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ABSTRACT 1 

Marine reserves are expected to benefit a wide range of species, but most models used to 2 

evaluate their effects assume that adults are sedentary, thereby potentially overestimating 3 

population persistence.  Many nearshore marine organisms move within a home range as 4 

adults, and there is a need to understand the effects of this type of movement on reserve 5 

performance.  We incorporated movement within a home range into a spatially explicit 6 

marine reserve model in order to assess the combined effects of adult and larval movement 7 

on persistence and yield in a general, strategic framework.  We describe how the capacity 8 

of a population to persist decreased with increasing home range size in a manner that 9 

depended on whether the sedentary case was maintained by self persistence or network 10 

persistence.  Self persistence declined gradually with increasing home range and larval 11 

dispersal distance, while network persistence decreased sharply to 0 above a threshold 12 

home range and was less dependent on larval dispersal distance.  The maximum home 13 

range size protected by a reserve network increased with the fraction of coastline in 14 

reserves and decreasing exploitation rates outside reserves.  Spillover due to movement 15 

within a home range contributed to yield moderately under certain conditions, although 16 

yield contributions were generally not as large as those from spillover due to larval 17 

dispersal.  Our results indicate that for species exhibiting home range behavior, persistence 18 

in a network of marine reserves may be more predictable than previously anticipated from 19 

models based solely on larval dispersal, in part due to better knowledge of home range 20 

sizes.  Including movement within a home range can change persistence results 21 

significantly from those assuming that adults are sedentary; hence it is an important 22 

consideration in reserve design.  23 
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 27 

INTRODUCTION 28 

Marine reserves are increasingly being used as a tool in fisheries management and 29 

biodiversity conservation.  Many of the species that contribute to the biodiversity in 30 

protected areas are not completely sedentary, but exhibit movement in the larval, juvenile, 31 

and/or adult stage, and often these mobile species are direct targets for reserve protection 32 

(e.g. Fisher and Frank 2002, Parnell et al. 2005).  Fifty years ago, Beverton and Holt 33 

(1957) pointed out the danger of ignoring adult fish movement in the evaluation of 34 

reserves.  Sedentary adults inside reserves are fully protected from fishing mortality, but 35 

mobile adults may move from reserves into fished areas and therefore be less protected by 36 

reserves, potentially benefiting fisheries yield at the expense of population persistence.  37 

Properly accounting for and understanding the consequences of juvenile and adult 38 

movement is still a critical science gap in the design of marine reserves (Sale et al. 2005).  39 

Spatially explicit population models are commonly used to design reserve networks 40 

(Gerber et al. 2003), but such models have generally been focused on the effects of larval 41 

dispersal and have made the simplifying assumption that adults are sedentary.  Modeling 42 

studies that assume sedentary adults run the risk of overestimating reserve effectiveness for 43 

persistence of mobile species.  An increase in yield from “spillover” due to both larval 44 

dispersal and adult movement is often proposed as a benefit of reserves, but current models 45 
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are inadequate for the task of capturing the potential tradeoffs between greater yield and 46 

decreased protection caused by spillover.   47 

The few population models that explicitly included adult movement showed that 48 

large adult movement rates limit reserve efficacy by limiting gains in spawning stock 49 

biomass within reserve boundaries (references in Gerber et al. 2003, Gerber et al. 2005).  A 50 

“moderate” level of adult movement was suggested as optimal for increasing spillover 51 

from reserves, and therefore yield, while protecting individuals sufficiently to lead to 52 

increases in egg production (Botsford et al. 2003, Gerber et al. 2003 and references 53 

therein).  One commonality of these initial efforts is that adult movement is represented by 54 

diffusion.  Diffusion involves a constant flux away from a source of individuals (e.g. 55 

Quinn and Deriso 1999).  Intuitively, we would expect that animals that move diffusively 56 

are less likely to be protected in reserves than those that are sedentary or exhibit site 57 

fidelity, leading to more pessimistic results of the efficacy of reserves to protect species.   58 

Home ranges, defined as the area an animal uses on a regular basis for its routine 59 

activities (Mace et al. 1983), are a common pattern of adult movement in the nearshore 60 

marine environment and can range in size from 1 meter to tens of kilometers in length 61 

(Lowe and Bray 2006).  Because animals that move within a home range exhibit fidelity to 62 

a particular location, they are likely more suited to protection within reserves than those 63 

that move diffusively.  Home range behavior is not well described by previous models that 64 

characterize movement as a transfer rate or diffusive, random movement.  With diffusion, 65 

the movement of individuals from reserves into fished areas draws from the total 66 

abundance within the reserve, whereas with home range behavior individuals in a reserve 67 

only cross the boundary if they are located near the edge with their home range extending 68 
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into fished area.  Individuals with a home range spanning a reserve boundary will be 69 

exposed to fishing mortality for part of the time, even if its home range is centered within 70 

the reserve (Zeller and Russ 1998).  Vulnerability of an individual to fishing mortality 71 

depends on the location of its home range relative to the location of reserve boundaries 72 

(Kramer and Chapman 1999), and only those individuals with their entire home range 73 

within the reserve will be fully protected from fishing.  Empirical support for the 74 

importance of accounting for home range movement is found in Woodroffe and Ginsberg 75 

(1998).  Their review of large terrestrial carnivores showed that populations that range 76 

widely are more likely to go extinct from small reserves than those with smaller home 77 

ranges, when conflict with humans on reserve borders is a major cause of mortality. 78 

A second limitation of existing models that incorporate adult movement is their 79 

narrow focus on the boundary between a single reserve and an adjacent fished area 80 

(references in Gerber et al. 2003, Starr et al. 2004, Gerber et al. 2005, Kellner et al. 2008).  81 

Of the existing spatially explicit models that deal with multiple reserves, most are tactical, 82 

with movement rates parameterized for a particular species in a specific reserve network 83 

(Attwood and Bennett 1995, Guenette et al. 2000, Martell et al. 2000, Meester et al. 2001, 84 

Walters et al. 2007).  They do not attempt to provide general conceptual understanding of 85 

the effects of both adult and larval movement on reserve effectiveness.  Given the 86 

importance of larval dispersal to population persistence in reserve networks (Botsford et al. 87 

2001), there is a need to understand the combined results of both larval and adult 88 

movement within entire reserve networks in a general, strategic framework.  89 

Previous models that have revealed the effects of larval dispersal on persistence and 90 

yield for sedentary species provide a context within which new results for adult movement 91 
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should be placed.  In any marine population, population persistence requires that 92 

replenishment from larval stages be sufficient to offset benthic post-settlement mortality; 93 

i.e., that each adult replaces itself within its lifetime (Hastings and Botsford 2006).  Studies 94 

of persistence with larval dispersal have shown two ways in which populations can persist 95 

in a system of reserves: (1) self persistence and (2) network persistence.  In the self-96 

persistent case, enough larvae return to the same reserve to maintain replacement.  97 

