of an offspring size efféthere is a large age range (age 18+ that is
outside of the range of the dafidne three relationships between maternal age and time to
50% mortality that were modeleceve intended to explore the upper and lower bounds of
the potential influence of an offspring size effect; the exponential relatppsbwides an
effectiverupper bound.ikewise, the Berkeley relationship can be interpreted as a lower
boundion the poteiat influence of an offspring size effedihe Berkeley relationship
assumes that offspring size (and hence time to 50% mortality) stops increasing for
offspring born to motherslder than approximately age.18

Future,studies could explore the magnitudagerelated portfolio effects when
environmental conditions are temporaytocorrelatedAdditionally, inter-annual

temporal autocorrelation in recruitment is observed for many misimspecies; future
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analyses could explore the interplay betweenratgted portfolio effects and inter

annual temporal autocorrelation.

The possibility that older spawners may utilize a larger range of spawmdgws than
younger.individuals could be explored as an extension to the spawning window model.
The offspring size model assumed an arbitrary value for the slope of the logiséic curv
relating-thesnumber of days of starvation to the proportion of offspring that survite. In t
offspring'size model, the mean number of days of starvation was changed to standardize
the CV of recruits for an unfished population. Alternatively, the mean could be held
constant and the variation of the number of days of starvation could be adjusted to
standardize'the CV oécruits. Futureanalysesould explore the potential importance of
these factors.

Other portfolio effects that are not ageated could be occurringzor instance, evidence
exists thatockfish populations may utilize multiplebitats ospawning windowsbut

this may-be/genetic and uraitdd to ag€Hauser and Carvalho 2008, Palof et al. 2011).
Heterogeneity in reproductive success could, in part, be driven by the length dastributi
(rather.than the age distribution) of the population. Several studies have foundeviden
of multiple genetic sukpopulations of rockfish over their geographic randyélgler et

al. 2001, Buonaccorsi et al. 200Euturemodeling studies could evaluate the relative
influence of these portfolio effects on oakrecruitment variabilityand associated

implications, for management.
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Tables

Table TRecruitment equations for the spawning winomael

Type“of recruitment | Equations

Local density- T.1 BiE“ = 0,52 N, R Qw
dependent mortality :

followed by
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environmental 4h( BE /BE- )

L T2R. ,..=R It 70 expe,, oi/2
variation R:II 1 i.0 (1_ h)+ (5h_ 1)( BI’EJ x/ $Ii 'O) p(’] t R/ )
Global'density- 4h( BE. / BEO)

" _ 1 1
dependent mortality T3 Ra=Ro (1-h)+ (5h—1)( BJEI/ aE’O)
followed.by.

amax
environmental >N, ;RP.Ow
variation 140, = a:almax
Z Na,j,thV\é
a=1
T5 R’,j,t+1 :gﬁlt-#l ijt exp(qt, o-RZ/Z)
Environmental T6E,;, =05 N, R Qwexpg, o2
variation-followed by *
globaldensity T.7E, = Z B
dependent mortality an(E /BE )
T8R,=R, R
(1-h)+ (5h-1)(E,, / B,)
Environmental 4h(E . £
T9 R”“ _ (E,JI/B,J ,0)

variation then local (1-h)+ (Bh-1)(E,;,/ B ,)
density-dependent

mortality.

Figur elegends

Figure™1. Distribution of spawners over spawning windows by age (a & ¢) and the
resulting distribution of offspring over spawning windows (b & d) for the spawning
window models. Graphs a & show age-specific distribution of spawners over spawning
windows and graphs ¢ & d show stagpeecific distribution of spawners ovgrawning

windows.
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Figure 2. Panel (a) shows time to 50% mortalyy(;) for maternal age in the

offspring-size model. Dots are data from Berkeley e{2004a)and lines are three

models fit to the data used as hypotheses about the relationshighetatrnal age and
Dso,: @ model fit by Berkeley et al. (20044a; black line), a linear model (blue line), and an
exponential'/model (red line). Panels d show survival over a range of number of days

