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 34 

Abstract 35 

 36 

Larval dispersal by ocean currents is a critical component of systematic marine protected area 37 

(MPA) design. However, there is a lack of quantitative methods to incorporate larval 38 

dispersal in support of increasingly diverse management objectives, including local 39 

population persistence under multiple types of threats (primarily focused on larval retention 40 

within and dispersal between protected locations) and benefits to unprotected populations and 41 

fisheries (primarily focused on larval export from protected locations to fishing grounds). 42 

Here, we present a flexible MPA design approach that can reconcile multiple such potentially 43 

conflicting management objectives by balancing various associated treatments of larval 44 

dispersal information. We demonstrate our approach based on alternative dispersal patterns, 45 

combinations of threats to populations, management objectives, and two different 46 

optimization strategies (site vs. network-based). Our outcomes highlight a consistently high 47 

efficiency in selecting priority locations that are self-replenishing, inter-connected, and/or 48 

important larval sources. We find that the opportunity to balance these three dispersal 49 

attributes flexibly can help not only to prevent meta-population collapse, but also to ensure 50 

effective fisheries recovery, with average increases in the number of recruits at fishing 51 

grounds at least two-times higher than achieved by standard habitat-based or ad-hoc MPA 52 

designs. Future applications of our MPA design approach should therefore be encouraged, 53 

specifically where management tools other than MPAs are not feasible.  54 

 55 

 56 

 57 
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 62 

Introduction 63 

 64 

Most benthic marine animals have a planktonic life history period during which their eggs 65 

and larvae drift in the ocean for days, weeks or even months until they settle back to benthic 66 

habitats. Settlement habitats range from being close to home (Jones et al. 2005) to being 10s-67 
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100s of kilometres away from spawning locations (Shanks et al. 2003, Shanks 2009, Jones 68 

2015). The complete process from spawning and dispersal to settlement is a key component 69 

of population connectivity (for review see Cowen and Sponaugle 2009), and it represents a 70 

potentially critical driver of the demography and evolution of coastal marine species 71 

(Roughgarden et al. 1988, Doherty and Fowler 1994, Palumbi 1994, Hellberg 1996, Carson et 72 

al. 2011). While demographic and evolutionary implications of connectivity through larval 73 

dispersal (hereafter called connectivity) are uncertain (Marshall et al. 2010), it is clear that 74 

any given pool of settling larvae constitutes the basis of the future replenishment and genetic 75 

makeup of resident populations. Owing to this direct link to population dynamics, 76 

connectivity is functionally analogous to the isolation of patches in classic meta-population 77 

theory (Hanski 1998) and a key factor to consider in the design of marine protected areas 78 

(MPAs) (Gaines et al. 2003, Gaines et al. 2010).  79 

 80 

MPAs are coastal and marine environments that are regulated, through legal or other effective 81 

means, to achieve the long-term conservation of nature with associated ecosystem services 82 

and cultural values (sensu Dudley 2008). We distinguish this broad definition of MPAs here 83 

from that of marine reserves or no-take zones, in which strictly no fishing is allowed (e.g. 84 

Green et al. 2014). By our definition, an MPA can be equivalent to a marine reserve, but it 85 

can also comprise a network of multiple marine reserves and other management zones with 86 

variable levels of fishery restrictions. Importantly, the placement or spatial design of 87 

protected areas can help optimize dynamic interactions between population recovery, larval 88 

production and connectivity. However, systematic MPA designs based on larval dispersal 89 

information are complicated by (1) the long-standing challenge to track larvae directly in the 90 

field (Sale et al. 2005) and (2) a paucity of quantitative methods that can utilize dispersal data 91 

in order to achieve particular management outcomes.  92 

 93 

Over recent years, seminal progress has been made in measuring larval dispersal based on 94 

chemical tags and genetic parentage analysis (Jones et al. 2009, Jones 2015), and in 95 

simulating it based on biophysical models (Cowen and Sponaugle 2009, Kool et al. 2013). 96 

Oceanographic and modelling data in particular are now widely available. In many cases, 97 

estimates of larval transport by ocean currents appear to be correlated with measured 98 

population genetic variation (Galindo et al. 2006, Kool et al. 2010, White et al. 2010, Kool et 99 

al. 2011, Crandall et al. 2012, Foster et al. 2012, Crandall et al. 2014), confirming the 100 

potential utility of simulated connectivity for systematic MPA design. Direct measurements 101 
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of larval dispersal are still rare, but first results appear to be consistent with common 102 

management objectives, including self-recruitment in individual reserves (Almany et al. 103 

2007), larval export from reserves to fished areas (Harrison et al. 2012), and connectivity 104 

across reserve networks (Planes et al. 2009). While alignments of field observations with 105 

biophysical models are still rare (e.g. Sponaugle et al. 2012), simulating dispersal patterns 106 

provides the only feasible option to project connectivity for multiple species across entire 107 

seascapes (Treml et al. 2015) and advance associated MPA design theory. 108 

 109 

The first methods allowing incorporation of connectivity into MPA design were qualitative 110 

and generic, emphasizing, for example, that priority locations for the placement of marine 111 

reserves should be self-replenishing and net sources of larvae to fished sites (see Roberts et 112 

al. 2003a). The first quantitative methods relied on indirect connectivity metrics, such as the 113 

level of clustering of reserves within a network (Possingham et al. 2000, Leslie et al. 2003), 114 

or simple nearest-neighbour measurements of connectivity that likely fail to capture 115 

underlying meta-population dynamics (Moilanen and Hanski 2001). Actual connectivity 116 

information has firstly been incorporated into MPA design based on estimates of the scale of 117 

larval dispersal distances (Sala et al. 2002). Dispersal distances are still the primary 118 

connectivity data available and frequently used to establish ecological guidelines or “rules of 119 

thumb” for MPA design (Green et al. 2015), which help field practitioners make more 120 

informed decisions on the size and spacing of protected areas required to ensure efficient 121 

protection of resident populations (Green et al. 2014, Green et al. 2015). However, ecological 122 

guidelines are generic and tend to be applied manually rather than by using systematic MPA 123 

design software, such as Marxan and Zonation, which would allow users to optimize 124 

connectivity outcomes explicitly (Ball et al. 2009, Lehtomäki and Moilanen 2013).  125 

 126 

For example, several recent studies have highlighted the use of network metrics, such as 127 

eigenvalue centrality, degree centrality, betweenness centrality or mean meta-population 128 

lifetime, to identify candidate sites with the greatest presumed importance for marine meta-129 

population persistence (Bode et al. 2008, Jacobi and Jonsson 2011, Kininmonth et al. 2011, 130 

Watson et al. 2011, White et al. 2014, Magris et al. 2015). A more intuitive alternative, which 131 

might also be less prone to sacrificing critical connectivity information (Moilanen 2011), is to 132 

optimize larval dispersal directly; for example, by penalizing strong export of larvae from 133 

protected to unprotected locations (Beger et al. 2010), or by setting species-specific targets 134 

for local larval retention within reserves (White et al. 2014). Larval dispersal can also be 135 
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optimized very strategically in order to design MPAs that are likely to facilitate particular 136 

ecological outcomes, such as species persistence under climate change (Mumby et al. 2011).  137 

 138 

All of these recent studies present important advances in systematic MPA design, but flexible 139 

quantitative approaches with the capacity to integrate increasingly diverse management goals 140 

for biodiversity conservation and fisheries management are still lacking (Jones et al. 2007, 141 

