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Abstract

Larval dispersaby ocean currents acritical componenbf systematienarineprotected area
(MPA) desigiR-However there is a lack of quantitativeethodgo incorporate larval
dispersainsupport of increasinglgiverse management objectiy@scludinglocal
populationpersistenceinder multiple types dhreatg(primarily focused otarval retention
within anddispersabetweerprotected locations)na benefitsto unprotected populations and
fisheries(primarily focused orarval exportfrom protected locations ftshing grounds).
Here, we presem@flexible MPA design approach that can reconcile multiple such potentially
conflicting /mamagement objectives by balancragous associated treatmentdasial
dispeasalinfermation We demorstrateour approactbased omlternativedispersapatterns
combinations ofhreats to populationsnanagement objectives, aieb different
optimizationstrategiegsitevs. networkbased. Our outcomes highligha consistently high
efficiencyin selecting priority locations that are sedplenishingjnter-connectedandor
importantlarval sourcesWe find that the opportunity tealancethesethreedispersal
attributesflexibly/canhelpnot onlyto preventmetapopulationcollapse, but alsto ensure
effectivefisheries recoveryvith average increases in the number ofuisat fishing
groundsat least twetimes highethan achieved by standandbitatbased oadhocMPA
designs. Futurevapplications our MPA design approach should therefore be encouraged,

specifically wherenanagemeribols other thanMPAs arenot feasible

Key words
Connectivity, ocean currents, conservation, fisheries managensirgeprotectedareas,

MPASs, marinereserge network, Marxan

I ntroduction

Most benthicmarine animaldavea plnktoniclife history period during whichheir eggs

and larvadrift in the ocearfor days weeksor even monthsintil they settle backo benthic

habitats Settlement habitatengefrom beingcloseto home (ones et al. 200%0 beingl0s-
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100sof kilometres away fromspawning locationsShanks et al. 200&hanks 2009Jones
2015).The completeprocesdrom spawninganddispersal tosettlementis a key component
of population connectivityf¢r review see Cowen and Sponaugle 20@8d itrepreserd a
potentially critical driver of the demographyand evolutionof coastal marine species
(Roughgarden-et al. 1988, Doherty and Fowler 1994, Palumbi 1994, HellberdCE996n et
al. 201). While'demographic and evolutionary implicatioas connectivitythrough larval
dispersal (hexaftercalled connectivity)are uncertai(Marshall et al. 2010 it is clear that
any givenpool of setting larvaeconstituteghe basis ofthe future replenishment and genetic
makeup of, resident population®wing to this direct link to population dynansic
connectivityis functionally analogou$o the isolation of patches tlassicmetapopulation
theory Hanski 1993 and akey factorto considerin the design ofmarine protected areas
(MPAS) (Gaines et al. 2003, Gaines et al. 2010).

MPAs arecoastal and marinenvironmentghat are regulated, through legal or othézative
means, to-achieve the lotgrm conservation of nature with associated ecosystem services
and culturalvaluegssensu Dudley 2008We distinguish thidbroaddefinition of MPASs here
from that of marine reserves or-teke zonesin which strictly no fishing is allowede.g.
Green et al. 2094By our ddinition, an MPA can be equivalent to a marine reserve, but it
canalso comprise a network of multiptearinereserves and other management zones with
variable levels of fishery restrictiongmportantly, he placementor spatial designof
protected areasan help optimize dynamic interactions betwegropulation recoverylarval
production and connectivityfHowever, systematicMPA desigrs based on larval dispersal
informationarecomplicated by (1) theong-standing challengw track larvae directly in the
field (Sale et al. 2005and (2)a paucity ofquantitative methodthat carutilize dispersal data

in order to'achieve pacular management outcomes

Over recent'yearseminal progress has been mamleneasuring larval dispersal based on
chemical tags=and genetic parentage analg@mmes et al. 2009Jones 2015 and in
simulatingit*basedon biophysical modelsCowen and Sponaugle 2Q0Qool et al. 2013
Oceanographie.and modelling data in particular are now widely availablmany cases,
estimates of larval transport by ocean currents appear to be correlatednedturd
population genetigariation(Galindo et al. 2008<ool et al. 2010White et al. 2010Kool et

al. 2011 Crandall et al. 2012Foster et al. 2012Crandall et al. 2014 confirming the
potential utility of simulated connectivityor systematic MPA desigrDirect measurements
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of larval dispersalare still rare but first resultsappear to be consistent witbommon
maragement objectives, including se#fcruitment in individual reserve@lmany et al.
2007) larval export from reserves to fished arédarrison et al. 2002 and connectivity
across reservaetworks Planes et al. 2009While dignmentsof field observationswith
biophysical*modelsre still rare (e.g. Sponaugle et al. 201&imulating dispersal patterns
providesthe onlyfeasibleoption to project connectivityfor multiple speciesacrossentire

seascape@reml et al. 201pandadvance associated MPA design theory

The first methads allowingncorporaton of connectivity info MPA designwere qualitative
and genac, emphasizingfor example that priority locations forthe placement of marine
reservesshould beselfreplenisliing and nesourcesof larvae tofishedsites(see Roberts et
al. 20033. Thefirst quantitative methodslied onindirect connectivitymetrics such aghe
level of clusteringof reservesithin a network(Possingham et al. 200Deslie et al. 2008
or simple nearesteighbour measuneents of connectivity that likely fail to capture
underlying..metgpopulation dynamicg{Moilanen and Hanski 2001 Actual @nnectivity
information;hasfirstlypeen incorporated into MPA design basedestimates of the scale of
larval dispersaldistances(Sala et al. 2002 Dispersal distances argtill the primary
connectivity data available and frequently useddtablishecologicalguidelines or “rules of
thumb” for MPA design (Green et al. 2005 which help field practitionersmake more
informed decision®n the size and spacing of protected arezguiredto ensureefficient
protectionof resident population&Green et al. 20145reen et al. 20)5However ecological
guidelinesare generic antend to beapplied manually rather thdy usingsystematidViPA
design software, such as Marxan ar#bnation, which would allow usersto optimize

connectivty outcomesexplicitly (Ball et al. 2009, Lehtoméki and Moilanen 2013).

