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SUMMARY 34 

Marine protected areas (MPAs) are a commonly applied tool to reduce human fishing 35 

impacts on marine and coastal ecosystems. However, conservation outcomes for mobile 36 

and long-lived predators such as sharks are highly variable. Here, we use empirical animal 37 

tracking data from 459 individual sharks, and baited remote underwater video surveys 38 

undertaken in 36 countries, to construct an empirically-supported individual-based model 39 

that estimates the conservation effectiveness of no-take MPAs for five species of coral reef-40 

associated sharks (Triaenodon obesus, Carcharhinus melanopterus, C. amblyrhynchos, C. 41 

perezi and Ginglymostoma cirratum). We demonstrate how species-specific individual 42 

movement traits can contribute to fishing mortality of sharks found within MPAs as they 43 

move outside to adjacent fishing grounds. We discovered that the median size of the world’s 44 

coral reef-based MPAs (9.4 km) would need to be up to 5 times larger to expect lifetime 45 

protection for the majority of reef sharks. The magnitude of this effect depended on local 46 

abundances and fishing pressure, with MPAs required to be 1.6 to 2.6 times larger to 47 

protect the same number of Atlantic and Caribbean species which occur at lower 48 
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abundances than similar species in the western Pacific. Our results highlight the challenge 49 

of relying on abundance data alone when estimating the conservation impact of spatial 50 

closures. Furthermore, our model can be used to quantify reductions in fishing mortality 51 

resulting from increased MPA size, thus bridging a critical gap between fisheries 52 

management and conservation planning. 53 

 54 

INTRODUCTION 55 

Conservation of elasmobranchs (sharks and rays) is increasing in priority on a global scale 56 

as evidence for the decline of many species accumulates [1, 2]. Currently, 24% of 57 

elasmobranch species are estimated to be threatened with extinction [1], with globally 58 

pervasive fishing representing the major driver of decline for many populations [3, 4]. As 59 

markets and demand for elasmobranch products have increased [5], so has pressure on 60 

their populations. Alarming declines were first reported among pelagic species [e.g. 6, 7], 61 

but similar concern is now evident regarding the declining status of reef-associated shark 62 

species [e.g. 8, 9-11]. Targeted conservation measures are now required to mitigate the 63 

currently unsustainable levels of fishing pressure and other anthropogenic stressors on 64 

coral reef sharks, specifically where traditional fisheries management is either lacking or has 65 

failed to ensure their recovery. One of the most commonly applied tools for shark and ray 66 

conservation is the designation of no-take marine protected areas (MPAs) [12, 13]. These 67 

directed MPAs are officially declared spatial closures to targeted shark fishing, aiming to 68 

increase the number of sharks within their boundaries and beyond [14]. MPAs have become 69 

a popular conservation strategy due to the challenges associated with traditional fisheries 70 

management approaches in complex reef systems, and the distribution of much of the 71 

world’s coral reefs in developing countries where management is particularly challenging 72 

[15].  73 
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 74 

 Multiple factors have been identified that moderate the effectiveness of MPAs for 75 

species conservation and population recovery. These include social and economic factors, 76 

such as the proximity to human population centres [9, 10], markets [16], and compliance 77 

[13, 15], as well as ecological considerations, such as local species abundances, habitat 78 

quality and the scale of movements of fishery species that MPAs intend to protect [17]. This 79 

relationship between the scale of a species’ movements and local MPA size is one of the 80 

most critical considerations for whether MPAs can be expected to achieve conservation 81 

goals [17-19]. In more heavily fished regions, expansions of MPA boundaries – if properly 82 

enforced – should decrease the amount of time more mobile (or less philopatric) organisms 83 

spend exposed to elevated risk of fishing mortality. Incomplete protection of an individual's 84 

activity space may be especially detrimental to shark species due to their low fecundity, late 85 

age at sexual maturity, and high susceptibility to fishing pressure [1]. Recent global efforts 86 

to systematically survey population sizes (e.g. using baited remote underwater video 87 

stations; BRUVS) and track individual movements (e.g. biotelemetry) has been used to gain 88 

important ecological insights into the occurrence, spatial usage, resource dependence and 89 

site fidelity of coral reef sharks [e.g. 20, 21-25]. While some studies have reported higher or 90 