Replacement in network persistence occurs through multiple paths connecting reserves 98 

over several generations (Botsford et al. 2001, Hastings and Botsford 2006).  Species with 99 

short larval dispersal distances are generally protected by self persistence in reserves, 100 

whereas species with long larval dispersal distances are protected by network persistence.  101 

An important practical difference is that network persistence is generally less predictable 102 

than self-persistence (Kaplan et al. 2009). 103 

We incorporated adult movement within a home range into a spatially explicit 104 

marine reserve model in order to determine the effects on persistence and yield and to 105 

explore the interaction between larval dispersal and adult movement in a general, strategic 106 

framework.  We first present results for a single cohort in order to reveal more clearly the 107 

effects of home range on eggs-per-recruit and yield-per-recruit.  We then include 108 

recruitment and larval dispersal to form a complete population model, and examine the 109 

effects on settlement and yield and ultimately the interactions between adult movement and 110 

larval dispersal.  We show the general results of adult movement in home ranges, its 111 

interaction with larval dispersal, and the differences in results depending on self 112 

persistence or network persistence.  We demonstrate tactical application of this model by 113 

evaluating a reserve network on the California coast.  We quantify how models that do not 114 
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include adult movement will overestimate the capacity of the population to persist, in some 115 

cases even for species with home ranges an order of magnitude smaller than reserve size. 116 

METHODS 117 

Individuals have unique patterns of spatial use within their home ranges.  The 118 

shape of an individual’s home range can appear elongate or circular, Gaussian or 119 

multimodal (Eristhee and Oxenford 2001, Parsons et al. 2003, Topping et al. 2005, 120 

Jorgensen et al. 2006).  Individuals may exhibit one or multiple core areas – areas within 121 

the home range where a disproportionate amount of time is spent (Eristhee and Oxenford 122 

2001, Parsons et al. 2003, Jorgensen et al. 2006).  Size and shape of the home range can be 123 

affected by habitat quality and shape (Matthews 1990, Eristhee and Oxenford 2001, Lowe 124 

et al. 2003, Topping et al. 2005), although we do not include this in the model for the sake 125 

of parsimony and because the knowledge of the habitat is typically not adequate for this 126 

level of detail. 127 

We modeled home range as a probability density function (pdf) along a linear 128 

coastline with continuous habitat (cf. Meester et al. 2001).  Our method is flexible in that it 129 

can accommodate any assumptions about the size and shape of the home range.  Because 130 

home range shape varies among individuals in a population, and core areas can be found 131 

anywhere within the home range, any pdf is a simplification.  Here we show results for the 132 

conservative estimate, a uniformly distributed pdf.  We also ran the model for a normally 133 

distributed pdf and found that results are similar, but species are slightly more protected 134 

from fishing mortality.  For each discrete point in space we calculated the fraction of the 135 

instantaneous fishing mortality rate experienced by an individual with its home range 136 

centered there.  This vulnerability to fishing mortality ( xv ) of individuals whose home 137 
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range pdf is centered at x along a coastline equals the fraction of the home range that 138 

overlaps fished area: 139 
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Single cohort 143 

The effects of fishing mortality on reproduction are expressed in terms of eggs-per-144 

recruit (EPR), the number of eggs an average recruit produces over its reproductive 145 

lifespan (Goodyear 1993).  For an age-structured population, EPR for an individual with its 146 

home range centered at x is the product of its survival to age a (la) and its fecundity at age 147 

a (ma) summed over all ages above the age of maturity (amat ): 148 
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where survival ( xal , ) is a function of the instantaneous natural mortality rate (M), and the 150 

product of the instantaneous fishing mortality rate (F) and vulnerability to fishing mortality 151 

( xv ) for fish older than the age at first capture in the fishery (tc): 152 
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Vulnerability to fishing mortality ( xv ) is incorporated into the survival term in a similar 154 

manner as age selectivity – it is a selectivity modification of F that is wholly dependent 155 

upon spatial location.  Fishing mortality rate is assumed to be uniformly distributed outside 156 

reserves.  Our goal is to evaluate population persistence and yield for species with varying 157 
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adult and larval dispersal distances exposed to specified levels of fishing effort outside 158 

reserves.  We are not comparing results before and after reserve implementation.  159 

Therefore, it is not necessary to include here the additional complexities of redistribution 160 

of fishing effort after reserve implementation.  Fecundity at age increases with weight, as is 161 

the case for Sebastes melanops (black rockfish) (Bobko and Berkeley 2004) 162 
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where f and g are fecundity parameters.  Weight at age ( aw ); 164 

b
aa Ldw =                                                                 (2d) 165 

is calculated from length at age (La), and weight at age parameters d and b.  Length is 166 

defined by the von Bertalanffy growth equation: 167 
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where L∞ is asymptotic length, t0 is the age at which an individual would have been length 169 

0, and k is a von Bertalanffy growth parameter. 170 

The fraction of natural eggs-per-recruit (FNEPR) at each location is the proportion 171 

of EPR relative to the natural EPR level (NEPR):  172 

NEPR
EPRFNEPR x

x =                                                            (3a) 173 

where NEPR is a calculation of EPR in the absence of fishing: 174 
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with survival (la) depending only on natural mortality (M): 176 
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FNEPR here is essentially the same as the fraction of lifetime egg production (FLEP), a 178 

term used by O’Farrell and Botsford (2005), and the spawning potential ratio (SPR) 179 

commonly used in fisheries (Goodyear 1993). 180 

Yield-per-recruit is the yield a recruit contributes to the fishery from the age of 181 

entry into the fishery (tc) to its maximum age: 182 
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Multiple cohort model with reproduction and larval dispersal 184 

Because persistence in reserve networks ultimately depends on connectivity 185 

through the larval stage, larval dispersal and a stock-recruitment relationship are 186 

incorporated into the model.  The stock-recruitment relationship is a description of the 187 

number of new recruits into a population that are produced from a given amount of egg 188 

production.  In a single, non-spatial population the minimum value of EPR required for 189 

persistence is related to the form of the stock-recruitment relationship: 190 

)0('
1EPR

R
>                                                                  (5) 191 

where R’(0) is the slope of the stock-recruitment curve at the origin (Sissenwine and 192 

Shepherd 1987, Goodyear 1993).  If FNEPR is reduced by fishing so as to be less than 193 

1/R’(0), the equilibrium population size will go to 0 and the population will collapse.  194 

Because of the difficulty in determining the shape of the stock-recruitment relationship at 195 

low population levels, the value of FNEPR required for sustainability is typically highly 196 

uncertain.  Fishery biologists have found that values of FNEPR in the range of 35-60% 197 

avoid collapse for populations in which it has been studied (Mace and Sissenwine 1993, 198 