For example,.sveralrecent studiehave highlighted the usef network metrics,such as
eigenvalue~centrality, degree centrality, betweenness centalitpean metgopulation
lifetime, toddentify candidate sites with the greatest presumeaitapcefor marine meta
populationgpersistenc@ode et al. 2008Jacobi andlonsson 201, Kininmonth et al. 2011
Watson et al 201 MWhite et al. 2014Magris et al. 201p A moreintuitive alternative, which
mightalsobe less prone tsacrifidng critical connectivity informatiorfMoilanen 201}, is to
optimize larval dispersadirectly, for example by penalimg strongexport of larvaefrom
protectedto unprotected location@Beger et al. 2010 or by setting speciespecific targets

for local larval retention withinreservegWhite et al. 2013 Larval dspersalcan also be
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136  optimizedvery strategically in ordeto design MPAs that are likely tfacilitate particular
137  ecological outcomes, such as species persistence under climate @hamdpy et al. 2011).
138

139  All of these recerdtudiespresent important advancessystematidViPA design but flexible
140 quantitativerapproachedgth the capacity to integrate increasingly diverse management goals
141  for biodiversity conservation and fisheries managenagatstill lacking(Jones et al. 2007
142  Green et al. 204). This is an important shortcoming, becatlsepriorities forglobal MPA
143 implementation followingthe Convention on Biological Diversityn 1992 and the World
144  Summit on_Sustainable Ddepmentin 2002 haveshifted from biodiversity conservation to
145  wider ecosystem servisgprimarily includingfisheries(e.g. White and Green 20Ll€urrent
146  MPA desighapproacheslo not matchthis developmentlikely becausethe treatment of
147 larval dispersal datdor conservation benefitp(imarily focused ormretaining larvaewithin
148 protected aredoundaies) (Botsford et al. 2001is in fundamental contrast tbsheries
149 management objectivgprimarily focused on the export of larvé®m reservedo fishing
150 grounds) Hastings and Botsford 20p3Here, wepresenta transparent anflexible MPA
151  design appreacto reconcilemultiple suchpotentially conflictingmanagement outcomes by
152  integratingthreeimportantdispersalattributes (1) local larval retention(selfreplenishment
153  at protected locations)?) import-connectivity (thanagnitude andiversity of externallarval
154  subsidiesat pretected locatior)s and(3) export-connectivity (the magnitude adiersity of
155 larval subsidies from protected locatidesunprotected locatiopsWe usemultiple realistic
156  dispersalpatternstypes of threats to populatiommanagement objectiveandoptimization
157  strategieqsite-basedvs. networkbasedl to demonstrat@ consistently high performanas
158 our MPA designapproachThe outcomes encourage future applications, specifically where
159 naturalresource managemetobls other thamPAs arenot feasible.

160

161 Methods

162

163 We developedour MPA design approach bfirstly specifying desirableconnectivity
164 characteristicsfor alternative management objectives, includifig priority locations to
165 protect for biediversity conservatignbecause theyensure the persistence oésident
166  populationsby retaining and/or importing larvdeom multiple other locationg2) priority
167 locatons to protect inorder tosupportfishelies, because theyeplenishimportantfished
168 locationswith larvae and (3)priority locations to be subjected fshing pressure, because

169 theyimport manylarvae frommultiple other location§Table 1).We then wsed thessimple
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rules to formulatewo connectivity optimization strategies which we will refer to in the
following as*site-characteristicsand “network” strategy Both strategiesiseone algorithm
to influence population trends withprotected are@doundarieswhich isthe focus of basic
biodiversity conservatignand another to influence population trends outsidepaitected
areaboundaries, whicls thefocus for wider biodiversity conservatios avell asfisheries
managemen(Fig. 1). Thetwo algorithms are then combined into a singleonnectivity

objective function.
Ste-characteristics optimization strategy

Algorithmsifor our first dispersal optimization strategyeve formulatedo match standard
practice inMPA" planning, whichis to usestatic maps of desirable featuresich asthe
amount ofdifferent habitats, to find the highest overallm of conservation or management
value of individual locationsrelative to theeffectivenesqusually coss) of protectirg these
locations.Such aroptimization strategybased on local features assumes that the functioning
of any speeifie.protected locations unaffected by the constellation other protected
locations around it, thereby ignoring potential network effedtowever connectivity
optimization based on local dispersdiaracteristicds (1) easy to integrate with popular
MPA design.software, such as Marx@aall et al. 2009, and (2) computationallyess

demanding than netwoikased dispersal optimization

To support populations in protected locatignsur site-characteristics strategguns up
connectivity scores fandividual locationsto calculatemetricPs (equation 1).

m
Ps = ) calemav)R(Liy) + wil (L, 2, D1.)), wy € [0,1], (1)

i=1
wheremis the number olbcations and; is the status dbcationi as either protected;(= 1)
or fished & = 0). Ris afunction oflocal larval retentiorL;;, which we definehereas the
numberof native settlers relative to local larval output, because this metric is more
appropriate to assess population persistéhage self-recruitment (the proportion of native
settlers relative to the total number of settlésgeBotsford et al. 200Burgess et al. 20)4
or absolute numbers of larvae retained in populatairnsoorly studied demographyis a

function of the sunof larval import fromsource destinationginto locationi (L;;), the
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scaling parametez,, and the desirability scomy;: 1(Ly;, 7, Dy ;) = Xj%1 L[;Dy j, wherez

R
JE

allows usergso adjust whether connection strength or difgrs optimized (Opsahl et al.
2010) and where D,; can be used to rank the importance of each individual import
connection. Most intuitively, the scaling parameter; can be usedo optimize either
connectionsstrength(humbers ofexchangedarvag, which is achieved by settirg = 1, or
connection.diversitynumbes of larvd source¥, which is achieved by settirg ~ 0. Setting

z, exactly to'OWill assignconnectivity values of 1o all pairs oflocations(even those that do
not exchange-larvaep this parameterization shouidt be usedintermediate @lues forz

(e.g. 0.5)should be chosen with care, given that the dawighting of connection strengths
will be nonlinear Appendix S1:Fig. SJ). Finally, w, is the importweighting factor which
balance whethellarvd transportinto protected locationss consideredessimportant (v, <

0.5), equally“important W, = 0.5) or more mportant (v > 0.5) to supportprotected
populations=thariocal larval retention Low relative importance of larval importan be
assumed if dominarhreatsare locakzed predictableand manageabliroughreservessuch

as fishing pressurelf there are additional threats, whiahight be global, less easily
predictable and ' nomanageable through reserysschasclimate changer cyclones then
larval import from other locationsould be important to support protected populations against
unforeseen disturbancén the latter case, specifyinpe desirability of specific import
connections,@;), can help ensure that larval sources themselves are least likely to suffer
from disturbance; for example, by excludifgghly threatened sourceg from the

optimization.Py,= 0).

To supportpepulations outside pfotected aredoundarieswe formulateda connectivity

metricUs thatspecifiedliarval export from protected to unprotected locations (equation 2).

m

Us = z xiE(lA:E,i, zg, Dg ), @

i=1
whereE(Lg 2g, Dy ;) = Xj~1 L5 Dg,;. Similar to | above, this equati@alculateghe sum of
Jj#i
larval export froma locationi to destinationsj (Lg;), allowing users to adjudtoth the
weighting of connection strength relative to connection diversity s well asthe
desirability ofeachexportdestination (Dg;). Here, we defineDg; based omelative fishing

effort, noting that various other definitions of desirabilityould be equally feasible For
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229 example,practitioners mightim to mitigate climate change impacts by siting reserves and
230 prioritizing larval export connection® other areabased ormeasurements of thermal stress
231 (Mumby et al. 201 The scalingparameteee fulfilled the same role as described above for
232 larval import. That is, setting= = 1 will maximize umbers ofexported larvaeyhile setting

233  ze < 1 wilk downaveight connection strengths in favourtbé number oéxport destinations
234 (Fig. 1land'S).