increased reef shark abundance within no-take MPAs [14, 21, 22], there is uncertainty to 91 

what degree these individuals are afforded protection over extended periods of time (i.e. 92 

across an annual cycle or over an individual’s lifetime [26]). Furthermore, empirical studies 93 

often fail to predict how reserve effectiveness might change under different management 94 

scenarios [27], such as reduced fishing pressure outside reserve boundaries or with 95 

increased reserve size.  96 

 97 
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 Predictive modelling can help fill this gap and individual-based models (IBMs) are 98 

widely used in many disciplines to scale individual-level behavioural decisions to predict 99 

population-level impacts [28]. IBMs have the capacity to capture potentially high individual 100 

variability in movement traits. This includes intraspecific variability associated with shark 101 

size, reproductive status, sex, tracking period/season and survey location. Furthermore, by 102 

incorporating spatially explicit local abundance measures, IBMs are also able to estimate 103 

the number of individuals a no-take reserve is likely to protect in areas where sharks are 104 

abundant compared to areas where they are less common. In combination, these data 105 

provide a unique baseline for determining effective MPA sizes required to protect reef 106 

sharks. Here, we use a large data set tracking the movements of five species of reef shark 107 

[e.g. 29] (Fig. S1) in combination with systematic shark population surveys undertaken in 36 108 

different countries (Global FinPrint; https://globalfinprint.org) (Fig. S2), to determine the 109 

efficacy of MPAs to protect reef shark populations from fishing in the Pacific and Caribbean 110 

regions. The outcomes provide a unique opportunity to understand how intra- and inter-111 

specific variation in animal movements, and local estimates of reef shark abundance are 112 

likely to influence global shark conservation initiatives.  113 

 114 

RESULTS 115 

High inter-specific variability in movement traits 116 

We analysed movements of tagged sharks monitored using acoustic telemetry in the west 117 

Pacific Ocean (2 sites), the east Indian Ocean (3 sites), the west Atlantic (1 site) and the 118 

Caribbean Sea (2 sites) (Fig. S1). The movement dataset included detections from 19 119 

whitetip reef sharks (Triaenodon obesus), 170 blacktip reef sharks (Carcharhinus 120 

melanopterus), 179 grey reef sharks (C. amblyrhynchos), 58 Caribbean reef sharks (C. 121 

perezii) and 32 nurse sharks (Ginglymostoma cirratum).  122 
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  123 

 The maximum distance travelled by tagged reef sharks varied substantially both 124 

among and within species. Movements < 5 km were frequent (> 80% of all movements) for 125 

blacktip reef sharks, Caribbean reef sharks, grey reef sharks and whitetip reef sharks, but 126 

much less common amongst nurse sharks (40%). Similarly, movements > 10 km were rare 127 

(< 3% of all movements) for all species except nurse sharks (22%). Of the five species 128 

investigated, whitetip reef sharks were the most site-attached, indicated by a rarity of 129 

movements > 2 km (mean ± SEM: 20.7% ± 6.9%) and a strong peak at the centre of its 130 

movement spectrum (i.e. the average weekly distance travelled by tagged sharks around an 131 

assumed centre of activity; Fig. 1). Nurse sharks were the least site-attached of the five 132 

shark species and showed the greatest degree of individual variation in weekly space use 133 

(mean movement distance ± SD: 8.02 ± 5.03 km; Table 1) and a greater spread of 134 

movements and longer tails within its movement spectrum (Fig. 1).  135 

 136 

Individual protection of reef sharks in MPAs 137 

We found that larger MPAs were required to provide the same level of protection for more 138 

mobile species, such as nurse sharks, than for more site-attached species, such as whitetip 139 

reef sharks (Fig. 2). This was because individual nurse sharks were predicted to spend a 140 

greater proportion of their activity space (i.e. the area under a simulated shark’s movement 141 

profile) outside an MPA compared with whitetip reef sharks, thereby having a greater risk of 142 

exposure to fishing mortality. For example, an MPA that covers 2 km of continuous reef 143 

habitat was predicted to protect on average 43% (SD = 35%) of a whitetip reef shark’s 144 

activity space, while protecting < 25% of the activity space of the other four species. More 145 

ambitious recommendations of a 20 km long MPA (Fig. S3), protected on average between 146 