Green et al. 2014). This is an important shortcoming, because the priorities for global MPA 142 

implementation following the Convention on Biological Diversity in 1992 and the World 143 

Summit on Sustainable Development in 2002 have shifted from biodiversity conservation to 144 

wider ecosystem services, primarily including fisheries (e.g. White and Green 2014). Current 145 

MPA design approaches do not match this development, likely because the treatment of 146 

larval dispersal data for conservation benefits (primarily focused on retaining larvae within 147 

protected area boundaries) (Botsford et al. 2001) is in fundamental contrast to fisheries 148 

management objectives (primarily focused on the export of larvae from reserves to fishing 149 

grounds) (Hastings and Botsford 2003). Here, we present a transparent and flexible MPA 150 

design approach to reconcile multiple such potentially conflicting management outcomes by 151 

integrating three important dispersal attributes: (1) local larval retention (self-replenishment 152 

at protected locations), (2) import-connectivity (the magnitude and diversity of external larval 153 

subsidies at protected locations), and (3) export-connectivity (the magnitude and diversity of 154 

larval subsidies from protected locations to unprotected locations). We use multiple realistic 155 

dispersal patterns, types of threats to populations, management objectives, and optimization 156 

strategies (site-based vs. network-based) to demonstrate a consistently high performance of 157 

our MPA design approach. The outcomes encourage future applications, specifically where 158 

natural resource management tools other than MPAs are not feasible.  159 

 160 

Methods 161 

 162 

We developed our MPA design approach by firstly specifying desirable connectivity 163 

characteristics for alternative management objectives, including (1) priority locations to 164 

protect for biodiversity conservation, because they ensure the persistence of resident 165 

populations by retaining and/or importing larvae from multiple other locations; (2) priority 166 

locations to protect in order to support fisheries, because they replenish important fished 167 

locations with larvae, and (3) priority locations to be subjected to fishing pressure, because 168 

they import many larvae from multiple other locations (Table 1). We then used these simple 169 
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rules to formulate two connectivity optimization strategies, which we will refer to in the 170 

following as “site-characteristics” and “network” strategy. Both strategies use one algorithm 171 

to influence population trends within protected area boundaries, which is the focus of basic 172 

biodiversity conservation, and another to influence population trends outside of protected 173 

area boundaries, which is the focus for wider biodiversity conservation as well as fisheries 174 

management (Fig. 1). The two algorithms are then combined into a single connectivity 175 

objective function. 176 

 177 

Site-characteristics optimization strategy 178 

 179 

Algorithms for our first dispersal optimization strategy were formulated to match standard 180 

practice in MPA planning, which is to use static maps of desirable features, such as the 181 

amount of different habitats, to find the highest overall sum of conservation or management 182 

value of individual locations relative to the effectiveness (usually costs) of protecting these 183 

locations. Such an optimization strategy based on local features assumes that the functioning 184 

of any specific protected location is unaffected by the constellation of other protected 185 

locations around it, thereby ignoring potential network effects. However, connectivity 186 

optimization based on local dispersal characteristics is (1) easy to integrate with popular 187 

MPA design software, such as Marxan (Ball et al. 2009), and (2) computationally less 188 

demanding than network-based dispersal optimization. 189 

 190 

To support populations in protected locations, our site-characteristics strategy sums up 191 

connectivity scores for individual locations to calculate metric PS

�� = ����(1 − �I)R(��,�) + �II(��I,� , �I,�I,�)�,�I ∈ [0, 1]

�
�=1 ,  

 (equation 1). 192 

(1) 

where m is the number of locations and xi is the status of location i as either protected (xi = 1) 193 

or fished (xi = 0). R is a function of local larval retention Li,i

Botsford et al. 2009

, which we define here as the 194 

number of native settlers relative to local larval output, because this metric is more 195 

appropriate to assess population persistence than self-recruitment (the proportion of native 196 

settlers relative to the total number of settlers) (see , Burgess et al. 2014) 197 

or absolute numbers of larvae retained in populations of poorly studied demography. I is a 198 

function of the sum of larval import from source destinations j into location i (��I,�), the 199 
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scaling parameter zI , and the desirability score DI,j: I(��I,� , �I,�I,�) = ∑ ��,��I�I,���=1�≠� , where zI

Opsahl et al. 

 200 

allows users to adjust whether connection strength or diversity is optimized (201 

2010), and where DI,j can be used to rank the importance of each individual import 202 

connection. Most intuitively, the scaling parameter zI  can be used to optimize either 203 

connection strengths (numbers of exchanged larvae), which is achieved by setting zI = 1, or 204 

connection diversity (numbers of larval sources), which is achieved by setting zI  ≈ 0. Setting 205 

zI  exactly to 0 will  assign connectivity values of 1 to all pairs of locations (even those that do 206 

not exchange larvae) so this parameterization should not be used. Intermediate values for zI  207 

(e.g. 0.5) should be chosen with care, given that the down-weighting of connection strengths 208 

will be non-linear (Appendix S1: Fig. S1). Finally, wI  is the import weighting factor, which 209 

balances whether larval transport into protected locations is considered less important (wI  < 210 

0.5), equally important (wI  = 0.5) or more important (wI  > 0.5) to support protected 211 

populations than local larval retention. Low relative importance of larval import can be 212 

assumed if dominant threats are localized, predictable and manageable through reserves, such 213 

as fishing pressure. If there are additional threats, which might be global, less easily 214 

predictable and non-manageable through reserves, such as climate change or cyclones, then 215 

larval import from other locations could be important to support protected populations against 216 

unforeseen disturbance. In the latter case, specifying the desirability of specific import 217 

connections (DI,j) can help ensure that larval sources themselves are least likely to suffer 218 

from disturbance; for example, by excluding highly threatened sources j from the 219 

optimization (DI,j

 221 

 = 0). 220 

To support populations outside of protected area boundaries, we formulated a connectivity 222 

metric US

�� = ���E(��E,� , �E,�E,�)

�
�=1 ,  

 that specified larval export from protected to unprotected locations (equation 2). 223 

(2) 

where E���E,� , �E,�E,�� = ∑ ��,��E�E,���=1�≠� . Similar to I above, this equation calculates the sum of 224 

larval export from a location i to destinations j (��E,�), allowing users to adjust both the 225 

weighting of connection strength relative to connection diversity (zE) as well as the 226 

desirability of each export destination j (DE,j). Here, we define DE,j based on relative fishing 227 

effort, noting that various other definitions of desirability would be equally feasible. For 228 
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example, practitioners might aim to mitigate climate change impacts by siting reserves and 229 

prioritizing larval export connections to other areas based on measurements of thermal stress 230 

(Mumby et al. 2011). The scaling parameter zE fulfilled the same role as described above for 231 

larval import. That is, setting zE = 1 will maximize numbers of exported larvae, while setting 232 

zE

 235 

 < 1 will down-weight connection strengths in favour of the number of export destinations 233 

(Fig. 1 and S1). 234 

Network optimization strategy 236 

 237 

Our network optimization strategy was based on the same assumptions about desirable 238 

dispersal attributes as the site-characteristics strategy, but metrics P and U were calculated 239 

based on the performance of an entire network of protected locations rather than on the sum 240 

of values of individual protected locations. In other words, the network strategy directly 241 

acknowledges that the performance of individual protected locations within a network 242 

depends upon the location of all other protected locations within that network. Capturing this 243 

dependency of meta-population dynamics on the status of all subpopulations can be 244 

important, but it is also more computationally demanding. 245 

 246 

To support protected populations, our network optimization strategy maximized metric PN