235

236 Network optimization strategy

237

238  Our network optimizationstrategy was based on the same assumptions about desirable
239 dispersal attributeasthe sitecharacteristics strategyput metricsP andU were calculated

240 based orthe performance adn entire networlof protected locationsather tharon the sum

241  of values ofindividual protected locationsin other wordsthe networkstrategydirectly

242 acknowledgesthat the performance ohdividual protected locationsvithin a network

243 depends ugpn the location ofall otherprotected locationwithin that network Capturingthis

244  dependency.0f mefaopulation dynamics orthe status of all subpopulatioran be

245 important, buit.is alsomore computationally demanding.

246

247  To support pretected populatignsur networkoptimizationstrategymaximized metric Py as

248 formulated in equation 3.

m m m
Py=(1-wp) Z X R(Li;) + wy Z Z XiXj I(Lili,DI,j),WI € [0,1]. 3)
i=1 =1 j=1

J#i

249 The first summandin this equationcalculatesselfreplenishmeniat locationi, expressed
250 again as lpcalaryal retention and considered only ifis currently protectedx(= 1). The

251 second summandalculateslarval import amongprotected locationsbecauseconnectivity

252 will only be consideredvhenever both connectdalcatiors are currentlyprotected Xi = x; =

253 1). As abovegmportconnectivityis only considered if the weighting factey is greater than
254 0, while exponentz; modifies whetherconnectivityrepresers numbers of larvaez( = 1) or

255 numbers of connectiong, (= 0). Also as above, individual import connections can be ranked
256 by multiplication withD, ;.

257

258 To support unprotected populationgetric Uy wasformulatedasshown in equation 4.
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m  m
Uy = Z Z xi(1 = %) E(L%, Dg ). (4)
=
259  Here E is a functioragainof L{* andDgj, which are multiplied tsubsidze the mosthighly
260 fished export destinationsvith maximum larval supplyrom protected locationgze = 1), or
261 to facilitate longterm persistence dtighly fished export destinationsy maximiang the
262 diversity of protectedlarval sourceqzs ~ 0). Note that in contrast to equation 2arval
263 exportto a destination is taken intoaccount only ifj is currently unprotected X; = 0).
264 However, the most important difference between equaliargd 4 Py andUy) and between
265 equations X and 2 abovegandUs) is that the summation overs part of the optimization,
266 assessingthe value af antire network oprotectedocations during every optimizatictep
267
268 Regardles®f which optimizationstratey is used, metricB andU canthenbe combined to

269 calculate an overall connectivity metfic(equation 5).
C=0-wg)P +twgU, wg €[0,1], (5)

270 wherewg (ansequivalent tav;) is the export weighting factor, which allows users to balance
271 the treatment of larval dispersal in favour of populations in protected<( 0.5) or

272 unprotectedWe > 0.5) locationsThe maximumvalue of C across a wide range of possible
273 MPA designgan beusedto identify the optimal set of locations to protect.

274

275 We note that:the magnitude of R, | andsthighly variable,which meanghat proportional

276  weightingof.all. threeof these dispersahetrics accaling tow, andwg can be achievednly

277 by normalization For the sitecharacteristicoptimization strategy, this waslone here by

278 usingpercentages of maximacross. For the network strategy, we used conversion factors
279 based on mearecrosg, i.e. mearR relative to meai (for w;) and mean R + | weighted by
280 w, relativetoE (for we).

281

282  Optimization procedure

283
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The connectivityoptimization equations abovean becombined with other primariMPA
design objectivesThe most common of sudbjectivesis to minimizethe economicosts

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

m m
H = Z CiXp Subject to Z a; X =t V k. (6)
i=1 i=1

Here His eur-habitat protectiomnmetric, ¢; is the cost oprotectinglocationi, and a is the
area or proportion of conservation featukeat that location(e.g. different habitat types)
which we aim ta increase until associated targetsve been achievedihis formulation of
H representdhe standard typef MPA optimization Possingham et al. 20Q8all et al.
2009). nnectivity metric C canbe integrated wittH in orderto calculatea newoverall

MPA performanee metri¢ for any givenspatial desigriequation 7).

T=H-CSMC 7)

where CSM is the connectivity strength modifier, whichdjuststhe overall importance of
connectivityin.the optimization problen{Watts et al. 200Beger et al. 200 MPA designs
canthen be optimized by using simulated annealing with subsequent iterative improt@ment
minimizé T=such as implemented in dvkan (Ball et al. 2009 Here we used 1H10°
iterations in 100 repeat rufe each optimization problem

We highlight that integrating two (or morepjective functions as in equation 7 can be
complicated"by theppropriatecalibration of theCSV. For examplepractitioners might aim
to combinehabitat representaticand connectivity objectivesSimilar to the calibration of the
boundary length, modifier in standard Marxan applicati@ame and Grantham 200&
potentially_wide_range o€SM valuesmust then be analysed in orderdoaracterize any
potential tradeoffs to achieve both management objectivds. usea case study (the Sunda

Banda seascape) as an example to describe such a calibration procedure in moedayetail

|dealized connectivity scenarios

The first set of MPA designscenarios aimetb test ournew optimizationapproach under

variable management conditions gratterns ofarval dispersal We startedhis analysis by
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accessing a realisticonnectivitydataset available frordispersal simuladns of coral trout
(Plectropomus leopardus) larvae acrosgd25 coral reefareasin the southeast Asian “Coral
Triangle” region (Beger et al. 2015 Three out of approximately 400 subsetsof 50
neighbouringcoral reef areasxtracted from tis original dataset were chosen to represent
variabledispersalcharacteristicsWe will refer totheselocal subset®of datain the following

as “advective”, “patchy”and “hotspos’ dispersal pattern@-ig. 2). The“advective”dispersal
patternwas identifiedbased orthe maximunobservedsum of differences betweensipeam
and downstream connectivigmongreefareas The “patchy’patternwas identified based on
the maximumobserved numbennf completely isolated reef areas (no connedtiom
surrounding. reefs). The “hotspotpatternwas identified hsed onthe maximumobserved

standard deviation ioonnectivityamong reef areas

We then created thremanagemenscenarios, all of which aimedt maximiang MPA
performanceavhile achieving an overarchirif%target for the protection aral reefareas
which are equivalent hereo individual subpopulations withia metapopulation.The first
two scenaries-assumed a collapsing Apetaulation, which was subject to hedwegal stress
through fishing, but which was unaffected thyeatsthat local protection auld nothelp
control (eg. global climate change). Both scenarios assumed, thathe absence of any
protection fishery harvest depletetbtal recruitmentacrossall subpopulations by 90%
compared to unfished conditiang/here protectionwas enforced subpoplations and thus
local larval productiorwasassumed to recover to unfished levels. In fished areas, in contrast,
larval production was assumed to decline further, because total fishingaeffoss the entire
metapopulationwas constantThat is fishing pressure in unpected areasvas directly
proportionalto protected areaoverage(Halpern et al. 2004 Subject to these assumptions,
the first idealizedmanagemengcenario(“maximum retention”)aimedto slect the optimal
10% oflocations toprotect in netake reserveto ensuranaximumlocal retentionand thus
sulpopulation=persistencén contrastthe secondnanagement aenario(*exportto fishing
ground$) aimedto subsidize fishees productivityby balancing local larval retention and the

export oflarvaeto the most important fishing grounds.