58% and 88% of the activity space of the investigated shark species (mean ± SD; whitetip = 147 
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88 ± 28%; blacktip = 73 ± 37%; grey = 67 ± 39%; Caribbean = 76 ± 34%; nurse = 58 ± 148 

37%). Only once MPAs extended over 100 km of linear reef habitat (e.g. linear reefs or 149 

roughly circular reefs like atolls, banks or reefs fringing small islands with a 100 km 150 

circumference) did the mean protection of the activity space of all shark species come close 151 

to or exceed 90% protection.  152 

 The simulated protection of sharks in MPAs relative to the assumed fishing mortality 153 

risk outside of MPAs could also be used to make explicit predictions of likely conservation 154 

benefits. For example, to protect at least 50% of all local individuals from fishing mortality, a 155 

10 km long MPA would be required for whitetip reef sharks, 20 km for blacktip or Caribbean 156 

reef sharks, 30 km reserves would be required for grey reef sharks and 50 km reserves 157 

would be required for nurse sharks (Table 1). The largest MPAs simulated in our study (100 158 

km) provided full protection to only 80.2% of whitetip reef sharks, 69.8% of blacktip reef 159 

sharks, 63.4% of Caribbean reef sharks, 57.5% of grey reef sharks and 46.0% of nurse 160 

sharks.  161 

 162 

The use of MPAs for managing shark fisheries 163 

When MPAs were smaller than 25 km in length, substantial reductions in annual fishing 164 

mortality could be achieved with relatively small increases in MPA size (Fig. 3). For 165 

example, annual fishing mortality could be reduced from F = 0.3 to F = 0.15 by 166 

implementing MPAs that were 3 km long for whitetip reef sharks, 10 km long for blacktip, 167 

grey and Caribbean reef sharks, and 15 km long for nurse sharks. Fishing mortality offsets 168 

continued to drop as MPAs were increased beyond 20 km in length, however the estimated 169 

fishery benefits offered from these MPAs were reduced in magnitude. Whitetip reef sharks 170 

experiencing heavy overfishing (F = 0.3) were provided a 47% reduction in annual fishing 171 
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mortality with a 2 km long MPA, a 90% reduction in mortality for a 20 km MPA and a 97% 172 

reduction per year for a 100 km MPA (Table 2). For our other four species, fishery offsets 173 

were on average 0.23 per year (SD = 0.02) for a 2 km MPA (13 - 26% reduction), 0.09 per 174 

year (SD = 0.02) for a 20 km MPA (61 - 78% reduction) and 0.02 (SD = 0.01) for a 100 km 175 

MPA (89 - 95% reduction). When the fishing pressure outside of MPAs was assumed to be 176 

lower, the same trends remained, but total fishing mortality offsets were less pronounced. 177 

Whitetip reef sharks, for example, in our low annual fishing mortality scenario (F = 0.05), 178 

experienced fishing mortality offsets that ranged between 0.05 per year for a 2 km MPA, 179 

0.006 per year for a 20 km MPA and 0.001 per year for a 100 km MPA. 180 

 181 

Global priorities for shark conservation 182 

Atlantic reef shark species were present at lower relative abundances than Pacific species 183 

during 7,998 hours of BRUVS surveys undertaken at 82 locations in 36 countries (GLMM, 184 

X2= 19.77; P < 0.001; Fig. 4; Fig. S2). In the western Atlantic Ocean and the Caribbean 185 

Sea, the mean MaxN values (i.e. maximum number of sharks seen in a single frame of a 1h 186 

video survey) ranged between 0.01 and 0.62 nurse sharks per survey (mean = 0.19) and 187 

0.01 and 1.05 Caribbean reef sharks per survey (mean = 0.27). In the west Pacific Ocean, 188 

the mean MaxN values ranged between 0.02 and 2.00 whitetip reef sharks per survey 189 

(mean = 0.29), 0.01 - 2.00 blacktip reef sharks per survey (mean = 0.58), and 0.02 and 2.66 190 

grey reef sharks per survey (mean = 0.52). Following a cluster analysis that grouped 191 

BRUVS survey locations into high and low abundance regions, Apataki, Rangiroa, 192 