Myers et al. 1999, Clark 2002, Dorn 2002).   199 
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We used the numerical method developed by Kaplan et al. (2006) for evaluating 200 

persistence of marine reserve networks for spatial populations with dispersing larvae and 201 

sedentary adults.  This equilibrium method, termed dispersal-per-recruit (DPR), is an 202 

extension of the ad-hoc approach taken in Botsford et al. (2001).  DPR essentially 203 

determines population persistence by accounting for all pathways by which larvae can be 204 

dispersed to and returned from each point in space.  It is a simplification of the full 205 

population model, and it reduces the problem of persistence to knowing just the 206 

distribution of EPR over space, larval dispersal, and the replacement level of the 207 

population.  The larval dispersal pattern, which connects egg production at one location to 208 

post-larval settlement at another, is modeled here by a Laplacian distribution (a decaying 209 

exponential in both directions).  Post-dispersal density-dependence is incorporated via the 210 

stock-recruitment relationship of a hockey-stick form, which increases linearly with egg 211 

production until a maximum value is reached and is then constant (Barrowman and Myers 212 

2000).  The slope of the hockey-stick function at low egg production was chosen to 213 

correspond to a threshold of 35% of natural EPR.   214 

We incorporated adult movement into the DPR model by using the spatial 215 

distribution of EPR that accounts for movement of fish within home ranges (Eq. 2a).  The 216 

iterative DPR approach was used to determine the equilibrium levels of settlement, 217 

recruitment and yield in space that would result from that spatial distribution of EPR.  The 218 

iterative version of DPR finds the equilibrium distribution of recruitment and adult 219 

biomass more quickly than a full simulation model.  Although the general results depend 220 

only on the spatial distribution of FNEPR, dispersal and the critical replacement level of 221 
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the population, the same life history parameters were used throughout the results in order 222 

for the magnitude of yield-per-recruit and therefore yield to be comparable (Table 1).   223 

   We first evaluated persistence and yield for home ranging species along a linear 224 

coastline of infinite length and continuous habitat.  An infinite coastline constructed from a 225 

repeating unit of coastline was used in order to avoid the idiosyncratic effects of larvae and 226 

adults being lost at the boundaries.  We demonstrate the process with a single reserve, then 227 

show results for multiple reserves along a coastline.  Finally, we show persistence and 228 

yield results in patchily distributed habitat for a network of marine protected areas along 229 

the California coast.   230 

RESULTS 231 

Single reserve 232 

The vulnerability to fishing mortality was calculated for individuals with home 233 

ranges centered at each point along the coastline for several different home range sizes 234 

(Fig. 1a).  For this illustration we assumed that fishing outside reserves reduced FNEPR to 235 

0.2, a level that has been observed for some rockfish populations along the California coast 236 

(O'Farrell and Botsford 2006).  For sedentary species (i.e. species with individuals that are 237 

contained in one discrete cell along the coastline), vulnerability to F (vx) was simply 1 238 

outside the reserve and 0 inside the reserve.  For species that move within a home range, as 239 

the overlap of home range and fished area increased, either due to home range location or 240 

size, an individual’s vulnerability to fishing mortality increased.  Total protection from 241 

fishing mortality ( xv = 0) was possible only for individuals with home ranges entirely 242 

contained in the reserve.  The effects of the reserve extended further into the fished area 243 

(and vice-versa) as home range size increased. 244 
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The resulting fraction of natural eggs-per-recruit (FNEPR) decreased with 245 

increasing vulnerability, and had lower values as home range increased, suggesting that the 246 

capacity of the population to persist in reserves decreases with increasing home range size 247 

(Fig. 1b).  FNEPR was equivalent to the unfished level (FNEPR=1) for individuals with 248 

home ranges contained entirely within the reserve and decreased to the fully fished value 249 

(here FNEPR=0.2) for individuals with home ranges completely outside the reserve. When 250 

home range size was larger than reserve size, individuals at all locations experienced some 251 

fishing mortality, which led to FNEPR being less than 1 at all locations.   252 

Individuals contributed to yield-per-recruit (YPR) if part of their home range 253 

overlapped fished area (Fig. 1c).  For sedentary species, only those individuals in the 254 

fished area were caught by the fishery and contributed to YPR, but total YPR increased for 255 

species with larger relative home range sizes, indicating an increase in yield could occur if 256 

persistence was maintained.  257 

To illustrate equilibrium results of the full model, including reproduction and larval 258 

dispersal, we continued this example for a single reserve in continuous habitat.  We 259 

examined the case of self-persistence in a single reserve, in which mean larval dispersal 260 

distance is equal to the reserve length, a value for which the population without adult 261 

movement is just persistent (Fig. 2).  Decreased egg production due to adult movement led 262 

to decreases in the fraction of natural larval settlement (FNLS).  In this case, FNLS was 263 

adequate for persistence for species with sedentary adults, but as adult movement 264 

increased, the distribution of FNLS dropped to nonpersistent values (Fig. 2a).  In this case, 265 

species that move in home ranges half the reserve size persisted, but species with home 266 

ranges as large or larger than the reserve did not.  The fraction of natural larval recruitment 267 



Moffitt et al. 2009 

 14

(FNLR) at each point along the coastline was then calculated from FNLS and the 268 

settlement-recruitment relationship (Fig. 2b).  Where FNLS was greater than or equal to 269 

0.35, recruitment was saturated at its maximum value.  Yield is the product of YPR and 270 

FNLR, therefore only persistent populations can contribute yield to a fishery (Fig. 2c).   271 

Coastline with multiple reserves 272 

 Persistence and yield were evaluated for combinations of mean larval dispersal 273 

distance and home range size in an infinite coastline with continuous habitat and 274 

periodically spaced, uniformly sized reserves in order to explore the interaction between 275 

larval dispersal and home range (Fig. 3).  Three levels of reserve coverage were evaluated 276 

for a FNEPR of 0.2 outside reserves.  The metric used to represent the persistence of a 277 

system of reserves was the fraction of unfished system-wide larval supply, which is the 278 

integral of FNLS over the entire coastline divided by natural larval settlement in the 279 

absence of fishing over the entire coastline (Fig. 3a-c).  Yield was summed over a 280 

repeating unit of the coastline (Fig. 3d-f). Presenting the results as in Fig. 3 allows a 281 

scientist or decision maker to choose a fraction of coastline in reserves and a typical 282 

reserve size, then see the combinations of movement rates (larval dispersal distances and 283 

home range sizes) that will be protected.  That will specify the mix of species protected, for 284 

those whose movement rates are known.  285 

 Results for sedentary species (i.e., those with home range length = 0) with varying 286 

larval dispersal distances were consistent with previous modeling results (e.g. Kaplan et al 287 