Underthe thirdmanagemenscenario, we assumeldat our subpopulations weselbject not
only to locally manageablebut alsoto nonmanageable(global) threats Without any
protection,total recruitment intdhe metapopulationwas assumedgain to be depleted by

90%, butall subpopulations retained the capacity to recover irofutethey were protected.
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However, recovery successas not guaranteedue for example,to unforeseencoral
bleachingor cyclone disturbance, which we mimicked by inducihg complete collapse of
half of all subpopulationsWhile the selection ofubpopulations to collapsgas done at
random, we ensuredhat they represented 50% of both protected and unprotected
subpopulationsThe managemenaim in this third scenario (“metgopulationpersistenc§
wasto preyent the collapsef the entire metapopulationby balancingocal larval retention

within andmaximumlarval supplybetweerreserves

To achievethe managementaims outlined above we parameterizedhe first scenario
(maximumlocalretention in reserves underanageablé¢hreat3 by setting loth the import
and exportweighting parameters to .OFor the second scenario (fishebenefits under
manageable locahreat3, we sethe export weighting parameter to @ad the export scaling
parameteto 1, placing equapriority on local retention in reserves aod sendng as many
larvae as possible from reserves to heavily fished arféais the thirdscenario iheta
populationpersistenceunder manageableand nonmanageable thredfswe setthe import
weighting parameter to 0.5 and the impmraling parameter to balancing locatetentionin

reservesandtheinter-replenishmenbetweerreservegsee Fig. 1).

Alongside outwo connectivityoptimization strateigs, we also used habitatrepresentation
and a randondesignstrategyin orderto assess MPA design performantée objective of
the habiatrepresentation strategy wassimply maximize the amount gdrotectedcoral reef
area while the random strategy used adgthoc selection of sites without any underlying

rationale.

To contrastMPA performancdor each oftheseoptimizationstrategieswe used a dynamic
model. The model was based on an annual time stepuandntil equilibrium conditions
between fishery“harvest and recruitmemtr@achieved25 years) For simplicity, the model
assumedasmetapopulation that was recruitmedéependentexperiening 100% mortality
prior to thesnext recruitment pulée each year. Each yeaf a simulationwas started witla
spawning event, larval dispersal, and the subsequent arrivadettiers (S in all
subpopulationsS = P x L, whereP is a twedimensional matrix of dispersal probabilities
among all subpopulationspecific toeach connectivityscenario(Fig. 2) andL is a one
dimensional vector dbcal larval output (or egg production). Given tt&is not necessarily

representative of successfudtablishment in adult populatior{ge. recruitment) we then
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used Beverton and Hols (1957) recruitmentcompensation function to incorporate post-
settlementensity-dependent mortalitf larvae(equation 8).

o _ S o 1=h S5h—1 (8)
P ToALL - b VT

whereR; iS recruitment at location calculated according tthe number ofsettlgs at that
location,and the initial slope and asymptatithe recruitment compensation curve specified
by constantg andp. &; is larvalsettlemenunder unfished conditions, which walculated
for any givenP as the total sum of larvae arriving at locasionvhen larval output from all
locationsreflected local coral reef argasin dispersal simulationBegeret al. 201%. The
compensation ‘or steepness parambtean be modified toepresenipopulationsthat are
more (low steepnessmallh) or less (high steepnedargeh) vulnerable to larval supply.
The opposite effect is evident in terms of fisheriexdpctivity, which will deviate relatively
strongly (high steepness) or weakly (low steepness) from the exploitable maximam for
given changein larval suppl{Appendix S1: Fig. ). In order to avoid doubleounting
mortality processes already accounfed in explicit dispersal simulations, we corrected
recruitment calculations according to equadsy multiplying o by the dominant eigenvalue
of P (White 2010).

For a wide range of empiricaktimatef h (0.3-0.95) Myers et al. 1999 we then used our
model to calculate the proportion of unfished recruitment in res¢maximum retention”
scenari, the proportiorof recruitment in fished areas relativergzruitment undeoptimum
fishery conditions(“export to fishing ground$ scenari9, and the proportion of unfished
metapopulationrecruitment {(meta-populationpersistencescenari. Unfished recruitment
at each locatioifRy ;) was calculated by substitutir®yin equation8 for S ;. The product of
Ri/Rp,i andSgiwas used to calculate unfishkealval outputlL . Thus,Lo; was the value for
larval output=assigned also to awyrrently protectedocationi (x; = 1) that did not
experiencesnoimanageable disturbance (only relevant for the “mejaulation persistence”
scenario)Unfished metgopulation recruitmen(iRy) was calculated as the sumRyf; across
all i. Recruitment under optimum fishery conditions was calculated as recrupnonding
for maximum excess recruitme(MER). For this, wefirstly determired the proporion of

unfished larval settlement providing for MEREr/So) (equation 9).
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SMER= 1-h (9)
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1-nh

408 We rote that this ratio is equivalent to the proportion of unfished fish biomass delivaging t

409 maximum/sustainable yieldB(sy) in classic fishery model§Mangel et al. 2013 Via
410 simulationgveconfirmed thatSyer/Sy was unaffecteé by prior corrections ofi. We then
411  substitutedSwinwequation 8for Suer; to calculate Ryeri. Optimum netapopulation
412  recruitment Rver) was calculated as the sumR)jer; across.

413

414  Fishery harvestin each subpopulatiowas assumed toeflect an unrestricted “ideal free
415 distributiori, (IER), which implies that fishers have perfect knowledgenwétapopulation
416 dynamics and gptimal explation The IFD wasmplementedy assigninga relative fishing
417  effort and catclper subpopulatiothatwas directly proportional tdocal numbersof recruits.
418 In consequence, th€atchPer Unit of Effort (CPUE)was spatially uniformThe sum of
419 recruitsavailable tdfishers under optimunfishery conditionsn an open systenas used as
420 a referenceagainst whichfishery performance under various MPA desgpenarioswas
421  contrasted We note thatsmallscale fisheries on corareef will not always be able to
422  distribute.effort.freely, but thatthe IFD is a common and suitableference model,
423  specificallyfor cempaative purposes (Abernethy et al. 2007).

424

425  Sunda Banda case study

426

427  Following theseadealized scenarigsve then designed a network of MPAfer a region in
428 southeastern‘indonesia whose curkgmxistingnetwork ofMPAs is underconsideration for
429  modification and extensio.he region isknown asthe Sunda Banda seascapgevering>1

430  million km? from,the Lesser Sunda islanis the South, to Sulawesi the North and the
431 entireprovince of Maluku next to Papua New Guinedhe East Located in theneartof the
432  “Coral Triangle’y which is the world’s centre of marine biodiversity and conservation griorit
433 (Veron et als201) the Sunda Banda seascape harbours exceptionally diverse marine
434  ecosystems; which are increasingly threateneidizlocal (e.g. fishing and pollutiorgnd
435 global (e.grising water temperaturpanthropogen stressorgsee Wang et al. 201.9n line

436  with regionalconservation priorities, we selected coral reef protection throughout the Sunda
437 Bandaas anapplied example of MPA network desigwith a requirement to medioth a
438  minimum habitat representation target as well as optmeconnectivityfrom the perspective
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of biodiversity conservation and fisheriéssheries are a critical source of food and income
in Indonesiabut coral reefs in particular aodten heavily overfishedGeronimo and Cabral
2013) Therefore, the Indonesian government has repeatedly expitsséangdesire to
increae fisheries prodation, which is to be achieved partly lgsigningIPAs that can help

sustainorrebuild otherwise largely unregulated fisth grounds.