Takapoto, and Takaroa were identified by the cluster analysis as having relatively higher 193 

numbers of both blacktip reef sharks (mean = 1.13 – 1.99 sharks per survey) and grey reef 194 

sharks (mean = 1.26 – 2.66 sharks per survey) than other sampling locations. There were 195 

no sampling locations where all three Pacific reef shark species were identified in the high 196 
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abundance category. In the Caribbean and western Atlantic Oceans, Andros, Cayo 197 

Serranilla, the Exumas, Fernando de Noronha, Lighthouse Reef, and Old Providence Island 198 

were identified as having high numbers of both nurse sharks (mean = 0.24 – 0.57 sharks 199 

per survey) and Caribbean reef sharks (mean = 0.36 – 1.05 sharks per survey).  200 

 201 

 According to model predictions based on the assumption of high fishing mortality (F = 202 

0.3) outside MPA boundaries, the number of whitetip reef sharks provided full protection 203 

over their lifetime in high abundance regions increased from two sharks for a 2 km long 204 

MPA to 43 individuals for a 20 km long MPA (Fig. 5). Local abundance had a strong impact 205 

on the number of individuals an MPA could be expected to protect and could switch the 206 

order of reef shark species most likely to benefit from MPAs. For example, in regions where 207 

sharks were relatively abundant and annual fishing mortality was low (F = 0.05), 100 208 

blacktip reef sharks or grey reef sharks could be protected within a 35 km long MPA 209 

whereas a 45 km MPA would be required to protect a similar number of whitetip reef sharks 210 

(Fig. S2). This was because while whitetip reef sharks were shown to be the most site-211 

attached reef shark species in Pacific regions, more blacktip reef sharks or grey reef sharks 212 

could be protected due to their observed densities during BRUVS surveys being 213 

comparatively higher. In the Caribbean and the western Atlantic Ocean, a 75 km long MPA 214 

would be required to fully protect 100 Caribbean reef sharks and 90 km MPA would be 215 

needed for 100 nurse sharks, even in areas where they occurred at relatively high 216 

abundances for that region. When annual fishing mortality was increased to 30%, a 35 km 217 

long MPA would be required to provide lifetime protection to 100 blacktip reef sharks when 218 

present at high densities, whereas a 105 km MPA would be required to achieve the same 219 

protection for 100 nurse sharks. For all species in areas where they were recorded at low 220 
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densities, > 100 km long MPAs were required to provide full protection to 100 sharks over 221 

their expected 25-year lifetime. 222 

 223 

DISCUSSION 224 

Recent studies have reported greater numbers of reef sharks within no-take MPAs [14, 21, 225 

22], and that the implementation of no-take MPAs can therefore be expected to support the 226 

recovery of reef shark populations [24]. While some existing MPAs may be large enough to 227 

protect these mobile species, our results based on the most comprehensive dataset of 228 

individual reef shark movements currently available suggests that the vast majority of MPAs 229 

around the world are likely to be too small to provide long-term conservation benefits to reef 230 

sharks. Globally, the median size of MPAs occurring in or adjacent to coral reef habitat is 231 

approximately 9.4 km in length (Supplemental materials). However, we found that small 232 

MPAs such as these will not cover the extent of regular movements for the majority of 233 

individual sharks, leaving most individuals exposed to fishing pressure. Indeed, our findings 234 

suggest that MPAs would need to extend over 10 km of continuous reef habitat to protect 235 

the majority of site-attached coral reef sharks, and over 50 km to protect less site-attached 236 

species such as nurse sharks. Our findings support previous concerns about the 237 

conservation benefits of MPAs to mobile species [30, 31] and demonstrate that by failing to 238 

consider animal movements and lifetime exposure to fishing mortality, the presumed 239 

benefits of MPAs to sharks may be overestimated. Furthermore, we suggest that evidently 240 

higher shark abundances within some MPAs are not necessarily the result of effective 241 

protection. For example, MPAs generally increase the abundance of sedentary and site-242 

attached fish species [32-34], which could serve as an attractant to mobile predators; such 243 

as sharks or other large fishes that may only use the area temporarily to target this prey 244 

resource. While MPAs could provide benefits to sharks by drawing individuals toward an 245 
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area of protection, it may also expose sharks with activity spaces falling both inside and 246 

outside an MPA to higher and more focussed fishing pressure along an MPA’s margins than 247 

would otherwise be present [35]. Spill-over from MPAs has been proposed as a direct 248 

benefit to fisheries [36-38] and many fishers focus their efforts along MPA boundaries in 249 

order to benefit from these spill-over effects, otherwise known as “fishing the line” [35]. 250 