2006, Kaplan et al. 2009).  Species that do not disperse as larvae nor have adult movement 288 

(i.e.those at 0,0) persisted only in the fraction of coastline contained by reserves (Fig. 3a-289 

c).  Because these species were only persistent in the reserves and did not spillover into 290 
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fished areas, there was no equilibrium yield available to the fishery (Fig. 3d-f).  With 10% 291 

of the coastline in reserves, reserves protected sedentary species with mean larval dispersal 292 

distances up to 1.7 reserve lengths (Fig. 3a).  In practical terms, the alongshore length of a 293 

10 km2 reserve (the upper size limit on most existing reserves (Halpern 2003)), is 3.16 km 294 

if we assume the reserves are square.  Therefore 1.7 times this reserve length corresponds 295 

to a mean larval dispersal distance of 5.4 km.  Sedentary species with any length larval 296 

dispersal distance were protected with 20% and 30% of the coastline in reserves, due to 297 

connectivity between reserves (the network effect) and non-zero reproductive capacity in 298 

fished areas (as in Botsford et al. (2001) and Kaplan et al. (2006)) (Fig. 3b-c).   299 

Species that move within a home range (i.e., those with home range lengths > 0) 300 

were exposed to a larger proportion of fishing mortality, leading to less total larval supply 301 

than the sedentary case (Fig. 3a-c).  As reserve coverage increased, species with greater 302 

dispersal distances (as both larvae and adults) were protected.  An important distinction is 303 

that results differed between reserves that were self persistent in the sedentary case 304 

(persistence that would occur in a single reserve) and reserves that persisted because of a 305 

network effect in the sedentary case (persistence due to the connectivity between reserves 306 

in a network).  Self-persistence protected species with larval dispersal distances similar in 307 

size or smaller than reserves (i.e., cases with mean larval dispersal less than 1-2 reserve 308 

widths in Fig. 3).  For self-persistence in reserves, persistence declined gradually with 309 

increasing home range size.  Network persistence protected species with larval dispersal 310 

distances several times larger than reserve size, but population collapse occurred beyond a 311 

specific threshold home range size.  This threshold home range size depended on the 312 

fraction of coastline in reserves, but not on larval dispersal distance (Fig. 3a-c).   313 
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Yield was possible only when the population was persistent.  In general, spillover 314 

due to increasing larval dispersal led to greater yield increases than spillover due to 315 

movement within a home range, which increased yield only in limited cases. Yield 316 

increased with home range size for very long larval dispersers (which were sustained by 317 

network persistence) and very short larval dispersers (which were sustained by self-318 

persistence) because home range movement improved export beyond the reserve boundary.  319 

Persistence and yield results are also sensitive to fishing intensity.  We evaluated 320 

fishing mortality rates both higher and lower than the rate that leads to FNEPR of 0.2 321 

outside reserves (see Appendix A in Ecological Archives).  The largest home range size 322 

protected by network persistence for species with large larval dispersal distances (i.e. the 323 

threshold identified in Fig. 3) depended on both fishing mortality rate outside reserves and 324 

fraction of coastline in reserves (Fig. 4).  The range of home range sizes protected by a 325 

reserve network increased with fraction of coastline in reserves and decreasing exploitation 326 

rates (shown as increasing FNEPR outside reserves).  If species were not overfished 327 

(FNEPR ≥ 0.35), species with any size larval dispersal or home range were persistent with 328 

or without reserves (Fig. A3 in Appendix A).   329 

The results in Figure 3 represent a best case scenario, in that every point along the 330 

coast is appropriate adult habitat.  In reality, adult habitat is likely to be patchily 331 

distributed, decreasing total habitat and therefore total larval supply.  Populations that 332 

occupy habitat that is patchily distributed have a reduced capacity for persistence in the 333 

model than populations that occupy more homogeneous habitat because many larvae 334 

disperse to unsuitable habitat patches and are lost from the system (Kaplan et al. 2009).  335 

For this reason, the results shown for continuous habitat (Fig. 3) should be interpreted as 336 
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an upper limit for persistence; in order to evaluate specific marine networks it is necessary 337 

to incorporate habitat distribution. 338 

Coastline with multiple reserves in heterogeneous habitat   339 

A network of marine protected areas (MPAs) was recently implemented along the 340 

central coast of California from Pigeon Point to Point Conception 341 

(www.dfg.ca.gov/mlpa/ccmpas_list.asp) (Fig. 5a).  This network covers nearly 18% of the 342 

coastline in that region, in MPAs ranging from about 1-20 km in alongshore length.  Here 343 

we extended the results of Kaplan et al. (2009) who evaluated MPA networks proposed for 344 

this region for a range of larval dispersal distances for sedentary species.  In this analysis 345 

we only considered species that inhabit rocky reefs, therefore outside of this habitat we 346 

assumed a fraction of natural eggs-per-recruit (FNEPR) of 0.  For habitat in the fished area, 347 

we assumed fishing reduced FNEPR to 0.2 (gray bars in Fig. 5).  FNEPR equaled 1 for 348 

individuals fully protected in an MPA in rocky reef habitat.  We assumed that all MPAs 349 

allowed no take of the species being considered, but the method is flexible in this regard 350 

and can represent any amount of fishing in each MPA.  Habitat north but not south of the 351 

study region was included in the model domain, as Point Conception to the south is 352 

considered a natural oceanographic break.  We used the procedure described by Kaplan et 353 

al. (2009) for converting the California coastline into a one-dimensional domain. 354 

The fraction of natural larval settlement (FNLS) was calculated along the coast for 355 

populations with different home range sizes (Fig. 5b).  A range of larval dispersal distances 356 

was evaluated, but here we show only the results for 25 km, a reasonable mean larval 357 

dispersal distance for species with a pelagic larval phase (Kinlan and Gaines 2003).  FNLS 358 

was highest near the middle of the central coast where the concentration of both rocky reef 359 
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habitat and MPAs are high.  FNLS was greatest for sedentary species and decreased for 360 

species with larger home ranges; species with home range lengths of 6 km or greater did 361 

not persist.  Models that assume sedentary adults will overestimate the capacity for 362 

persistence for a species whose individuals move within a home range.   363 

Yield along the coastline was highest for sedentary species and decreased for 364 

species with larger home ranges due to the reduction in recruitment (Fig. 5c).  Yield came 365 

predominantly from individuals with home ranges centered in fished areas, but individuals 366 

centered in MPAs also contributed if their home ranges overlapped fished area.   367 

Results are similar to those for uniformly distributed reserves in an infinite 368 

coastline (Fig. 3).  The MPAs in the central coast have a mean alongshore length of 9 km, 369 

therefore a 25 km larval dispersal length is equal to 2.8 reserve lengths.  In the infinite 370 

coastline in continuous habitat (Fig. 3b), species with a mean larval dispersal of 2.8 reserve 371 

lengths would experience population collapse with home ranges of 0.3 reserve lengths, or 372 