We started ourSunda Band&ase study byenerang a coral reefmodelling environment
consistinggof 10 x 10 km grid cells. The amount of coral eeefin eachgrid cell was
assigned based @patialhabitatdatafreely availabldrom the Lesser Sunda Banda Seascape
Atlas (LSBSA,ssbsatlas.reefbase.grgWe then simulatedarval dispersalby using a
biophysical'modeand methods detailed severalprevious studieg§Treml et al. 2012Treml

et al. 201%. Altogether five spawning prdéisfor different groups of specigall of which are
primary targets of coral reef fisheries in the Sunda Baretaon were used tespecify
biological parameters afur dispersaimodel €eeAppendix S1Table S). Global HYCOM
ocean current dat@Chassignet et al. 20pWere used tocalculatethe physicakransportof
larvae The final/produd from dispersal simulationsere 100 two-dimensional matdes of
dispersal probabilitie$P) that represented a random selectiorsdiwning eventfor each
species group/Ne thenusedthese matrice® quantifynumbers and strengths @dnnectons
among 314 distinct coral reef complexes across the wider Sunda Banda sédssaperal
reef complexes represented clustersatftiple 10 x 10 km grid cellswhich we assigned by
visual examination of natural geomorphologisalucturesof coral reef habitat. However,
some natural clusters were subdivided in order to match jurisdictional boundaries of
provinces in charge of MPA enforcememtltogether 225 out ofthe total of 314 reef
complexes were located within the Sunda Baitskdf, while 89 representedeef complexes

in surrounding areas, which wecluded toavoid edge effects in connectivityalculations

However, external reef complexes were blockethfpootection.

We started=developing our optimization problem by parameterizing the connectivitinabjec
function_emphasizing that our goal for the Sunda Barake study was to desigrnaage
scalenetwork efzonedMPAs rather thara network ofmultiple small no-take reserves an
idealized scenarios. This emphasis has a significant bearinidpe expectedecological
function oflarval dispersal Given tle large scalef the Sunda Bandseascapé is possible
but uncertain whethdarval dispersabetween MPAs and fished areager 10s100s of km

will be demographically significantHHowever, multiple recent studies on population genetic
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473  connectivity imply that larval dispersal oversuch scales carhelp recolonize collapsed
474  populations orgpportthe productivityof collapsing populationée.g. Foster et al. 20LZor

475 this reasonwe chose toparameterizehe two connectivity scaling parameters such thaat
476  diverserange of connections rather thariewstrong onesra prioritized ¢ =~ 0 andzg =~ 0).

477  And we aimedd achiee diverse connections not only between MPAs but also from MPAs
478  to putative fishery hotspots, given thabst coral reef areas are impacted not only by local
479 and manageable stressors (fishjrim)t also by globabnd nonmanageable stressors (coral
480 bleaching)(Burke et al. 201R To achieve this balanced connectivdgtimization we set

481  both the import.and exponteighting parameteit® 0.5.

482

483  Given the dack of data on local fishing activities and catcthe Sunda Banda seascape

484 parameterizedg; by appraimating relative fishing pressureabed on localpopulation

485 densitiesFor this, wetransformed théand population density raster data available from the
486 LSBSA into_a feature of points. We theised Inverse Distance Weighting itderpolate

487 resultingdata points fromand into the ocegrandwe thencalculatel the mean population
488 density per.grid<cellfocoral reef habitato approximate relative fishing effoAs in idealized

489  scenarios, we, assumed that the costs of protecting planning units are uniform so that our
490 optimization was focused entirely on ecologicakdffenessandpotentialfishery benefits

491 In contrast tosidealized scenarios, we set a target of 30% for the protection of coral reef
492  habitat,which matches ambitious conservation goals for the region.

493

494 In order to assess the performance of our intended connectivity optimization (balanced
495 design:w, = 0.5 andwe = 0.5), we started by using both the siteracteristics and network
496  optimization strategy to identify optimuMPA designs for idividual dispersal attributes: (1)
497 local retention(w;, = wg = 0), (2) inte-MPA connectivity(w; = 1, wg = 0), and connectivity
498 between MPAs. angutative fishery hotspotsve = 1, w, = 0). We then contrasteMPA site

499 selection frequencies andPA network performancePerformancewas measured using
500 means acress=all locations in an open system as a bagélrecal retentionin MPAs

501 divided bysmean local retention across all locations, (2) mean numbers of import comecti
502 among MPAs.divided by mean nundrs of import connections among all locations
503 (multiplied by the proportion of MPAs), (3) mean numberexjort connections weighted
504 by relative fishing effort at export destinatiomdative to the corresponding mean across all
505 locations (multiplied byhe proportion of fished locationd}erformance values larger than 1

506 indicated that MPA designwere better than randofne. better than an dabc selection of
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individual MPASs) All optimizatiors were based on 100 runacluding alldispersaimatrices

for differentspawning events argpeciegroups.

Following this connectivityfocused part of the analysis we then used outcomes dm
balancednetwork optimizatiors to identify a single best MPA networthat incorporagd
estimates /ofgeneral MPA effectiveness Estimates ofgeneral MPA effediveness were
calculated based dive publisheddatalayersthatspecifyanthropogenic stressaitsroughout

the Coral TriangléBurke et al. 2012). Our own approximation of relative fishing effort based
on population ,denses on landwas used as a sixth data laykocal dressorsthat we
consideredo bemanageable by MPAs includéaverfishing illegal and unreportefishing”,
“coastal developmehtand”other human activitiégthe latter of which representéy our
population ‘density laygr Sressorswhich we consideredo be non-manageable by MPAs
included ‘marine pollutiofi (local), “past coral bleachirigiglobal), and“future heat stre&s
(global). To_derive a single metritom these datawe firstly normalizedeachlayer to a
maximum value of 1. We thensubtracted meamonimanageable fronmeanmanageable
stresqo caleulatéa single metric of relative MPA effectivene3$se resultingmetricassume

that MPAs \willhave the greatest positive effégtplaces thatre likely to be impacted by
manageable stressors, but which are unlikely to be or become impacted-imamageable
stressorsHowever, he MPA effectiveness metric does not account for possible interactions

between stressornsnplicitly assunng that asociated impacts are additive and independent.

To provide an example of how two (or more) management objectives, such as MPA network
effectiveness and connectivity, canreeonciled we used the Sunda Banda case switly a

30% coral reef habitat protection targetd identified a single, highesscoring integrated

MPA network design.We used the following objective functioii:= E + CSM C, which
allowed us to.maximize total MPA network performance mdtndhile adaping theCSM to
explore tradeoffs between expected effectiven&sand connectivityC. The performance of
alternativesMPA designs was assessed against maximum scorBsafot C, which we
calculatedsas the highest possible mean effectiveness of MPAsotieat30% of coral reef
habitat €), and,the highest (theoretically) possible balanced connectivity score of MPAs that
cover 30% of coral reef habitaf), We then contrasteld andC for increasing values of the
CSM (range: 01000), identifying the single best MPA network design by determining the
first CSM value that yielded lower relative gains@than relative losses iB. To illustrate

the performance of two alternative MPA design strategies, we also calollatetE for (1)
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a single best MPA netwbkrthat maximized 30% of coral reef habitat per unit area; and (2)
1000 networks of randomly placed MPAs that covered 30% of all coral reef hdmtat
convenience, and because outcomes were insensitive to the type of optimization procedure
applied, we used a greedy optimization approach to implement this final set of analyses. In
contrastito simulated annealing, which was used for all previous optimizationshéch is
implemented in:Marxar{Possingham et al. 2008all et al. 2009, the greedy approach
assessed ‘performance metriesand C for all currently unprotected locations, sequentially
selecting the highest scoring areas as MPAs until the combined MPA networkdc80éte

of coral reef habitat.