These scenarios highlight the complexity involved in the application and impact of MPAs, 251 

and suggests that local assessments of shark abundance within MPAs cannot be relied 252 

upon as a benchmark for conservation effectiveness. Instead we stress a precautionary 253 

approach that also considers a species’ life history and movement ecology, as well as 254 

exposure to fishing-related mortality outside MPA boundaries throughout an individual’s 255 

lifetime. 256 

 257 

 Although the conservation benefits of MPAs were linked to species-specific movement 258 

behaviour and local abundances, we suggest that the highly resident behaviour of whitetip 259 

reef, blacktip reef, grey reef and Caribbean reef sharks makes them good candidates for 260 

conservation using MPAs. Previous research based purely on mark-recapture or electronic 261 

tagging data has reached similar conclusions [39-41]. Compared to most other shark 262 

species, these four reef-generalist species have highly constrained movements due to a 263 

high dependence upon coral reef habitat [39, 42-45]. For other non-resident shark species 264 

known to move more broadly, however, increasingly large MPAs will likely be required to 265 

achieve similar conservation outcomes. Indeed, of the five species investigated in this 266 

study, nurse sharks were the least site-attached and required the largest MPA, potentially 267 

due to highly variable seasonal behaviours [46] and wider habitat requirements including 268 

coral reef habitats as well as rocky or sandy habitats [47]. Whereas grey, blacktip, whitetip 269 

and Caribbean reef sharks had highly constrained movements due to a high dependence 270 
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upon coral reef habitat [39, 42-45]. However, large MPAs are unlikely to be effective in 271 

many areas where there is a high dependence of human communities on fishing [13, 15], 272 

and limited resources to patrol large seascapes. In efforts to enhance conservation efforts 273 

for these more mobile species, some nations have banned targeted fishing for sharks, often 274 

at the Exclusive Economic Zone scale, while other fishery species can still be targeted [48]. 275 

However, while these “Shark Sanctuaries” achieve the very large spatial coverage required 276 

to protect mobile sharks they often do not eliminate shark bycatch and some also allow 277 

continued catch by local communities [49-51]. As such, while they may provide some 278 

benefits to shark populations (especially those species that move greater distances), the full 279 

benefit will depend on the extent to which overall fishing mortality is reduced.  280 

 281 

 This study utilised a global data set of shark abundances and movements, however, 282 

the limitations of these data sets must also be considered in the interpretation of the results. 283 

For example, the abundance data used in this study was based on MaxN values (i.e. the 284 

maximum individuals of a species in a single frame of a video) which is the most commonly 285 

used metric from studies using BRUVS. However, this metric often under-estimates true 286 

abundance, especially in situations where abundance is high [52]. While our predictions of 287 

the absolute number of sharks conserved in MPAs are likely to be conservative, we aimed 288 

to account for uncertainty about the conversion of BRUV data into absolute abundance data 289 

by simulating a conceivable range of BRUV plume catchment areas as part of a sensitivity 290 

analysis. We also acknowledge that the movements of our five reef shark species may vary 291 

according to latitude, the size, shape and degree of isolation of their home reef, and 292 

connectivity with neighbouring reefs where sharks may move for reproduction or to access 293 

predictable prey resources. The placement, number and extent of acoustic receivers might 294 
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also influence our ability to determine the true movement extent of tagged sharks. In order 295 

to account for this variation, we included empirical tracking data from a large number of 296 

individual sharks (n = 459) collected across eight sites in the Indian Ocean, West Pacific, 297 

West Atlantic and Caribbean Sea (Fig. S1). We were also able to show that although there 298 

was some evidence of intraspecific variation in movement extent that could be attributed to 299 

tracking location, the expected conservation outcomes for grey reef sharks for a given MPA 300 

size were relatively consistent across reefs with varying orientations, and receiver designs 301 

(Fig. S5). In combination these results will provide a first reference for population viability 302 

analyses that could be used to build on the outcomes from this study by determining which 303 