�� = (1 −�I)���R(��,�) + �I�
�=1 ���=1 ������

�=1�≠�
I(��,��I ,�I,�),�I ∈ [0,1].  

 as 247 

formulated in equation 3. 248 

(3) 

The first summand in this equation calculates self-replenishment at location i, expressed 249 

again as local larval retention, and considered only if i is currently protected (xi = 1). The 250 

second summand calculates larval import among protected locations, because connectivity 251 

will only be considered whenever both connected locations are currently protected (xi = xj = 252 

1). As above, import connectivity is only considered if the weighting factor wI  is greater than 253 

0, while exponent zI  modifies whether connectivity represents numbers of larvae (zI  = 1) or 254 

numbers of connections (zI  ≈ 0). Also as above, individual import connections can be ranked 255 

by multiplication with DI,j

 257 

. 256 

To support unprotected populations, metric UN was formulated as shown in equation 4.  258 
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�� = ���=1 ���(1 − ��)

�
�=1�≠�

E(��,��E ,�E,�). (4) 

Here, E is a function again of ��,��E and DE,j, which are multiplied to subsidize the most highly 259 

fished export destinations j with maximum larval supply from protected locations (zE = 1), or 260 

to facilitate long-term persistence at highly fished export destinations by maximizing the 261 

diversity of protected larval sources (zE ≈ 0). Note that, in contrast to equation 2, larval 262 

export to a destination j is taken into account only if j is currently unprotected (xj = 0). 263 

However, the most important difference between equations 3 and 4 (PN and UN) and between 264 

equations 1 and 2 above (PS and US

 267 

) is that the summation over j is part of the optimization, 265 

assessing the value of an entire network of protected locations during every optimization step. 266 

Regardless of which optimization strategy is used, metrics P and U can then be combined to 268 

calculate an overall connectivity metric C (equation 5). 269 

where wE (an equivalent to wI) is the export weighting factor, which allows users to balance 270 

the treatment of larval dispersal in favour of populations in protected (wE < 0.5) or 271 

unprotected (wE

 274 

 > 0.5) locations. The maximum value of C across a wide range of possible 272 

MPA designs can be used to identify the optimal set of locations to protect.  273 

We note that the magnitude of R, I and E is highly variable, which means that proportional 275 

weighting of all three of these dispersal metrics according to wI  and wE can be achieved only 276 

by normalization. For the site-characteristics optimization strategy, this was done here by 277 

using percentages of maxima across i. For the network strategy, we used conversion factors 278 

based on means across i, i.e. mean R relative to mean I (for wI) and mean R + I weighted by 279 

wI  relative to E (for wE

 281 

). 280 

Optimization procedure 282 

 283 

� = (1 −�E)� + �E�,  �E ∈ [0, 1], (5) 
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The connectivity optimization equations above can be combined with other primary MPA 284 

design objectives. The most common of such objectives is to minimize the economic costs 285 

for meeting an overarching conservation goal, such as habitat protection (equation 6).  286 

� = ������
�=1 ,  subject to ���,����

�=1 ≥ �� ∀ �. (6) 

Here, H is our habitat protection metric, ci is the cost of protecting location i, and ai,k is the 287 

area or proportion of conservation features k at that location (e.g. different habitat types), 288 

which we aim to increase until associated targets tk

Possingham et al. 2000

 have been achieved. This formulation of 289 

H represents the standard type of MPA optimization ( , Ball et al. 290 

2009). Connectivity metric C can be integrated with H in order to calculate a new overall 291 

MPA performance metric T for any given spatial design (equation 7).  292 

where CSM is the connectivity strength modifier, which adjusts the overall importance of 293 

connectivity in the optimization problem (Watts et al. 2009, Beger et al. 2010). MPA designs 294 

can then be optimized by using simulated annealing with subsequent iterative improvement to 295 

minimize T, such as implemented in Marxan (Ball et al. 2009). Here, we used 104-106

 298 

 296 

iterations in 100 repeat runs for each optimization problem.  297 

We highlight that integrating two (or more) objective functions as in equation 7 can be 299 

complicated by the appropriate calibration of the CSM. For example, practitioners might aim 300 

to combine habitat representation and connectivity objectives. Similar to the calibration of the 301 

boundary length modifier in standard Marxan applications (Game and Grantham 2008), a 302 

potentially wide range of CSM values must then be analysed in order to characterize any 303 

potential trade-offs to achieve both management objectives. We use a case study (the Sunda 304 

Banda seascape) as an example to describe such a calibration procedure in more detail below. 305 

 306 

Idealized connectivity scenarios 307 

 308 

The first set of MPA design scenarios aimed to test our new optimization approach under 309 

variable management conditions and patterns of larval dispersal. We started this analysis by 310 

� = � − ��� � (7) 
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accessing a realistic connectivity dataset available from dispersal simulations of coral trout 311 

(Plectropomus leopardus) larvae across 425 coral reef areas in the south-east Asian “Coral 312 

Triangle” region (Beger et al. 2015). Three out of approximately 400 subsets of 50 313 

neighbouring coral reef areas extracted from this original dataset were chosen to represent 314 

variable dispersal characteristics. We will refer to these local subsets of data in the following 315 

as “advective”, “patchy”, and “hotspots” dispersal patterns (Fig. 2). The “advective” dispersal 316 

pattern was identified based on the maximum observed sum of differences between upstream 317 

and downstream connectivity among reef areas. The “patchy” pattern was identified based on 318 

the maximum observed number of completely isolated reef areas (no connections to 319 

surrounding reefs). The “hotspots” pattern was identified based on the maximum observed 320 

standard deviation in connectivity among reef areas.  321 

 322 

We then created three management scenarios, all of which aimed at maximizing MPA 323 

performance while achieving an overarching 10% target for the protection of coral reef areas, 324 

which are equivalent here to individual subpopulations within a meta-population. The first 325 

two scenarios assumed a collapsing meta-population, which was subject to heavy local stress 326 

through fishing, but which was unaffected by threats that local protection could not help 327 

control (e.g. global climate change). Both scenarios assumed that, in the absence of any 328 

protection, fishery harvest depleted total recruitment across all subpopulations by 90% 329 

compared to unfished conditions. Where protection was enforced, subpopulations and thus 330 

local larval production was assumed to recover to unfished levels. In fished areas, in contrast, 331 

larval production was assumed to decline further, because total fishing effort across the entire 332 

meta-population was constant. That is, fishing pressure in unprotected areas was directly 333 

proportional to protected area coverage (Halpern et al. 2004). Subject to these assumptions, 334 

the first idealized management scenario (“maximum retention”) aimed to select the optimal 335 

10% of locations to protect in no-take reserves to ensure maximum local retention, and thus 336 

subpopulation persistence. In contrast, the second management scenario (“export to fishing 337 

grounds”) aimed to subsidize fisheries productivity by balancing local larval retention and the 338 

export of larvae to the most important fishing grounds.  339 

 340 

Under the third management scenario, we assumed that our subpopulations were subject not 341 

only to locally manageable but also to non-manageable (global) threats. Without any 342 

protection, total recruitment into the meta-population was assumed again to be depleted by 343 

90%, but all subpopulations retained the capacity to recover in full once they were protected. 344 
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However, recovery success was not guaranteed due, for example, to unforeseen coral 345 

bleaching or cyclone disturbance, which we mimicked by inducing the complete collapse of 346 

half of all subpopulations. While the selection of subpopulations to collapse was done at 347 

random, we ensured that they represented 50% of both protected and unprotected 348 

subpopulations. The management aim in this third scenario (“meta-population persistence”) 349 

was to prevent the collapse of the entire meta-population by balancing local larval retention 350 

within and maximum larval supply between reserves.  351 

 352 

To achieve the management aims outlined above, we parameterized the first scenario 353 