We note ghat the calibration procedure described above assappesximately equal
importance of the two management objectives (MPA effectiveness and conpgcliti
same type of tradeff analysis can be used also if one management objective is more
important than the other. For example, the same general proced@@Maralibration could

be used to integrate a connectivity objective into standard Marxan applicatibieh (w
minimize a.“eest’ to represent conservation features in MPAS). The-dféa@ealysis could

then explorethow much more it will cost to optimize larval dispersal across the MPA
network. Additional management objectives, such as expected MPA effectiveoelssbe
integrated inte*such an optimization problem by either integrastipates of local MPA
(in)effectiveness as‘aost into equation §or by adding an independent performance metric
E with its associated modifieEGM). The latter case would require a trafeanalysis that
contrastghree performance metrics (costs, dffeeness and connectivity) in order to achieve
desirable calibrations of both tk@SV andESM.

Results

Relationshipsbetwedncal larval retention, larval import and larval export in simulated data
setsfollowed=ourgeneral expectati@n That is,local retention showed generally negative
correlationwith larval import and @enerallypositive correlatiorwith larval export.Larval
import and larval export wergenerallynegatively correlated. Howeveal three of these
expectedelationshipswere significant onlyunderstrong and largely diffusive connectivity
(the “hotspots” scenario), while under widespread isolation of reef afdas “patchy”
scenario) thesexpected relationships were either weakewen reversed(Appendix S1:
TableS2,Fig. S3.
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Reef areaprovided auseful proxy to estimatedispersalattributes indifferent locations
showing agenerallypositive relationshipo local retention,a generallynegativerelationship
to larval import, anda generallypositive relationship tolarval export Again, howeveral

three correlationswere significant onlyunderstrong and diffusive connectivitfAppendix
S1:TableS32, Fig. S3.

|dealized cennectivity scenarios

The first idealizedmanagement scenayivhich aimedfor maximum retentiorin reserves
understrong but.manageablecal stressrevealed aimilarly high performance for all three
systematic ' MPA designgebuilding recruitment inreservesfrom initially only 10% to
minimally 51% (low densitydependent mortality of larvae) and maximal§%% (high
densitydependent mortality of larvae) of unfishexels (Fig. 3a-¢). Differences between
dispersaland habitabasedoptimizationswere not strong but dispersabasedVIPA designs
outperformed-habitatased designs undeall dispersalconditions.As expectedfor local
retention, ag staticattribute thesite-characteristicand network basegptimization strategy
revealedidentical outcomes. Random MPA desidadg-hoc selections of MPAS) were least
effective, butsufficientto rebuild recruitment in protected populations to minimally 27% of
unfished levelswhile alsoholding the capacity taachieveoptimal MPA designsby pure

chance.

The secondadealizedmanagement scenayiwhichaimedto balance local larval retention and
larval export to fishing groungdsevealed dispersddased MPA designhat consistently and
substantiallyoutperformed both habitat-basadd random MPA desigrn&ig. 3d-f). Under
both “advéctive™ and “hotspots” dispersal conditignsmaximum habitat MPA designs
achievedabout3times higher recruitment ia fisheriescompared t@n opersystem without
any protectiopdbut benefitsof this magnitudevere comparablgo the median achieved by
random MPA designé-ig. 3d and ). Under “pattly” dispersakonditions maximum habitat
MPA designsrevealed lower recruitment into fisheriggan without any protectiommostly
evencausing complete recruitment failuiieig. 32). Median recruitment into fisheriesnder
random MPA designs wasp to 3 times higher than without any protectioHowever,
possibleoutcomes under random MPA desigwmsre highly variable, ranging from optimum

fishery benefits (all dispersal conditions) to complésihery collapse (“advectie” and
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“patchy”) or nearcompletefishery collapse (“hotspots”)DispersaloptimizedMPA designs,

in contrast, mcreasedthe number ofrecruis available ¢ fishers under anydispersal
condition Compared to an opesystemwithout any protectionthe network strategy
recoveredisheries taminimally 36% (“patchy”) and maximally about 80% (“advective” and
“hotspots”)ofithe theoreticabptimum recruitment This was equivalent to about 5 times
highernumbers ofecruits available to fishers compared to unprotected conditions, and about
2 times higher recruitmerivailable to fishersompared to habitdiased MPA designg.he
network @ptimization achieved consistently higher fishery benefits than the skie

characteristics,strategy, ke magnitude odlifferenceswasgenerallylow.

Thelastidealizedmanagement scenariwhichaimedto achievemetapopulationpersistence
under locaktressandseverenonmanageabldisturbancesevealedhat dispersabptimized
MPAs can helprebuild metapopulationrecruitmentfrom initially close to 0% taminimally
25% and maximally84% of unfished conditions (Fig.g3i). In contrast, neither habithiased
nor the majority of random MPA designs achieved any notaueveryof metapopulation
recruitment.Fhe perfomance of the siteharacteristics and netwelbased dispersal
optimizationstrategywasvery similar again with both strategiesachievingconsistently and
comparablyhigher total recruitment thaawven the best randomly designed MPAs.

Sunda Banda seascape

In the Sunda Bandaase studyas in idealized scenariothe networkbased dispersal
optimizationrevealedconsistentlyhigher MPA performance thasite-based optimizatian
Optimum networkbasedMPA designs achieved.2 times higher local retdan in MPAs,

2.4 times ‘higher inteMPA connectivity, and 1.5 times more export connections between
MPAs andputative fishery hotspotthan expected by chancEor local retention, these
results werdargely consistent while MPA performance in termsbath import and export
connectivity=revealed substantial variation across simulated dispersal events and species
groups (Fig: 4 Appendix S1:Table ). Priority locations to achieve maximum local
retention in"MPAs were distributextross the entire study area (Fig. 4a). In contrast, priority
locations to achieve maximum connectivity among MPAs were situated within a relatively
small connectivity hub between latitude®% and longitudes 11B27°E (Fig. 4c)Priority
locations to alsieve maximum export connectivity between MPAs and putative fishery

hotspots were alsooncentratedn this region but did comprise otheareastoo (Fig. 4e).
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643 Clearly, hgher connectivity for species groups with the most frequent spawning events and
644 longest pelagic larval duration was associated with grelagmefits from systematic MPA
645 design Appendix S1:Table S3. However,spatial patterns of connectivity wetargely

646 consistensuch that priority locationgdid not vary much by species gro(4ppendixS1:Fig.