MPA sizes can help mitigate local extinction.  304 

 305 

 Defining the conservation benefits of MPAs to mobile and long-lived species opens the 306 

door to future research seeking to predict how MPA size may contribute to the protection 307 

and recovery of fish populations. For our study we selected these five species of reef-308 

associated sharks based on: (1) the large number of MPAs established in coral reef 309 

habitats; (2) the fact that they are amongst the best studied of shark species with a large 310 

volume of tracking data available; and (3) that they are amongst the most historically 311 

abundant and ecologically important predators on coral reefs with a high incidence of 312 

occurrences on BRUV surveys. Technological advances and the emergence of national and 313 

global scale repositories for animal movement data [e.g. 29] are helping to amass 314 

movement and relative abundance data for wide variety of aquatic species. Future 315 

integration of large and global fish abundance and animal movement datasets within our 316 

predictive modelling framework will increase our ability to better design and implement 317 

MPAs and other area closures for a wide range of species, including currently data-poor 318 



14 

 

species thought to have a higher extinction risk (Davidson and Dulvy 2017). Furthermore, 319 

by collecting information on species movements across various ontogenies, habitat types 320 

and temperature regimes, future models may also have the capacity to account for site-321 

specific variation in community structure and local environmental conditions.  322 

 323 

 Based on the best currently available knowledge on shark movements and global 324 

shark abundances, we conclude that the majority of MPAs around the world cannot be 325 

expected to ensure the conservation of coral reef sharks. In order to provide adequate 326 

protection from fishing-related mortality, protection efforts for coral reef sharks must instead 327 

move towards the enforcement of large closures that extend along 50 km or more of 328 

continuous reef habitat. However, even large and effective MPAs are unlikely to be 329 

sufficient for species conservation unless they are targeted towards regions of high shark 330 

abundances. Finally, there is a likely pressing need to reduce total fishing mortality outside 331 

of MPAs by combating problems with unintended bycatch as well as with illegal, unreported 332 

and unsustainable shark fishing practices. Given the global decline in elasmobranch 333 

species and an increase in market demand, researchers and conservation managers should 334 

consider this approach for understanding the efficacy and applicability of the world’s MPAs 335 

for protecting mobile species, particularly those threatened directly by fishing. 336 

 337 
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FIGURE TITLES AND LEGENDS 369 

 370 

Figure 1: Species-specific movement spectrum showing individual movement 371 

profiles generated from the shark tracking data. Each grey line represents an individual 372 

shark and all associated measurements of its maximum weekly movement distance around 373 

its assumed centre of activity at 0 km. Thick lines are species averages across individual 374 

movement profiles (grey lines). The y-axis represents the relative likelihood of occurrence of 375 

individuals along their movement spectrum (normalized to values of one at the centre of 376 

activity). For clarity, all graphs are capped at 5 km on either side of the origin.  377 
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 379 

Figure 2: Level of protection (mean +- SDM) provided to a species by an MPA of 380 

increasing size. The percentage of an individual shark’s movement profile falling within 381 

simulated MPA boundaries was used to calculate level of protection. Model assumed a 382 

weekly dispersal window. The y axis signifies occasions where all (100%) or none (0%) of 383 

an individual movement profile was included in a simulated MPA. 384 
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 386 

Figure 3. Fishing mortality offset with increasing MPA size considering variable 387 

degrees of total fishing mortality (F) in unprotected areas.  388 
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 390 

Figure 4: Map showing the distribution of sightings of the five study species at baited 391 

remote underwater video station sampling sites in the Pacific and Atlantic oceans. 392 

Points are sized according to mean maximum number of sharks seen in a 1h survey (Mean 393 

MaxN) and coloured according to our high/low abundance categories derived from a 394 

hierarchical cluster analysis. 395 

 396 
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 397 

Figure 5. Number of sharks in low and high abundance scenarios predicted to 398 

experience lifetime protection within MPAs of increasing size. Different lines represent 399 

variable levels of total fishing mortality (F) in unprotected areas.  400 
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MAIN TEXT TABLES AND LEGENDS 401 

 402 

Table 1. Summary table containing species information on weekly dispersal distances (in km) and proportion of activity space 403 

within simulated MPAs (P). 404 

Species No. 

tagged 

sharks 

Dispersal distances  

(mean±SD) 