2.7 km, which is similar to the point of collapse for the 5 km home range found in the 373 

central coast (Fig. 5).  The greater protected home range size predicted in the central coast 374 

is most likely due to the variable size of MPAs; the central coast system includes a wide 375 

range of MPA sizes, including two large MPAs (~25 km combined length) near Cambria 376 

which likely increased the self-persistence of species with larger home ranges.   377 

DISCUSSION 378 

Empirical support for the general idea that reserve effectiveness depends on size 379 

comes from a recent meta-analysis of data from European marine reserves, in which 380 

population density in reserves increased with reserve size, implying that larger reserves 381 

protect a greater proportion of mobile fish (Claudet et al.  2008).  Here we have provided a 382 
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model framework for evaluating the performance of reserves for mobile species which 383 

exhibit home range behavior.  Movement within a home range can change persistence 384 

results from those based on models assuming sedentary adults.  For populations sustained 385 

within reserves by self persistence (i.e. populations with mean larval dispersal smaller than 386 

reserve length), persistence and yield decreases gradually as we attempt to protect species 387 

with greater home range sizes, while for network persistent populations (i.e. populations 388 

with mean larval dispersal larger than reserve length), there is a threshold home range size 389 

beyond which persistence is not possible.  When species with any size larval dispersal 390 

distance were persistent due to the network effect, the size of adult home range beyond 391 

which the population would not persist did not vary with larval dispersal distance.   392 

Larval dispersal distance and home range size have different effects on persistence 393 

and yield.  Spillover of adults into fished areas led to a trade-off between persistence and 394 

yield.  Increased spillover due to adults moving in a home range increased the exposure of 395 

the population to fishing mortality, which increased yield-per-recruit at the expense of total 396 

larval supply.  This tradeoff differs from the predicted consequences of greater larval 397 

dispersal distance – if a certain minimum fraction of the coastline is contained in reserves, 398 

greater larval dispersal distance can cause increases in both persistence capacity (due to the 399 

network effect) and yield (due to spillover).  Spillover due to movement within a home 400 

range contributed to yield moderately under certain conditions, although yield 401 

contributions were generally not as large as from spillover due to larval dispersal.   402 

There will be a maximum home range size that can be protected by a given system 403 

of MPAs (Figs. 3 and 5), but the precise value of this threshold is likely to depend on a 404 

number of features that must be modeled carefully in a site-specific, tactical manner.  This 405 
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sensitivity will affect whether expectations are met after reserves are implemented.  The 406 

relationship between the maximum home range protected and the percentage of coastline 407 

contained in reserves is sensitive to the level of fishing outside reserves and our 408 

assumption regarding a threshold FNEPR of 0.35.  The sensitivity of persistence to the 409 

exploitation rate outside reserves requires knowledge of fishing levels that will be present 410 

after reserve implementation, and a lower value for the FNEPR threshold would lead to 411 

persistence at lower percent coverage.  Finally, habitat configuration is also crucial to the 412 

spatial pattern of persistence (Kaplan et al. 2009), and this information is often available 413 

with greater certainty than information on FNEPR and the critical replacement threshold of 414 

the population.  415 

In order to maximize yield for a single species, reserves should cover just enough 416 

coastline to lead to a persistent population, similar to the results for species that disperse 417 

only in the larval phase (Hastings and Botsford 2003).  Attempting to maximize yield in 418 

this way would be risky in the face of uncertainty given that the highest yield is found at 419 

the edge of population collapse.  Acknowledging that managers will be interested in 420 

outcomes for multiple species within a reserve network makes this problem much more 421 

complex.  For example, increasing reserve coverage from 20% to 30% of the coastline led 422 

to protection of more species, but decreased yield for those with home ranges an order of 423 

magnitude smaller than reserve size (Fig. 3).   424 

While the complexity of reserve design precludes quantitative rule-of-thumb 425 

guidelines, our results provide general insights.  First, plots that display persistence results 426 

for many combinations of larval dispersal and home range size (such as Fig. 3) convey a 427 

sense of the diversity of species we may expect to persist, and therefore can be used to 428 
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compare reserve network proposals directly.  Results show that if a large enough fraction is 429 

contained in a network of reserves, species with any length larval dispersal distance are 430 

protected due to network persistence as long as their home range is below the threshold 431 

size (Fig. 4). Scientists, stakeholders or decision-makers could use such a figure to design a 432 

network of reserves to protect a broad range of species based on knowledge of quantifiable 433 

home range sizes, without having to know precisely the highly uncertain larval dispersal 434 

distances (as long as they were known to be long relative to reserve size).   435 

Our example of an application of our approach to the MPA network along the 436 

central coast of California (Fig. 5), which is shown to demonstrate the tactical use of the 437 

model, differs from the results of Walters et al.  (2007).  They found that high rates of 438 

diffusive adult movement substantially reduced the efficacy of protected areas, leading to 439 

very pessimistic predictions of the use of MPAs along the central coast.  Long-lived 440 

species that move diffusively as adults (by definition not site-attached) are not likely to 441 

spend much time in reserves, and therefore will be less protected by reserves than those 442 

that move within a home range.  For the many nearshore species for which home range is a 443 

more accurate representation of adult movement than diffusion, our results show that 444 

MPAs can be an effective management tool. 445 

The results we have shown assume that adult movement for all individuals in a 446 

population is described by a bounded home range of a certain size, and that individuals 447 

will always be found within the home range.  Some species exhibit intraspecific variation 448 

in movement behavior, in which the movement of a portion of the population can be 449 

described by a home range while the rest of the population roams much more widely 450 

(Attwood and Bennett 1994, Egli and Babcock 2004).  For these cases, or for species that 451 
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move away from the home range seasonally, we could change the utilization rate of the 452 

home range to incorporate these types of behaviors.  This would lead to decreased 453 

protection within reserves similar to increased home range size.  Conversely, setting 454 

reserve boundaries at habitat breaks may reduce movement into fished areas (Barrett 1995, 455 