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

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

Figure 3. Recruitment relative Ry for a sample simulation for (a) the agjgecific
spawning windownodel with simulated environmental variability g = 0.5 and (b)

the offspring size model with an exponential relationship between maternal atyaend
to 50% mortality of offspring; mean number of days of starvatign, , is that which

results in output recruitment variability of CV = 0.5 for a scenario with an afigpize
effect. Cantrol scenarios are shown in grey and offspring size and spawning window

effects,(the portfiio effects) are shown in black

Figure4Recruitment variability (CV=gxig) as a function of fishing mortality {axis)

for the spawning window model with uigity-dependent mortality occurring before
environmental variation (a & b) and after environmental variation (c & d); (a & ¢) show
an age-specific distribution of offspring across spawning windows, (b & d) show a stage-

specific.distribtion of offspring across spawning windows. Control scenarosX) are

solidsblackslines and spawning window models are grey dotted Ime<)().

Figure 5. The relationship between spawning stock biomass relative to unfishedhgpawni
stock biomass and recruits for the offspring size model with a linear relapdretineen
maternal age and time to 50% mortality for (a) an input reproductive rate 0f6 and

(b) an input reproductive rath)(standardized such that output reproductive rate
(steepness) is equa z= 0.6. Data points are indicated with grey dots, mean stock-

recruit relationship (red solid line), and 90% intervals (red dashed lHeshlack line
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shows a deterministic Bevertdlt stockrecruit curve with steepness equal to 0.6 and
the number of recruits corresponding to unfished bionRgsequal to that used for the

offspring size model.

Figure'6. Recruitment variability (CV) over a range of fishing mortality rates and
depletionslevelsB/By shaded in grayscale; a-c) for offspring size models and
corresponding control models with reproductive rate standardized (steepegsalito
0.6).Fusyis shown for the offspring size model (*) and for the corresponding control
model (0)«Graphs d-f show the relationship between spawning stock biomass telative
unfished'spawning stock biomass and recruitment with data points (grey dots), mean
stockreauitirelationship (red solid line), and 90% intervals (red dashed line). The blac
line shows the deterministic Bevertbolt stockrecruit curve with the same reproductive
rate (steepness) aRg as for the stochastic simulations with reproductive raéesess)
standardized. Offspring size model with a Berkeley (a & d), linear (b & €), and

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

Figure Z+Distribution of catch over a range of fishing mortality rates (F) fatdge

specific spawningvindow model (a) and the offspring size model with steepness
standardized and a linear relationship between the maternal age and time to 50%
mortality=«(h). Distribution of catch for the spawniwindow and offspring size models
areshown.in pink and face to the right and the corresponding control models are in black

and face to the left.

Figure 8. Recruitment variability (CV) over a range of fishing mortality rédefof a
management scenario with no marine reserve (a &d), aenagserve covering 20% of
the area.applied to (1) a population with sedentary larvae and adults (b & e), and (2) a
populatien. with a high larval movement rate and sedentary adults (c & f). Panels a-
show an age-specific spawning window model (grey dashed lines) with corresponding
control models (black solid lines). Panel§ show offspring size models with

standardized steepness and a linear relationship between maternal age and time to 50%
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mortality of offspring Fusyis shown for the offspring size meld*) and for the

corresponding control model (o).

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

falling below 20% of unfished spawning stock biomass (b & €), and recruitment
variability*(e*& f) over a range of exploitation rates (catch/total biomass) for the
spawning'window model (a-c) and the offspring size model (d-f). Solid black lines
represent a constant F policy with no marine reserve, dashed black lines indicate a marine
reserve,applied to a sedentary fish stock, dotted grey lines indicate a marine reserve
appliedito a'fish stock with long larval dispersal rates. Lines are drawn overaofang

fishing mortality ratesKs), starting aF = 0 toF = 0.4 (indicated with an asterisk)
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