(maximum local retention in reserves under manageable threats) by setting both the import 354 

and export weighting parameters to 0. For the second scenario (fishery benefits under 355 

manageable local threats), we set the export weighting parameter to 0.5 and the export scaling 356 

parameter to 1, placing equal priority on local retention in reserves and on sending as many 357 

larvae as possible from reserves to heavily fished areas. For the third scenario (meta-358 

population persistence under manageable and non-manageable threats), we set the import 359 

weighting parameter to 0.5 and the import scaling parameter to 1, balancing local retention in 360 

reserves and the inter-replenishment between reserves (see Fig. 1).  361 

 362 

Alongside our two connectivity optimization strategies, we also used a habitat-representation 363 

and a random design strategy in order to assess MPA design performance. The objective of 364 

the habitat-representation strategy was to simply maximize the amount of protected coral reef 365 

area, while the random strategy used an ad-hoc selection of sites without any underlying 366 

rationale.  367 

 368 

To contrast MPA performance for each of these optimization strategies, we used a dynamic 369 

model. The model was based on an annual time step and run until equilibrium conditions 370 

between fishery harvest and recruitment were achieved (25 years). For simplicity, the model 371 

assumed a meta-population that was recruitment-dependent, experiencing 100% mortality 372 

prior to the next recruitment pulse in each year. Each year of a simulation was started with a 373 

spawning event, larval dispersal, and the subsequent arrival of settlers (S) in all 374 

subpopulations: S = P × L, where P is a two-dimensional matrix of dispersal probabilities 375 

among all subpopulations specific to each connectivity scenario (Fig. 2), and L is a one-376 

dimensional vector of local larval output (or egg production). Given that S is not necessarily 377 

representative of successful establishment in adult populations (i.e. recruitment), we then 378 
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used Beverton and Holt’s (1957) recruitment compensation function to incorporate post-379 

settlement density-dependent mortality of larvae (equation 8). 380 

�� =  
��� + ���  , with � =  

1 − ℎ
4ℎ , and � =  

5ℎ − 1

4ℎ�0,�   , (8) 

where Ri is recruitment at location i calculated according to the number of settlers at that 381 

location, and the initial slope and asymptote of the recruitment compensation curve specified 382 

by constants α and β. S0,i

Beger et al. 2015

 is larval settlement under unfished conditions, which we calculated 383 

for any given P as the total sum of larvae arriving at locations i when larval output from all 384 

locations reflected local coral reef areas, as in dispersal simulations ( ). The 385 

compensation or steepness parameter h can be modified to represent populations that are 386 

more (low steepness: small h) or less (high steepness: large h) vulnerable to larval supply. 387 

The opposite effect is evident in terms of fisheries productivity, which will deviate relatively 388 

strongly (high steepness) or weakly (low steepness) from the exploitable maximum for a 389 

given change in larval supply (Appendix S1: Fig. S2). In order to avoid double-counting 390 

mortality processes already accounted for in explicit dispersal simulations, we corrected 391 

recruitment calculations according to equation 8 by multiplying α by the dominant eigenvalue 392 

of P (White 2010). 393 

 394 

For a wide range of empirical estimates of h (0.3-0.95) (Myers et al. 1999), we then used our 395 

model to calculate the proportion of unfished recruitment in reserves (“maximum retention” 396 

scenario), the proportion of recruitment in fished areas relative to recruitment under optimum 397 

fishery conditions (“export to fishing grounds” scenario), and the proportion of unfished 398 

meta-population recruitment (“meta-population persistence” scenario). Unfished recruitment 399 

at each location (R0, i) was calculated by substituting Si in equation 8 for S0,i. The product of 400 

Ri/R0, i and S0,i was used to calculate unfished larval output L0, i. Thus, L0, i was the value for 401 

larval output assigned also to any currently protected location i (xi = 1) that did not 402 

experience non-manageable disturbance (only relevant for the “meta-population persistence” 403 

scenario). Unfished meta-population recruitment (R0) was calculated as the sum of R0,i  across 404 

all i. Recruitment under optimum fishery conditions was calculated as recruitment providing 405 

for maximum excess recruitment (MER). For this, we firstly determined the proportion of 406 

unfished larval settlement providing for MER (SMER/S0) (equation 9).  407 
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�MER�0 =  

� 4ℎ
1 − ℎ − 1

4ℎ
1 − ℎ − 1

 , (9) 

We note that this ratio is equivalent to the proportion of unfished fish biomass delivering the 408 

maximum sustainable yield (BMSY Mangel et al. 2013) in classic fishery models ( ). Via 409 

simulation, we confirmed that SMER/S0 was unaffected by prior corrections of α. We then 410 

substituted Si in equation 8 for SMER,i to calculate RMER,i. Optimum meta-population 411 

recruitment (RMER) was calculated as the sum of RMER,i

 413 

 across i. 412 

Fishery harvest in each subpopulation was assumed to reflect an unrestricted “ideal free 414 

distribution” (IFD), which implies that fishers have perfect knowledge of meta-population 415 

dynamics and optimal exploitation. The IFD was implemented by assigning a relative fishing 416 

effort and catch per subpopulation that was directly proportional to local numbers of recruits. 417 

In consequence, the Catch Per Unit of Effort (CPUE) was spatially uniform. The sum of 418 

recruits available to fishers under optimum fishery conditions in an open system was used as 419 

a reference against which fishery performance under various MPA design scenarios was 420 

contrasted. We note that small-scale fisheries on coral reefs will not always be able to 421 

distribute effort freely, but that the IFD is a common and suitable reference model, 422 

specifically for comparative purposes (Abernethy et al. 2007).  423 

 424 

Sunda Banda case study 425 

 426 

Following these idealized scenarios, we then designed a network of MPAs for a region in 427 

south-eastern Indonesia whose currently existing network of MPAs is under consideration for 428 

modification and extension. The region is known as the Sunda Banda seascape, covering >1 429 

million km2

Veron et al. 2011

 from the Lesser Sunda islands in the South, to Sulawesi in the North, and the 430 

entire province of Maluku next to Papua New Guinea in the East. Located in the heart of the 431 

“Coral Triangle”, which is the world’s centre of marine biodiversity and conservation priority 432 

( ), the Sunda Banda seascape harbours exceptionally diverse marine 433 

ecosystems, which are increasingly threatened by both local (e.g. fishing and pollution) and 434 

global (e.g. rising water temperatures) anthropogenic stressors (see Wang et al. 2015). In line 435 

with regional conservation priorities, we selected coral reef protection throughout the Sunda 436 

Banda as an applied example of MPA network design with a requirement to meet both a 437 

minimum habitat representation target as well as optimum connectivity from the perspective 438 
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of biodiversity conservation and fisheries. Fisheries are a critical source of food and income 439 

in Indonesia, but coral reefs in particular are often heavily overfished (Geronimo and Cabral 440 

2013). Therefore, the Indonesian government has repeatedly expressed its strong desire to 441 

increase fisheries production, which is to be achieved partly by designing MPAs that can help 442 

sustain or rebuild otherwise largely unregulated fishing grounds.  443 

 444 

We started our Sunda Banda case study by generating a coral reef modelling environment 445 

consisting of 10 × 10 km grid cells. The amount of coral reef area in each grid cell was 446 

assigned based on spatial habitat data freely available from the Lesser Sunda Banda Seascape 447 