Chapman and Kramer 2000).   456 

We assumed uniformly distributed fishing mortality outside reserves for ease of 457 

comparison with prior work and in order to more clearly reveal the effects of home range, 458 

but it may be more realistic to assume that fishing effort will be concentrated near reserve 459 

borders.  Kellner et al.  (2007) developed a spatial model that explored the consequences 460 

and optimality of fishing the reserve line.  They found that fishing the line was the optimal 461 

effort distribution for targeting mobile species and led to depressed fish density inside and 462 

near the reserve more than if effort were uniformly distributed.  This implies that fish with 463 

home ranges near reserve borders would be more vulnerable to fishing mortality, 464 

necessitating even larger reserves for protection than those predicted by uniform fishing 465 

effort.  466 

Our results show that for species exhibiting home range behavior, persistence may 467 

be more predictable than previously anticipated from models based solely on larval 468 

dispersal.  Results such as Figure 3 indicate a strong dependence on adult home range size 469 

with little dependence on larval dispersal distance, at least for species exhibiting network 470 

larval dispersal.  This suggests greater predictability of reserve performance since adult 471 

movement is more straightforward to quantify than larval dispersal, and therefore more 472 

often known.  Conversely, designing MPAs only on the basis of larval movement is likely 473 
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to overestimate protection, in some instances even for species with home ranges an order 474 

of magnitude less than the reserve size. 475 

ACKNOWLEDGEMENTS 476 

Support for this work was provided by NOAA Fisheries through the Partnership for 477 

Education in Marine Resource and Ecosystem Management (PEMREM) and by the 478 

Resources Legacy Fund Foundation (RLFF).  Thanks to J. Wilson White and two 479 

anonymous reviewers for their helpful comments on the manuscript. 480 



Moffitt et al. 2009 

 24

Literature Cited 

Attwood, C. G., and B. A. Bennett. 1994. Variation in Dispersal of Galjoen (Coracinus 

Capensis) (Teleostei, Coracinidae) from a Marine Reserve. Canadian Journal of 

Fisheries and Aquatic Sciences 51:1247-1257. 

Attwood, C. G., and B. A. Bennett. 1995. Modelling the effect of marine reserves on the 

recreational shore-fishery of the South-Western Cape, South Africa. African 

Journal of Marine Science 16:227-240. 

Barrett, N. S. 1995. Short- and long-term movement patterns of six temperate reef fishes 

(families Labridae and Monacanthidae). Marine and Freshwater Research 46:853-

860. 

Barrowman, N. J., and R. A. Myers. 2000. Still more spawner-recruitment curves: The 

hockey stick and its generalizations. Canadian Journal of Fisheries and Aquatic 

Sciences 57:665-676. 

Beverton, R. J. H., and S. J. Holt. 1957. On the dynamics of exploited fish populations. 

Fisheries Investigations, London (series II). 

Bobko, S. J., and S. A. Berkeley. 2004. Maturity, ovarian cycle, fecundity, and age-

specific parturition of black rockfish (Sebastes melanops). Fishery Bulletin 

102:418-429. 

Botsford, L. W., A. Hastings, and S. D. Gaines. 2001. Dependence of sustainability on the 

configuration of marine reserves and larval dispersal distance. Ecology Letters 

4:144-150. 

Botsford, L. W., F. Micheli, and A. Hastings. 2003. Principles for the design of marine 

reserves. Ecological Applications 13:S25-S31. 



Moffitt et al. 2009 

 25

Chapman, M. R., and D. L. Kramer. 2000. Movements of Fishes Within and Among 

Fringing Coral Reefs in Barbados. Environmental Biology of Fishes 57:11-24. 

Clark, W. G. 2002. F35% Revisited ten years later. North American Journal of Fisheries 

Management 22:251–257. 

Claudet, J., C. W. Osenerg, L. Benedetti-Cecchi, D. P., J. A. Garcia-Charton, A. Perez-

Ruzafa, F. Badalamenti, J. T. Bayle-Sempere, A. Brito, F. Bulleri, J.-M. Culioli, M. 

Dimech, J. M. Falcon, I. Guala, M. Milazzo, J. Sanchez-Meca, P. J. Somerfield, B. 

Stobart, F. Vandeperre, C. Valle, and S. Planes. 2008. Marine reserves: size and 

age do matter. Ecology Letters 11:481-489. 

Dorn, M. W. 2002. Advice on West Coast rockfish harvest rates from Bayesian meta-

analysis of stock-recruit relationships. North American Journal of Fisheries 

Management 22:280-300. 

Egli, D. P., and R. C. Babcock. 2004. Ultrasonic tracking reveals multiple behavioural 

modes of snapper (Pagrus auratus) in a temperate no-take marine reserve. ICES 

Journal of Marine Science 61:1137-1143. 

Eristhee, N., and H. A. Oxenford. 2001. Home range size and use of space by Bermuda 

chub Kyphosus sectatrix (L.) in two marine reserves in the Soufriere Marine 

Management Area, St Lucia, West Indies. Journal of Fish Biology 59:129-151. 

Fisher, J. A. D., and K. T. Frank. 2002. Changes in finfish community structure associated 

with an offshore fishery closed area on the Scotian Shelf. Marine Ecology-Progress 

Series 240:249-265. 



Moffitt et al. 2009 

 26

Gerber, L. R., L. W. Botsford, A. Hastings, H. P. Possingham, S. D. Gaines, S. R. Palumbi, 

and S. Andelman. 2003. Population models for marine reserve design: A 

retrospective and prospective synthesis. Ecological Applications 13:S47-S64. 

Gerber, L. R., S. S. Heppell, F. Ballantyne, and E. Sala. 2005. The role of dispersal and 

demography in determining the efficacy of marine reserves. Canadian Journal of 

Fisheries and Aquatic Sciences 62:863-871. 

Goodyear, C. P. 1993. Spawning stock biomass per recruit in fisheries management: 

foundation and current use. Canadian Special Publications in Fisheries and Aquatic 

Science 120:67-81. 

Guenette, S., T. J. Pitcher, and C. J. Walters. 2000. The potential of marine reserves for the 

management of northern cod in Newfoundland. Bulletin of Marine Science 66:831-

852. 

Halpern, B. S. 2003. The impact of marine reserves: Do reserves work and does reserve 

size matter? Ecological Applications 13:S117-S137. 

Hastings, A., and L. W. Botsford. 2003. Comparing designs of marine reserves for 

fisheries and for biodiversity. Ecological Applications 13:S65-S70. 

Hastings, A., and L. W. Botsford. 2006. Persistence of spatial populations depends on 

returning home. Proceedings of the National Academy of Sciences 103:6067-6072. 

Jorgensen, S. J., D. M. Kaplan, A. P. Klimley, S. G. Morgan, M. R. O'Farrell, and L. W. 

Botsford. 2006. Limited movement in blue rockfish Sebastes mystinus: internal 

structure of home range. Marine Ecology Progress Series 327:157-170. 



Moffitt et al. 2009 

 27

Kaplan D. M., Botsford L. W., Gaines S., O’Farrell M. R., and S. Jorgensen. (2009) 

Model-based assessment of persistence in proposed marine protected area designs. 

Ecological Applications. In press. 

Kaplan, D. M., L. W. Botsford, and S. J. Jorgensen. 2006. Dispersal per recruit: an 

efficient method for assessing sustainability in marine reserve networks. Ecological 

Applications 16:2248-2263. 