647 S4-56).

648

649 MPA performancainder thebalancedoptimizationfor all dispersal attributeand simulated
650 dispersal eventwas intermediate, ranging between outcomes expected for random and those
651 observed foindividually optimzed MPA designs (Fig5). Conflicts in the prioritization of
652 import and,expert connectivity between and from MPAs appeared to béubpsioritizing

653 either impeort orexport connectivity was associated with a direct-tfidie the level of local

654 larval retention within MPAgsee Fig. 4) The performance and spatial configuration of
655 balanced MPA |designs showedhigh similarity again regardless of whether the -site
656 characteristic®r networkbased optimization strategy was usédnsistently, botlstrateges

657 identified highpriority MPA locations off southern Sulawesi, between Sulawesithern
658 Floresand nertherrSumbawaas well agn the Solor-Alor regionand around Ambon. Most
659 of theseareasare situated ithe centre of the Sunddanda seascafEig. 5).

660

661 Integrating management objectives fdhe likely effectiveness of local MPAand the
662 network-basedlispersal optimizatioms part our final set of analyses, we found thede

663 offs in MPA performancevere low The single best MPAetwork desigrachieved a near
664 optimal connectivity performance score (98%) a®¥% of maximum effectiveness
665 (Appendix S1:Fig. S7).The highest priority locations for MPA placement were found to be
666 situated around souastern Sulawesi, between Sulawesi and northlemed; in northern
667 Sumbawa,.around Solédor, around Wetar, in soutbastern Buru, and around Ambon
668 Some of.thesgriority areas fallwithin the boundaries of official marine parks, such as the
669 Takabonerate=National Parkhe Wakatobi National Parkand the Bankiriang Wildlife

670 Reserve (Fig6):However, other priorityareasare either not yet or not yet fully protected

671  Primarily,ths includesa wide stretch of the northern coastline of Flores, the island of Wetar
672 as well aghe eastern side of Ambon and southern side of Bapecifically because large
673  priority areasaround Buru and Ambon endesirablalispersatharacteristicen terms of both

674 retention and export to putative fishery hotspol®y represent candidate sitésr future

675 MPA network extensions.

676
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Discussion

Several ecent studiehave highlighted the importanad integraing realistic estimates of
larval dispersal into the design of networksyadrine reseng&or MPAs(Gaines et al. 2003
Costelloret al=201,0Natson et al. 201Green et al. 2005Yet, thee is alack of quantitative
approachesthat ' can be appled by marine spatialplanners todo so while achiewng
increasingly diversenanagement objective¥he two MPA desigrstrategieghat we have
presentedghere are sufficiently flexible to kexp regionaltradeoffs (if any) betweenlocal
larval retentionlarval import to andlarval exportfrom protected locations. Some of these
primary dispersalattributeshave either directly or indirectly been consideredpravious
MPA desigh @pproache®.g. Beger et al. 201,0Watson et al. 2011White et al. 2014.
However theintegrationof all three as well as of both th&trength and diversitgf dispersal
connectionsjnto a single objective function isowel and shouldoe broadlyapplicablefor
both biodiversity conservation and fisheries management.

Our findingsssuggest that explicit consideration of ladigpersalwill be least important if
connectivity, is diffusive and stron@nost closely reflected bthe “hotspots” scenario), but
that it canbe critical under severe disturbanaé,patch isolation is widespreadr if larval
transportis_highly asymmetric(Gaines et al. 2003 Both our “patchy” and “advective”
connectivitymatriceswere based owalidatedocean current ata, known spawning times,
and realisticearly life history characteristiosf an important fishery specie@Beger et al.
2015) Our outcomes highlightl that, specifically in thesetwo cases, metpopulation
persistence was uncertain and fishepetentiallyless than half agroductiveif MPAs were
designedat random or based on a maximum habgtaategy as opposed twr dispersal

optimizationapproach.

Notwithstandingsuchbenefits of systematic MPA desigh,s important to notelsothatin
most overfishe@nd poorlyregulatedsystems everandomprotected area placemastlikely

to supporithe persistence or rebuilding pbpulations andssociated fisheried’rotection
should therefore be encouragedkn if larval dispersal information is not currently available
or highly uncertain(Halpern and Warner 2003alpern et al. 20Q6Jones et al. 2007
Specifically underpredominately diffusiveconnectivity simply maximizing habitat arean
locationsthat would benefitmost from protection should deliver systemide increases in

larval supplyand productivity However,a moretargetedsupportof fishedlocations through
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strong and diverse subsidieslafvae from protected areais likely to benefitstrongly from
explicit consideratios of local dispersal dynamicsThe magnitude ofssociated benefits
difficult to generalize but our finding of abouttwice thenumber of recruitsavailable to
fisherscompared to habitdbcused MPA designsdicates a potentiallgritical importance

for local feod supply and fisher livelihoods.

The sitecharacteristics anaetwork strategywere similarly efficient inensuring higher
fishery benefits than habitatfocused andrandom MPA designs Nevertheless, tise two
strategiesarebased on different optimization procedurése site-characteristicstrategycan
be integratednere easily withMPA designs based ogeneric guidelinesRoberts et al.
2003a,Roberts et al. 2003lreen et al. 20)4or Marxan applications based @tandard
problem formulation Possingham et al. 200Ball et al.2009).1ts weakness is that it does
not consider systerwide larval supply under any giveWiPA configuration.The network
optimization_strategy, in contrast, recalculates dispedssing each optimization step
directly considering howarval transportto and from all locations is impacted by chesm
the protection.status of any single one of these locafidre network strategy algmevents
simultaneousselections of important larval sources for fishing grounds thatharaselves
important_source for other fishing grounds. Due to these characteristiesyorkbased
optimizationisspreferableeven ifmore computationally demandimgnddifficult to integrate

with sitefeaturebased MPA designs.

Clearly, uncertainty about the predicative capacity of larval dispersal simulations is often
considerablel(@argier 2003 Cowen and Sponaugle 2008ew biophysical models have been
explicitly tested with known dispersal trajectoriesg. Sponaugle et al. 2012and their
predictions cannot generally be expected to match field measuregidanshall et al. 2010
However, for wellstudied systemsuch as the Great Barrier Reef, theransncreasingly
broad agreement between empirical data and simulated larval dispersal, inchveisgof
selfrecruitment/and directionality in dispergdbnes et al. 1999ames et al. 200Bode et

al. 2006 Harrison et al2012).The use of simulated dispersal patterns for systematic MPA
design is thus_likely to increasEncouragingly, een inexperienced practitioners are able
now to generatand use dispersal matricleg accessingublicly availablemodelling tools to
performses of locally representative dispersal simulations. For example, this is posgible b
using the global connectivity modelling function of the Marine Geospatial Ecology Tools

package(MGET, mgel.env.duke.edu/mgetRoberts et al. 2030or by usingthe Australian
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Marine Connectivity InterfacéConnk) (Condie et al. 2003Condie and Andrewartha 2008
which now covers a broad region around Australia, New Zealand, sasgh Asia and
Micronesia, as well as the Mediterranean Sea (Connh&v.csiro.au/connie2/Both tools

are based on widelyuplished dispersal models, welbcumented and user-friendly.