Atlas (LSBSA, sbsatlas.reefbase.org). We then simulated larval dispersal by using a 448 

biophysical model and methods detailed in several previous studies (Treml et al. 2012, Treml 449 

et al. 2015). Altogether five spawning profiles for different groups of species, all of which are 450 

primary targets of coral reef fisheries in the Sunda Banda region, were used to specify 451 

biological parameters of our dispersal model (see Appendix S1: Table S1). Global HYCOM 452 

ocean current data (Chassignet et al. 2007) were used to calculate the physical transport of 453 

larvae. The final products from dispersal simulations were 100 two-dimensional matrices of 454 

dispersal probabilities (P) that represented a random selection of spawning events for each 455 

species group. We then used these matrices to quantify numbers and strengths of connections 456 

among 314 distinct coral reef complexes across the wider Sunda Banda seascape. Most coral 457 

reef complexes represented clusters of multiple 10 × 10 km grid cells, which we assigned by 458 

visual examination of natural geomorphological structures of coral reef habitat. However, 459 

some natural clusters were subdivided in order to match jurisdictional boundaries of 460 

provinces in charge of MPA enforcement. Altogether 225 out of the total of 314 reef 461 

complexes were located within the Sunda Banda itself, while 89 represented reef complexes 462 

in surrounding areas, which we included to avoid edge effects in connectivity calculations. 463 

However, external reef complexes were blocked from protection.  464 

 465 

We started developing our optimization problem by parameterizing the connectivity objective 466 

function, emphasizing that our goal for the Sunda Banda case study was to design a large-467 

scale network of zoned MPAs rather than a network of multiple small no-take reserves as in 468 

idealized scenarios. This emphasis has a significant bearing on the expected ecological 469 

function of larval dispersal. Given the large scale of the Sunda Banda seascape it is possible 470 

but uncertain whether larval dispersal between MPAs and fished areas over 10s-100s of km 471 

will be demographically significant. However, multiple recent studies on population genetic 472 
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connectivity imply that larval dispersal over such scales can help recolonize collapsed 473 

populations or support the productivity of collapsing populations (e.g. Foster et al. 2012). For 474 

this reason, we chose to parameterize the two connectivity scaling parameters such that a 475 

diverse range of connections rather than a few strong ones are prioritized (zI  ≈ 0 and zE

Burke et al. 2012

 ≈ 0). 476 

And we aimed to achieve diverse connections not only between MPAs but also from MPAs 477 

to putative fishery hotspots, given that most coral reef areas are impacted not only by local 478 

and manageable stressors (fishing), but also by global and non-manageable stressors (coral 479 

bleaching) ( ). To achieve this balanced connectivity optimization, we set 480 

both the import and export weighting parameters to 0.5.  481 

 482 

Given the lack of data on local fishing activities and catch in the Sunda Banda seascape, we 483 

parameterized DE,i

 493 

 by approximating relative fishing pressure based on local population 484 

densities. For this, we transformed the land population density raster data available from the 485 

LSBSA into a feature of points. We then used Inverse Distance Weighting to interpolate 486 

resulting data points from land into the ocean, and we then calculated the mean population 487 

density per grid cell of coral reef habitat to approximate relative fishing effort. As in idealized 488 

scenarios, we assumed that the costs of protecting planning units are uniform so that our 489 

optimization was focused entirely on ecological effectiveness and potential fishery benefits. 490 

In contrast to idealized scenarios, we set a target of 30% for the protection of coral reef 491 

habitat, which matches ambitious conservation goals for the region.  492 

In order to assess the performance of our intended connectivity optimization (balanced 494 

design: wI  = 0.5 and wE = 0.5), we started by using both the site-characteristics and network 495 

optimization strategy to identify optimum MPA designs for individual dispersal attributes: (1) 496 

local retention (wI  = wE = 0), (2) inter-MPA connectivity (wI = 1, wE = 0), and connectivity 497 

between MPAs and putative fishery hotspots (wE = 1, wI  = 0). We then contrasted MPA site 498 

selection frequencies and MPA network performance. Performance was measured using 499 

means across all locations in an open system as a baseline: (1) local retention in MPAs 500 

divided by mean local retention across all locations, (2) mean numbers of import connections 501 

among MPAs divided by mean numbers of import connections among all locations 502 

(multiplied by the proportion of MPAs), (3) mean numbers of export connections weighted 503 

by relative fishing effort at export destinations relative to the corresponding mean across all 504 

locations (multiplied by the proportion of fished locations). Performance values larger than 1 505 

indicated that MPA designs were better than random (i.e. better than an ad-hoc selection of 506 
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individual MPAs). All  optimizations were based on 100 runs, including all dispersal matrices 507 

for different spawning events and species groups. 508 

 509 

Following this connectivity-focused part of the analysis, we then used outcomes from 510 

balanced network optimizations to identify a single best MPA network that incorporated 511 

estimates of general MPA effectiveness. Estimates of general MPA effectiveness were 512 

calculated based on five published data layers that specify anthropogenic stressors throughout 513 

the Coral Triangle (Burke et al. 2012). Our own approximation of relative fishing effort based 514 

on population densities on land was used as a sixth data layer. Local stressors that we 515 

considered to be manageable by MPAs included “overfishing, illegal and unreported fishing”, 516 

“coastal development” , and “other human activities” (the latter of which represented by our 517 

population density layer). Stressors which we considered to be non-manageable by MPAs 518 

included “marine pollution” (local), “past coral bleaching” (global), and “ future heat stress” 519 

(global). To derive a single metric from these data, we firstly normalized each layer to a 520 

maximum value of 1. We then subtracted mean non-manageable from mean manageable 521 

stress to calculate a single metric of relative MPA effectiveness. The resulting metric assumes 522 

that MPAs will have the greatest positive effect in places that are likely to be impacted by 523 

manageable stressors, but which are unlikely to be or become impacted by non-manageable 524 

stressors. However, the MPA effectiveness metric does not account for possible interactions 525 

between stressors, implicitly assuming that associated impacts are additive and independent. 526 

 527 

To provide an example of how two (or more) management objectives, such as MPA network 528 

effectiveness and connectivity, can be reconciled, we used the Sunda Banda case study with a 529 

30% coral reef habitat protection target and identified a single, highest-scoring, integrated 530 

MPA network design. We used the following objective function: T = E + CSM C, which 531 

allowed us to maximize total MPA network performance metric T while adapting the CSM to 532 

explore trade-offs between expected effectiveness E and connectivity C. The performance of 533 

alternative MPA designs was assessed against maximum scores for E and C, which we 534 

calculated as the highest possible mean effectiveness of MPAs that cover 30% of coral reef 535 

habitat (E), and the highest (theoretically) possible balanced connectivity score of MPAs that 536 

cover 30% of coral reef habitat (C). We then contrasted E and C for increasing values of the 537 

CSM (range: 0-1000), identifying the single best MPA network design by determining the 538 

first CSM value that yielded lower relative gains in C than relative losses in E. To illustrate 539 

the performance of two alternative MPA design strategies, we also calculated C and E for (1) 540 
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a single best MPA network that maximized 30% of coral reef habitat per unit area; and (2) 541 