Kellner, J. B., R. M. Nisbet, and S. D. Gaines. 2008. Spillover from marine reserves 

related to mechanisms of population regulation. Theoretical Ecology 1:117-127. 

Kellner, J. B., I. Tetreault, S. D. Gaines, and R. M. Nisbet. 2007. Fishing the line near 

marine reserves in single and multispecies fisheries. Ecological Applications 

17:1039-1054. 

Kinlan, B. P., and S. D. Gaines. 2003. Propagule dispersal in marine and terrestrial 

environments: A community perspective. Ecology 84:2007-2020. 

Kramer, D. L., and M. R. Chapman. 1999. Implications of fish home range size and 

relocation for marine reserve function. Environmental Biology of Fishes 

  55:65-79. 

Love, M. S., M. M. Yoklavich, and L. Thorsteinson. 2002. The Rockfishes of the 

Northeast Pacific. University of California Press, Berkeley. 

Lowe, C. G., and R. N. Bray. 2006. Movement and Activity Patterns. Pages 524-553 in L. 

G. Allen, D. J. Pondella II, and M. H. Horn, editors. The Ecology of Marine Fishes: 

California and adjacent waters. University of California Press, Berkeley. 

Lowe, C. G., D. T. Topping, D. P. Cartamil, and Y. P. Papastamatiou. 2003. Movement 

patterns, home range, and habitat utilization of adult kelp bass Paralabrax clathratus 



Moffitt et al. 2009 

 28

in a temperate no-take marine reserve. Marine Ecology Progress Series 256:205-

216. 

Mace, G. M., P. H. Harvey, and T. H. Clutton-Brock. 1983. Vertebrate home-range size 

and energetic requirements. Pages 32-53 in I. R. Swingland and P. J. Greenwood, 

editors. The ecology of animal movement. Oxford University Press, NY. 

Mace, P. M., and M. P. Sissenwine. 1993. How much spawning per recruit is enough? 

Pages 101-118 in S. J. Smith, J. J. Hunt, and D. Rivard, editors. Risk evaluation 

and biological reference points for fisheries management. National Research 

Council of Canada, Ottawa. 

Martell, S. J. D., C. J. Walters, and S. S. Wallace. 2000. The use of marine protected areas 

for conservation of lingcod (Ophiodon elongatus). Bulletin of Marine Science 

66:729-743. 

Matthews, K. R. 1990. An Experimental Study of the Habitat Preferences and Movement 

Patterns of Copper Quillback and Brown Rockfishes Sebastes-Spp. Environmental 

Biology of Fishes 29:161-178. 

Meester, G. A., J. S. Ault, S. G. Smith, and A. Mehrotra. 2001. An integrated simulation 

modeling and operations research approach to spatial management decision 

making. Sarsia 86:543-558. 

Myers, R. A., K. G. Bowen, and N. J. Barrowman. 1999. Maximum reproductive rate of 

fish at low population sizes. Canadian Journal of Fisheries and Aquatic Sciences 

56:2404-2419. 



Moffitt et al. 2009 

 29

O'Farrell, M. R., and L. W. Botsford. 2005. Estimation of change in lifetime egg 

production from length frequency data. Canadian Journal of Fisheries and Aquatic 

Sciences 62:1626-1639. 

O'Farrell, M. R., and L. W. Botsford. 2006. Estimating the status of nearshore rockfish 

(Sebastes spp.) populations with length frequency data. Ecological Applications 

16:977-986. 

Parnell, P. E., C. E. Lennert-Cody, L. Geelen, L. D. Stanley, and P. K. Dayton. 2005. 

Effectiveness of a small marine reserve in southern California. Marine Ecology 

Progress Series 296:39-52. 

Parsons, D. M., R. C. Babcock, R. K. S. Hankin, T. J. Willis, J. P. Aitken, R. K. O'Dor, and 

G. D. Jackson. 2003. Snapper Pagrus auratus (Sparidae) home range dynamics: 

Acoustic tagging studies in a marine reserve. Marine Ecology Progress Series 

262:253-265. 

Quinn, T. J. I., and R. B. Deriso. 1999. Quantitative Fish Dynamics. Oxford University 

Press, New York. 

Ralston, S., and E. J. Dick. 2003. The Status of Black Rockfish (Sebastes melanops) off 

Oregon and Northern California in 2003. Pages 70 in S. F. S. C. National Marine 

Fisheries Service, editor. 

Sale, P. F., R. K. Cowen, B. S. Danilowicz, G. P. Jones, J. P. Kritzer, K. C. Lindeman, S. 

Planes, N. V. C. Polunin, G. R. Russ, and Y. J. Sadovy. 2005. Critical science gaps 

impede use of no-take fishery reserves. Trends in Ecology & Evolution 20:74-80. 



Moffitt et al. 2009 

 30

Sampson, D. B. 2007. The Status of Black Rockfish off Oregon and California in 2007. 

Oregon State University Coastal Oregon Marine Experiment Station and 

Department of Fisheries and Wildlife, Newport, OR. 

Sissenwine, M. P., and J. G. Shepherd. 1987. An Alternative Perspective on Recruitment 

Overfishing and Biological Reference Points. Canadian Journal of Fisheries and 

Aquatic Sciences 44:913-918. 

Starr, R. M., V. O'Connell, and S. Ralston. 2004. Movements of lingcod (Ophiodon 

elongatus) in southeast Alaska: potential for increased conservation and yield from 

marine reserves. Canadian Journal of Fisheries and Aquatic Sciences 61:1083-

1094. 

Topping, D. T., C. G. Lowe, and J. E. Caselle. 2005. Home range and habitat utilization of 

adult California sheephead, Semicossyphus pulcher (Labridae), in a temperate no-

take marine reserve. Marine Biology 147:301-311. 

Walters, C., R. Hilborn, and R. Parrish. 2007. An equilibrium model for predicting the 

efficacy of marine protected areas in coastal environments. Canadian Journal of 

Fisheries and Aquatic Sciences 64:1009-1018. 

Woodroffe, R., and J. R. Ginsberg. 1998. Edge effects and the extinction of populations 

inside protected areas. Science 280:2126-2128. 

Zeller, D. C., and G. R. Russ. 1998. Marine reserves: Patterns of adult movement of the 

coral trout (Plectropomus leopardus (Serranidae)). Canadian Journal of Fisheries 

and Aquatic Sciences 55:917-924. 

 

 
 



Moffitt et al. 2009 

 31

Table 1. Sebastes melanops (black rockfish) life history parameters used to generate 

figures. 