Major challengego use simulated dispersal patterns for systematic MPA desttude not

only how explicit connectivity objectives are best integrated with other managegoa!s,

but also to account for potentially substantial variation in dispersal amongsa
through timgle:g. Hogan et al. 2012We have dealt with this complexity heredgytimizing

MPA designsbased on various simulated disg@ eventsand by treating them as equally
important.#The result was a network of MPAs that achieved the best average dispersal
outcomesFor the Sunda Banda case study, this strategy was acceptable given that priority
locations for different species gnps were largely consistent. In other casesesubstantial
variation in_site selection frequencies midgig¢ reduced by usingpeciesgroupspecific
parameterizatios (e.g. focusing on local larval retention in MPAs fioe least threatened and

on abalanced.dispersal parameterization for the most threatengdA#eanatively,species

groups could'be weightdry some measure gftilnerability or fisheries importance.

While there_issa clear need for greater validation of dispersal models, our analyses indicate
thatunder abroadrange of connectivitgcenarios management outcomes can be impribved
dispersal informatiois incorporatednto systematic MPA desigPartialarly if connectivity

is highly asymmetricdoing so couldbe essential to ensure any conservation or fisheries
benefit Directional larval transport in the California current systerthe most weltknown
example of _such highly asymmetric connectivity triggering seminal research into the
influence of larval dispersal on marine metgpulation dynamic§Roughgarden et al. 1938
Possingham.and Roughgarden 1980anks and Eckert 200%s wel ason marine reserve
network designi(Gaines et al. 2003, Shanks et al. 2003).

In conclusienour findings demonstrate the feasibility of a novel MPA design approach for
connectivity“optimization, which can systematically support likely persistence and
productivity of marine populations. Importantlyur approach does not requiassumptions
about persistence thresholds or demographic importance (which are generally unkaravn)

it achieve consistently highmanagemenperformance regardlesd local dispersalpatterns

and the degree of densitiependent mortality after settlemepecifically because the
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779 approach isboth transparenaind flexible future applicationshould helpmarine spatial
780 planrers to reconcile multiple, potentially conflicting management objectivesncluding

781  biodiversity conservationnside & well asfisheries subsidie®utside of protected area
782 boundaries.The first outputs from our approach are currentbed to helpconservation
783  priority areassetting in Indonesia.
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Tables

Table 1 Implications ofthe sources afecruitment for marine protected am@sign Note

that the remaining twout of ninepossiblecombinationsinder “Recruitmenttio not exist
because populations would not exisither” under “Vulnerability” highlights locations that
are not vulnerable to either local or global threaBath’” under “Good location to protect?”

meanghat,protectiorbenefits conservation (Cons.) and fisaer

Recruitment Vulnerability Good | Good location to protect?

Self Import,. Export fishing

Cons. Fishe Both
Local Global Either| area? y

Yes Yes No No No No Yes Yes No No
No Yes No No Yes Yes Yes No No No
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1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069

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

Figures L egends

Figure 1.lllustration of the conceptual frameworknd parameterization olur marine

protected area.design approach (a). The approach allows ussrsrioilemultiple dispersal
attributes ipsupport of both protected and unprotected populations by addmping t
connectivity weightingw), scaling £ and desirability D) parametersThe lines between
boxes in (a) exemplifp balance@ptimizationas followed in our SundBanda case study

(w; =we = 0.5). A hypotheticadeascapé) is used to give example$ maximum priority
locations (¢-f) undealternativemanagement objectivel both e and f expodestination$
areignored,if they are not fishe®g; = 0). The centre location stands out as a candidate site
for protection‘receiving maximum priority under all management objectjgds Note that
objectives for conservation afidheries management are not necessarily different, including,
for example,higher productivity (through high larval supply) or lterga persistence

(through highly diverse larval sources) of unprotected populations.

Figure 2. Connectivitynatricesusedto investigate the performance of alternativarine
protected area desigazenarios(a) “advective” connectivity characterized by comparatively
strong unidirectional flow of larvae, (b) “patchy” connectivity characterized despread
isolation of.reefireas, andc] “hotspos” connectivity characterized layfew influential
connectivity,hubs and largely diffusive flow of larvae. Connection strergéizmsed on
absolute numbers of larvae dispersing between 50 locations. Data are avaghpedmalized

to 1 basedwenregional maxima.

Figure 3.Marine.reserve netwongerformance undesariabledispersakonditions threats,
and management objectives. Results show numbers of re&uitddtive to possettlement
density-dependent mortalitf larvae ranging from very highsnallh = 0.3) to veryow
(largeh = 0.%). The management focus was to maximize |¢exaal retentionpper panel,

a-c),to balance local retention and fishery rebuilding (middle panel, d-ficloalance local

This article is protected by copyright. All rights reserved



1070 retention wihin and dispersal between protected locatiordersevereandnon-manageable
1071 disturbance (lower panel, §-The grey are&ighlightsthecomplete rangand the grey

1072 dotted line the maian of outcomeacrossl00 randomly designed reserve netwoRks.

1073 unfished recruitmen®yer, recruitmentdeliveringmaximum excess recruitmeisee

1074 methodsfordetails.

1075

1076  Figure 4.Site ®lection frequencieandMarine ProtectedArea (MPA)network performance
1077  on coral reefén the Sunda Banda seascape in Indonesia yielding optimum dispersal
1078 outcomes. MPA network performance in bar graphs is expressed as means + SD across all
1079 simulated dispersal events. All results are based on the network optimizettegyst

1080 Yielding highestocal larval retention within MPAs (i) (2) and (b), the highest

1081 connectivity between MPAsba) (c) and (d), and the highest connectivity between MPAs
1082 and putative fishery hotspotsHeg (€) and (f). See methods for details.

1083

1084 Figure 5.Site ®lecion frequenciesf Marine ProtectedArea (MPA)network designs on
1085 coral reefdn.the/Sunda Banda seascapelding balanced connectivity performanté?A
1086 network performance in bar grapsexpressed awmeans + Sacrossall simulateddispersal
1087 events.The upper panebtb) refers tothesite-characteristics and the lower panelf to the
1088 network based-optimization strategy. Both strategies were parameterized to balance local
1089 larval retention within MPA$Rvpa), diverseémport connectiondbetweerMPAS (I wpa), and
1090 diverseexport connections from MPAS to putative fishery hotspotgig. See methods for
1091 details.

1092

1093  Figure 6.Priority locations for marine protected area (MPA) placement on coralineties
1094 Sunda Banda seascape, Indonesia.MBA network design is based on thalanced

1095 connectivity.optimizatiorbjective (sedig. 5¢c and d), buntegrates the likely effectiveness
1096 of MPAs indifferent locationgsee methods for detaild)ligh priority MPA locations are
1097 highlightedsinsred, covering 30% of coral reef habi@eenlines indicatehe boundariesf
1098 officially declared MPA. Black dots are the centroids of coral reef areas used for larval
1099 dispersabimulations (n = 225Blue lines represent the probability that a laofany

1100 simulated fishery species disperses between a given pair of reefdaddsy(e 1 in 1,000,
1101 light blue 1 in 10,000. In (a), connections represelarval importinto MPAs. In (b),

1102  connectionsepresentarval export from MPAs to fisheareas Am, Ambon; Bu, Buru; SA,
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