1000 networks of randomly placed MPAs that covered 30% of all coral reef habitat. For 542 

convenience, and because outcomes were insensitive to the type of optimization procedure 543 

applied, we used a greedy optimization approach to implement this final set of analyses. In 544 

contrast to simulated annealing, which was used for all previous optimizations and which is 545 

implemented in Marxan (Possingham et al. 2000, Ball et al. 2009), the greedy approach 546 

assessed performance metrics E and C for all currently unprotected locations, sequentially 547 

selecting the highest scoring areas as MPAs until the combined MPA network covered 30% 548 

of coral reef habitat. 549 

 550 

We note that the calibration procedure described above assumes approximately equal 551 

importance of the two management objectives (MPA effectiveness and connectivity). The 552 

same type of trade-off analysis can be used also if one management objective is more 553 

important than the other. For example, the same general procedure for CSM calibration could 554 

be used to integrate a connectivity objective into standard Marxan applications (which 555 

minimize a “cost” to represent conservation features in MPAs). The trade-off analysis could 556 

then explore how much more it will cost to optimize larval dispersal across the MPA 557 

network. Additional management objectives, such as expected MPA effectiveness, could be 558 

integrated into such an optimization problem by either integrating estimates of local MPA 559 

(in)effectiveness as a “cost” into equation 6, or by adding an independent performance metric 560 

E with its associated modifier (ESM). The latter case would require a trade-off analysis that 561 

contrasts three performance metrics (costs, effectiveness and connectivity) in order to achieve 562 

desirable calibrations of both the CSM and ESM. 563 

 564 

Results 565 

 566 

Relationships between local larval retention, larval import and larval export in simulated data 567 

sets followed our general expectations. That is, local retention showed a generally negative 568 

correlation with larval import and a generally positive correlation with larval export. Larval 569 

import and larval export were generally negatively correlated. However, all three of these 570 

expected relationships were significant only under strong and largely diffusive connectivity 571 

(the “hotspots” scenario), while under widespread isolation of reef areas (the “patchy” 572 

scenario) these expected relationships were either weak or even reversed (Appendix S1: 573 

Table S2, Fig. S3). 574 
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 575 

Reef area provided a useful proxy to estimate dispersal attributes in different locations, 576 

showing a generally positive relationship to local retention, a generally negative relationship 577 

to larval import, and a generally positive relationship to larval export. Again, however, all 578 

three correlations were significant only under strong and diffusive connectivity (Appendix 579 

S1: Table S2, Fig. S3).  580 

 581 

Idealized connectivity scenarios 582 

 583 

The first idealized management scenario, which aimed for maximum retention in reserves 584 

under strong but manageable local stress, revealed a similarly high performance for all three 585 

systematic MPA designs, rebuilding recruitment in reserves from initially only 10% to 586 

minimally 51% (low density-dependent mortality of larvae) and maximally 99% (high 587 

density-dependent mortality of larvae) of unfished levels (Fig. 3a-c). Differences between 588 

dispersal and habitat-based optimizations were not strong, but dispersal-based MPA designs 589 

outperformed habitat-based designs under all dispersal conditions. As expected for local 590 

retention, as a static attribute, the site-characteristics and network based optimization strategy 591 

revealed identical outcomes. Random MPA designs (ad-hoc selections of MPAs) were least 592 

effective, but sufficient to rebuild recruitment in protected populations to minimally 27% of 593 

unfished levels, while also holding the capacity to achieve optimal MPA designs by pure 594 

chance. 595 

 596 

The second idealized management scenario, which aimed to balance local larval retention and 597 

larval export to fishing grounds, revealed dispersal-based MPA designs that consistently and 598 

substantially outperformed both habitat-based and random MPA designs (Fig. 3d-f). Under 599 

both “advective” and “hotspots” dispersal conditions, maximum habitat MPA designs 600 

achieved about 3 times higher recruitment into fisheries compared to an open system without 601 

any protection, but benefits of this magnitude were comparable to the median achieved by 602 

random MPA designs (Fig. 3d and f). Under “patchy” dispersal conditions, maximum habitat 603 

MPA designs revealed lower recruitment into fisheries than without any protection, mostly 604 

even causing complete recruitment failure (Fig. 3e). Median recruitment into fisheries under 605 

random MPA designs was up to 3 times higher than without any protection. However, 606 

possible outcomes under random MPA designs were highly variable, ranging from optimum 607 

fishery benefits (all dispersal conditions) to complete fishery collapse (“advective” and 608 
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“patchy”) or near-complete fishery collapse (“hotspots”). Dispersal-optimized MPA designs, 609 

in contrast, increased the number of recruits available to fishers under any dispersal 610 

condition. Compared to an open system without any protection, the network strategy 611 

recovered fisheries to minimally 36% (“patchy”) and maximally about 80% (“advective” and 612 

“hotspots”) of the theoretical optimum recruitment. This was equivalent to about 5 times 613 

higher numbers of recruits available to fishers compared to unprotected conditions, and about 614 

2 times higher recruitment available to fishers compared to habitat-based MPA designs. The 615 

network optimization achieved consistently higher fishery benefits than the site-616 

characteristics strategy, but the magnitude of differences was generally low. 617 

 618 

The last idealized management scenario, which aimed to achieve meta-population persistence 619 

under local stress and severe, non-manageable disturbances, revealed that dispersal-optimized 620 

MPAs can help rebuild meta-population recruitment from initially close to 0% to minimally 621 

25% and maximally 84% of unfished conditions (Fig. 3g-i). In contrast, neither habitat-based 622 

nor the majority of random MPA designs achieved any notable recovery of meta-population 623 

recruitment. The performance of the site-characteristics and network-based dispersal 624 

optimization strategy was very similar again, with both strategies achieving consistently and 625 

comparably higher total recruitment than even the best randomly designed MPAs.  626 

 627 

Sunda Banda seascape 628 

 629 

In the Sunda Banda case study, as in idealized scenarios, the network-based dispersal 630 

optimization revealed consistently higher MPA performance than site-based optimizations. 631 

Optimum network-based MPA designs achieved 2.2 times higher local retention in MPAs, 632 

2.4 times higher inter-MPA connectivity, and 1.5 times more export connections between 633 

MPAs and putative fishery hotspots than expected by chance. For local retention, these 634 

results were largely consistent while MPA performance in terms of both import and export 635 

connectivity revealed substantial variation across simulated dispersal events and species 636 

groups (Fig. 4, Appendix S1: Table S3). Priority locations to achieve maximum local 637 

retention in MPAs were distributed across the entire study area (Fig. 4a). In contrast, priority 638 

locations to achieve maximum connectivity among MPAs were situated within a relatively 639 

small connectivity hub between latitudes 5-9°S and longitudes 119-127°E (Fig. 4c). Priority 640 

locations to achieve maximum export connectivity between MPAs and putative fishery 641 

hotspots were also concentrated in this region, but did comprise other areas too (Fig. 4e). 642 
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Clearly, higher connectivity for species groups with the most frequent spawning events and 643 

longest pelagic larval duration was associated with greater benefits from systematic MPA 644 

design (Appendix S1: Table S3). However, spatial patterns of connectivity were largely 645 

consistent such that priority locations did not vary much by species group (Appendix S1: Fig. 646 

S4-S6). 647 

 648 

MPA performance under the balanced optimization for all dispersal attributes and simulated 649 

dispersal events was intermediate, ranging between outcomes expected for random and those 650 

observed for individually optimized MPA designs (Fig. 5). Conflicts in the prioritization of 651 

import and export connectivity between and from MPAs appeared to be low, but prioritizing 652 

either import or export connectivity was associated with a direct trade-off in the level of local 653 

larval retention within MPAs (see Fig. 4). The performance and spatial configuration of 654 

balanced MPA designs showed a high similarity again regardless of whether the site-655 

characteristics or network-based optimization strategy was used. Consistently, both strategies 656 

identified high priority MPA locations off southern Sulawesi, between Sulawesi, northern 657 