Parameter Value Definition Source 

L∞ 44.2 Asymptotic von Bertalanffy length (cm) (Bobko and Berkeley 2004) 

k 0.33 von Bertalanffy growth parameter (Bobko and Berkeley 2004) 

t0 0.75 Age at which individual would be length 0 (Bobko and Berkeley 2004) 

amat 7 Age at 50% maturity (Bobko and Berkeley 2004) 

Max age 50 Maximum age (Love et al.  2002) 

d 1.677 x 10-5  Coefficient in weight at length (kg) (Ralston and Dick 2003) 

b 3 Exponent in weight at length (Ralston and Dick 2003) 

f 289,406 Parameter in weight-fecundity relationship (Ralston and Dick 2003) 

g 103,076 Parameter in weight-fecundity relationship (Ralston and Dick 2003) 

M 0.14 Natural mortality rate (Ralston and Dick 2003, Sampson 2007) 

tc 7 Age at first capture in fishery We chose this to correspond with amat 
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Figure legends: 

 

Figure 1.  (a) Vulnerability to fishing mortality (vx), (b) fraction of natural eggs-per-recruit 

(FNEPR), and (c) yield-per-recruit (YPR) for varying home range lengths and a single 

reserve (gray area).  Home range lengths are in units of reserve length.   

 

Figure 2.  (a) Fraction of natural larval settlement (FNLS), (b) fraction of natural larval 

recruitment (FNLR) and (c) yield for varying home range lengths and a single reserve 

(gray area).  The dashed line in (a) is the persistence criterion.  Home range lengths are in 

units of reserve length.  Fraction of natural eggs-pre-recruit (FNEPR) outside the reserve 

equals 0.2.  The mean larval dispersal distance is equal to the reserve length.  Yield is in 

arbitrary but consistent biomass units 

 

Figure 3.  The fraction of natural unfished larval supply along an infinite coastline for (a) 

10% of the coastline in reserves, (b) 20% of the coastline in reserves, and (c) 30% of the 

coastline in reserves for varying larval dispersal and home range lengths.  Total yield along 

an infinite coastline for (d) 10% of the coastline in reserves, (e) 20% of the coastline in 

reserves, and (f) 30% of the coastline in reserves.  Population persistence occurs when the 

fraction of natural unfished larval supply > 0.  Mean larval dispersal and home range 

lengths are in units of reserve length.  Reserves are spaced periodically along the coast.  

Fraction of natural eggs-per-recruit (FNEPR) outside reserves equals 0.2.  Total yield is in 

arbitrary but consistent biomass units.   
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Figure 4.  The largest home range sizes (in units of reserve size) protected by network 

persistence for species with large mean larval dispersal distances relative to reserve size.  

Reserves are uniformly distributed in an infinite coastline.  When network persistence 

occurs, home range sizes persistent in the reserves are determined by the exploitation level 

outside reserves (FNEPR) and the fraction of coastline contained in reserves.  0 indicates 

network persistence does not occur. 

 

Figure 5.  Application of the model to the implemented network of MPAs along the central 

coast of California.  (a) Linearization of all MPAs (red) and hard bottom habitat (green) at 

a depth of 0-30m.  (b) The equilibrium fraction of natural larval settlement (FNLS) along 

the coastline that results from several home range lengths.  The dashed line is the 

persistence criterion.  FNEPR for sedentary species is shown in gray bars for reference.  A 

population with a home range length of 6 km is not persistent.  (c) Yield along the 

coastline for several home range lengths.  Yield for a population with home range length of 

6 km is 0 everywhere.  The mean larval dispersal distance is 25 km.  Total yield is in 

arbitrary but consistent biomass units.   
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Figure 1. 
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Figure 2.  
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Figure 3.  
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Figure 4. 
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Figure 5. 
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Persistence and yield plots at varying exploitation rates outside reserves 

 

 Here we show persistence and yield results for combinations of mean larval 

dispersal distance and home range size for several exploitation rates outside reserves.   

The coastline is infinite with continuous habitat and periodically spaced reserves similar 

to Figure 4.  We evaluated exploitation rates greater than and less than the rate shown in 

Figure 4 (FNEPR=0.2).   

 Persistence and yield for FNEPR of 0.10 in fished areas is shown in Figure A1.  

At this greater level of overfishing, a smaller range of dispersal distances were protected 

compared to the case where fishing reduced FNEPR to 0.2 in fished areas.  Reserves 

exhibit self-persistence for species with larval dispersal distances of the same order of 

magnitude as the reserve size and with home ranges less than 1.2 times reserve length.  

For reserves of 10 km2, this is a 3.8 km home range.  Network persistence occurred if 

30% of the coastline was in reserves, at which point sedentary species with any distance 

larval dispersal were persistent (Fig. A1c).  With 30% reserve coverage, only species 

with home ranges less than 1/5 the reserve size persisted for all larval dispersal distances, 

which for 10 km2 reserves is a home range of 0.6 km.  Similar to previous results, yield 

was at a maximum just before population collapse (Fig. A1d-f).   

 Persistence and yield results for a less severe level of overfishing (FNEPR=0.3) 

are shown in Figure A2.  A broader range of dispersal distances were persistent than for 

the previously described results for greater rates of overfishing outside reserves.  

Network persistence occurred if 10% or greater of the coastline was in reserves.  With 

10% reserve coverage, network persistence occurs for species with large larval dispersal 
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distances and home ranges 0.7 times the reserve length or smaller (Fig. A2a).  For 10 km2 

reserves, this corresponds to a home range of 2.2 km.  With 20% of the coastline in 

reserves, network persistence occurs for species with large larval dispersal distances and 

home ranges 3.1 times the reserve length or smaller, which for 10 km2 reserves is a 9.8 

km home range (Fig A2b).  With 30% of coastline in reserves all combinations of larval 

dispersal and home range size were persistent (a range of dispersal distances up to 500 

times the reserve size were evaluated but not shown) (Fig. A2c).  Yield was at a 

maximum for the largest dispersal distances that were persistent (Fig. A2d-f). 

 When overfishing did not occur and populations were managed sustainably 

(FNEPR≥0.35), all populations were persistent with or without reserves (Fig. A3).  The 

fraction of natural larval supply (FNLS) decreased with increasing home range size, and 

increased with greater reserve coverage (Fig. A3a-c).  Because FNLS was always above 

the persistence criterion, the fraction of natural larval recruitment (FNLR) did not vary 

with larval dispersal distance, so the equilibrium FNLS varied only with the spatial 

distribution of FNEPR, and therefore home range size.  Similarly, because FNLR equaled 

one everywhere, yield followed the distribution of YPR and varied with home range size 

(Fig. A3d-f).  Increasing reserve coverage resulted in decreases in yield.  For populations 

that are not subject to overfishing, there is a direct trade-off between persistence and 

yield.  Reserves may increase FNLS, but because they are not necessary for population 

persistence, by protecting part of the population that could be fished sustainably, they 

lead to decreased yield. 
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