Flores and northern Sumbawa, as well as in the Solor-Alor region and around Ambon. Most 658 

of these areas are situated in the centre of the Sunda-Banda seascape (Fig. 5).  659 

 660 

Integrating management objectives for the likely effectiveness of local MPAs and the 661 

network-based dispersal optimization as part our final set of analyses, we found that trade-662 

offs in MPA performance were low. The single best MPA network design achieved a near-663 

optimal connectivity performance score (98%) and 87% of maximum effectiveness 664 

(Appendix S1: Fig. S7). The highest priority locations for MPA placement were found to be 665 

situated around south-eastern Sulawesi, between Sulawesi and northern Flores, in northern 666 

Sumbawa, around Solor-Alor, around Wetar, in south-eastern Buru, and around Ambon. 667 

Some of these priority areas fall within the boundaries of official marine parks, such as the 668 

Takabonerate National Park, the Wakatobi National Park, and the Bankiriang Wildlife 669 

Reserve (Fig. 6). However, other priority areas are either not yet or not yet fully protected. 670 

Primarily, this includes a wide stretch of the northern coastline of Flores, the island of Wetar 671 

as well as the eastern side of Ambon and southern side of Buru. Specifically because large 672 

priority areas around Buru and Ambon met desirable dispersal characteristics in terms of both 673 

retention and export to putative fishery hotspots, they represent candidate sites for future 674 

MPA network extensions. 675 

 676 
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Discussion 677 

 678 

Several recent studies have highlighted the importance of integrating realistic estimates of 679 

larval dispersal into the design of networks of marine reserves or MPAs (Gaines et al. 2003, 680 

Costello et al. 2010, Watson et al. 2011, Green et al. 2015). Yet, there is a lack of quantitative 681 

approaches that can be applied by marine spatial planners to do so while achieving 682 

increasingly diverse management objectives. The two MPA design strategies that we have 683 

presented here are sufficiently flexible to explore regional trade-offs (if any) between local 684 

larval retention, larval import to and larval export from protected locations. Some of these 685 

primary dispersal attributes have either directly or indirectly been considered in previous 686 

MPA design approaches (e.g. Beger et al. 2010, Watson et al. 2011, White et al. 2014). 687 

However, the integration of all three, as well as of both the strength and diversity of dispersal 688 

connections, into a single objective function is novel and should be broadly applicable for 689 

both biodiversity conservation and fisheries management.  690 

 691 

Our findings suggest that explicit consideration of larval dispersal will be least important if 692 

connectivity is diffusive and strong (most closely reflected by the “hotspots” scenario), but 693 

that it can be critical under severe disturbance, if  patch isolation is widespread, or if larval 694 

transport is highly asymmetric (Gaines et al. 2003). Both our “patchy” and “advective” 695 

connectivity matrices were based on validated ocean current data, known spawning times, 696 

and realistic early life history characteristics of an important fishery species (Beger et al. 697 

2015). Our outcomes highlighted that, specifically in these two cases, meta-population 698 

persistence was uncertain and fisheries potentially less than half as productive if MPAs were 699 

designed at random or based on a maximum habitat strategy as opposed to our dispersal 700 

optimization approach.  701 

 702 

Notwithstanding such benefits of systematic MPA design, it is important to note also that in 703 

most overfished and poorly regulated systems even random protected area placement is likely 704 

to support the persistence or rebuilding of populations and associated fisheries. Protection 705 

should therefore be encouraged even if larval dispersal information is not currently available 706 

or highly uncertain (Halpern and Warner 2003, Halpern et al. 2006, Jones et al. 2007). 707 

Specifically under predominately diffusive connectivity, simply maximizing habitat area in 708 

locations that would benefit most from protection should deliver system-wide increases in 709 

larval supply and productivity. However, a more targeted support of fished locations through 710 
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strong and diverse subsidies of larvae from protected areas is likely to benefit strongly from 711 

explicit considerations of local dispersal dynamics. The magnitude of associated benefits is 712 

difficult to generalize, but our finding of about twice the number of recruits available to 713 

fishers compared to habitat-focused MPA designs indicates a potentially critical importance 714 

for local food supply and fisher livelihoods.  715 

 716 

The site-characteristics and network strategy were similarly efficient in ensuring higher 717 

fishery benefits than habitat-focused and random MPA designs. Nevertheless, these two 718 

strategies are based on different optimization procedures. The site-characteristics strategy can 719 

be integrated more easily with MPA designs based on generic guidelines (Roberts et al. 720 

2003a, Roberts et al. 2003b, Green et al. 2014) or Marxan applications based on standard 721 

problem formulation (Possingham et al. 2000, Ball et al. 2009). Its weakness is that it does 722 

not consider system-wide larval supply under any given MPA configuration. The network 723 

optimization strategy, in contrast, recalculates dispersal during each optimization step, 724 

directly considering how larval transport to and from all locations is impacted by changes in 725 

the protection status of any single one of these locations. The network strategy also prevents 726 

simultaneous selections of important larval sources for fishing grounds that are themselves 727 

important sources for other fishing grounds. Due to these characteristics, network-based 728 

optimization is preferable, even if more computationally demanding and difficult to integrate 729 

with site feature based MPA designs.  730 

 731 

Clearly, uncertainty about the predicative capacity of larval dispersal simulations is often 732 

considerable (Largier 2003, Cowen and Sponaugle 2009). Few biophysical models have been 733 

explicitly tested with known dispersal trajectories (e.g. Sponaugle et al. 2012), and their 734 

predictions cannot generally be expected to match field measurements (Marshall et al. 2010). 735 

However, for well-studied systems, such as the Great Barrier Reef, there is an increasingly 736 

broad agreement between empirical data and simulated larval dispersal, including levels of 737 

self-recruitment and directionality in dispersal (Jones et al. 1999, James et al. 2002, Bode et 738 

al. 2006, Harrison et al. 2012). The use of simulated dispersal patterns for systematic MPA 739 

design is thus likely to increase. Encouragingly, even inexperienced practitioners are able 740 

now to generate and use dispersal matrices by accessing publicly available modelling tools to 741 

perform sets of locally representative dispersal simulations. For example, this is possible by 742 

using the global connectivity modelling function of the Marine Geospatial Ecology Tools 743 

package (MGET, mgel.env.duke.edu/mget) (Roberts et al. 2010), or by using the Australian 744 
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Marine Connectivity Interface (ConnIe) (Condie et al. 2005, Condie and Andrewartha 2008), 745 

which now covers a broad region around Australia, New Zealand, south-east Asia and 746 

Micronesia, as well as the Mediterranean Sea (ConnIe 2, www.csiro.au/connie2/). Both tools 747 

are based on widely published dispersal models, well-documented and user-friendly. 748 

 749 

Major challenges to use simulated dispersal patterns for systematic MPA design include not 750 

only how explicit connectivity objectives are best integrated with other management goals, 751 

but also to account for potentially substantial variation in dispersal among species and 752 

through time (e.g. Hogan et al. 2012). We have dealt with this complexity here by optimizing 753 

MPA designs based on various simulated dispersal events, and by treating them as equally 754 

important. The result was a network of MPAs that achieved the best average dispersal 755 

outcomes. For the Sunda Banda case study, this strategy was acceptable given that priority 756 

locations for different species groups were largely consistent. In other cases, more substantial 757 

variation in site selection frequencies might be reduced by using species-group-specific 758 

parameterizations (e.g. focusing on local larval retention in MPAs for the least threatened and 759 

on a balanced dispersal parameterization for the most threatened taxa). Alternatively, species 760 

groups could be weighted by some measure of vulnerability or fisheries importance. 761 

 762 

While there is a clear need for greater validation of dispersal models, our analyses indicate 763 

that under a broad range of connectivity scenarios management outcomes can be improved if  764 

dispersal information is incorporated into systematic MPA design. Particularly if connectivity 765 

is highly asymmetric, doing so could be essential to ensure any conservation or fisheries 766 

benefit. Directional larval transport in the California current system is the most well-known 767 

example of such highly asymmetric connectivity, triggering seminal research into the 768 

influence of larval dispersal on marine meta-population dynamics (Roughgarden et al. 1988, 769 

Possingham and Roughgarden 1990, Shanks and Eckert 2005), as well as on marine reserve 770 

network design (Gaines et al. 2003, Shanks et al. 2003). 771 

 772 

In conclusion, our findings demonstrate the feasibility of a novel MPA design approach for 773 

connectivity optimization, which can systematically support the likely persistence and 774 

productivity of marine populations. Importantly, our approach does not require assumptions 775 

about persistence thresholds or demographic importance (which are generally unknown), and 776 

it achieves consistently high management performance regardless of local dispersal patterns 777 

and the degree of density-dependent mortality after settlement. Specifically because the 778 
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approach is both transparent and flexible, future applications should help marine spatial 779 

planners to reconcile multiple, potentially conflicting management objectives, including 780 

biodiversity conservation inside as well as fisheries subsidies outside of protected area 781 

boundaries. The first outputs from our approach are currently used to help conservation 782 

priority area setting in Indonesia. 783 
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Tables 1032 

 1033 

Table 1. Implications of the sources of recruitment for marine protected area design. Note 1034 

that the remaining two out of nine possible combinations under “Recruitment” do not exist, 1035 

because populations would not exist. “Either” under “Vulnerability” highlights locations that 1036 

are not vulnerable to either local or global threats. “Both” under “Good location to protect?” 1037 

means that protection benefits conservation (Cons.) and fisheries. 1038 

 1039 

Recruitment Vulnerability Good 

fishing 

area? 

Good location to protect? 

  

Local Global Either 

Self Import Export 
Cons. Fishery Both 

Yes Yes No No No No Yes Yes No No 

No Yes No No Yes Yes Yes No No No 
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Yes No Yes Yes No Yes No Yes Yes Yes 

Yes Yes Yes No No No Yes Yes Yes Yes 

No Yes Yes No Yes Yes Yes Yes Yes Yes 

Yes No No Yes No Yes No Yes No No 

 1040 

 1041 

Figures Legends 1042 

 1043 

Figure 1. Illustration of the conceptual framework and parameterization of our marine 1044 

protected area design approach (a). The approach allows users to reconcile multiple dispersal 1045 

attributes in support of both protected and unprotected populations by adapting the 1046 

connectivity weighting (w), scaling (z) and desirability (D) parameters. The lines between 1047 

boxes in (a) exemplify a balanced optimization as followed in our Sunda-Banda case study 1048 

(wI  = wE = 0.5). A hypothetical seascape (b) is used to give examples of maximum priority 1049 

locations (c-f) under alternative management objectives. In both e and f export destinations j 1050 

are ignored if they are not fished (DE,j

 1056 

 = 0). The centre location stands out as a candidate site 1051 

for protection, receiving maximum priority under all management objectives (c-f). Note that 1052 

objectives for conservation and fisheries management are not necessarily different, including, 1053 

for example, higher productivity (through high larval supply) or long-term persistence 1054 

(through highly diverse larval sources) of unprotected populations.  1055 

Figure 2. Connectivity matrices used to investigate the performance of alternative marine 1057 

protected area design scenarios: (a) “advective” connectivity characterized by comparatively 1058 

strong unidirectional flow of larvae, (b) “patchy” connectivity characterized by widespread 1059 

isolation of reef areas, and (c) “hotspots” connectivity characterized by a few influential 1060 

connectivity hubs and largely diffusive flow of larvae. Connection strengths are based on 1061 

absolute numbers of larvae dispersing between 50 locations. Data are capped and normalized 1062 

to 1 based on regional maxima. 1063 

 1064 

Figure 3. Marine reserve network performance under variable dispersal conditions, threats, 1065 

and management objectives. Results show numbers of recruits (R) relative to post-settlement 1066 

density-dependent mortality of larvae, ranging from very high (small h = 0.3) to very low 1067 

(large h = 0.95). The management focus was to maximize local larval retention (upper panel, 1068 

a-c), to balance local retention and fishery rebuilding (middle panel, d-f), and to balance local 1069 
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retention within and dispersal between protected locations under severe and non-manageable 1070 

disturbance (lower panel, g-i). The grey area highlights the complete range and the grey 1071 

dotted line the median of outcomes across 100 randomly designed reserve networks. R0, 1072 

unfished recruitment; RMER

 1075 

, recruitment delivering maximum excess recruitment. See 1073 

methods for details.  1074 

Figure 4. Site selection frequencies and Marine Protected Area (MPA) network performance 1076 

on coral reefs in the Sunda Banda seascape in Indonesia yielding optimum dispersal 1077 

outcomes. MPA network performance in bar graphs is expressed as means ± SD across all 1078 

simulated dispersal events. All results are based on the network optimization strategy, 1079 

yielding highest local larval retention within MPAs (RMPA) (a) and (b), the highest 1080 

connectivity between MPAs (IMPA) (c) and (d), and the highest connectivity between MPAs 1081 

and putative fishery hotspots (EFished

 1083 

) (e) and (f). See methods for details. 1082 

Figure 5. Site selection frequencies of Marine Protected Area (MPA) network designs on 1084 

coral reefs in the Sunda Banda seascape yielding balanced connectivity performance. MPA 1085 

network performance in bar graphs is expressed as means ± SD across all simulated dispersal 1086 

events. The upper panel (a-b) refers to the site-characteristics and the lower panel (c-d) to the 1087 

network based optimization strategy. Both strategies were parameterized to balance local 1088 

larval retention within MPAs (RMPA), diverse import connections between MPAs (IMPA), and 1089 

diverse export connections from MPAs to putative fishery hotspots (EFished

 1092 

). See methods for 1090 

details. 1091 

Figure 6. Priority locations for marine protected area (MPA) placement on coral reefs in the 1093 

Sunda Banda seascape, Indonesia. The MPA network design is based on the balanced 1094 

connectivity optimization objective (see Fig. 5c and d), but integrates the likely effectiveness 1095 

of MPAs in different locations (see methods for details). High priority MPA locations are 1096 

highlighted in red, covering 30% of coral reef habitat. Green lines indicate the boundaries of 1097 

officially declared MPAs. Black dots are the centroids of coral reef areas used for larval 1098 

dispersal simulations (n = 225). Blue lines represent the probability that a larva of any 1099 

simulated fishery species disperses between a given pair of reef areas (dark blue: 1 in 1,000, 1100 

light blue: 1 in 10,000). In (a), connections represent larval import into MPAs. In (b), 1101 

connections represent larval export from MPAs to fished areas. Am, Ambon; Bu, Buru; SA,  1102 
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