Mean proportion of activity 

in MPA of  

following length 

MPA 

size 

>50% 

protected Mean Median Max 2km 10km 20km 100km 

Whitetip 19 1.48±0.84 1.56±1.18 3.29±3.33 0.43 0.79 0.88 0.97 10 km 

Blacktip 170 2.41±2.27 1.93±1.65 10.61±22.35 0.23 0.59 0.73 0.93 20 km 

Grey 179 3.96±8.61 3.39±9.25 14.39±23.80 0.17 0.50 0.67 0.91 30 km 

Caribbean 58 3.97±4.35 3.54±4.30 7.78±8.45 0.23 0.60 0.76 0.94 20 km 

Nurse 32 8.02±5.03 7.38±5.21 15.87±9.31 0.11 0.39 0.58 0.87 50 km 

 405 

 406 
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Table 2. Summary table containing species information on the fishing mortality offset under different MPA sizes and fishing 407 

pressure outside MPAs. Fishing mortality offset was calculated as F–F(1–P), where F is the instantaneous rate of annual fishing 408 

mortality outside an MPA and P is the proportion of an individual’s activity space within simulated MPAs. 409 

 410 

 411 

Species F 

Predicted fishing mortality offset under simulated MPA sizes 

2 km MPA 20 km MPA 100 km MPA 

Whitetip reef shark 0.05 0.029 0.006 0.001 

 0.3 0.163 0.032 0.007 

Blacktip reef shark 0.05 0.038 0.013 0.003 

 0.3 0.223 0.071 0.018 

Grey reef shark 0.05 0.041 0.016 0.005 

 0.3 0.242 0.093 0.025 

Caribbean reef shark 0.05 0.038 0.012 0.003 

 0.3 0.223 0.065 0.016 

Nurse shark 0.05 0.044 0.021 0.006 

 0.3 0.261 0.116 0.034 
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STAR METHODS 412 

Contact for Reagent and Resource Sharing  413 

R code and processed dispersal distances can be downloaded at 414 

https://github.com/RossDwyer. Further information and requests for resources and reagents 415 

should be directed to and will be fulfilled by the corresponding authors. 416 

 417 

Experimental Model and Subject Details  418 

This study focused on five reef-associated shark species within a reef-based context. These 419 

included three Pacific species: whitetip reef shark (Triaenodon obesus), blacktip reef shark 420 

(Carcharhinus melanopterus) and grey reef shark (C. amblyrhynchos); and two Atlantic 421 

species: Caribbean reef shark (C. perezii) and nurse shark (Ginglymostoma cirratum). 422 

Species were chosen based on large amounts of available empirical data on movement 423 

metrics from telemetry and global abundance data based on standardised survey 424 

techniques. All species are listed as Near Threatened within the International Union for 425 

Conservation of Nature (IUCN) Red List category due to a declining population trend. 426 

Further information on each species is provided below. 427 

 428 

Whitetip reef shark 429 

Whitetip reef sharks are closely associated with reef systems in tropical waters across the 430 

Pacific and Indian Oceans. Of the five study species, whitetip reef sharks have the largest 431 

geographic distribution ranging from the east coast of Africa, the Red Sea, across the Indo-432 

Pacific region through to the west coast of Central America [53]. This species displays a 433 

high degree of site attachment and philopatry, often returning to specific home ranges over 434 

the period of days and weeks [54]. Whitetip reef sharks are represented in multi-species 435 
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shark catches within tropical trawl and line fisheries, and have displayed heavy depletion in 436 

inshore regions with limited management actions. 437 

 438 

Blacktip reef shark 439 

The blacktip reef shark is a common inshore and reef species found in tropical Indo-Pacific 440 

waters ranging from the east coast of Africa to the eastern Pacific Islands [53]. Individuals 441 

are known to have small home ranges and exhibit strong site attachment to reef 442 

environments [39, 42]. Although rarely targeted as a commercial fisheries species, it is 443 

commonly taken in inshore fisheries throughout its global range [55, 56]. 444 

 445 

Grey reef shark 446 

The grey reef shark is a highly site-attached reef species commonly found in shallow waters 447 

around reef atolls and fringing reef systems. Their global distribution ranges from 448 

Madagascar within the Indian Ocean through the central Pacific to Hawaiian Islands [53]. 449 

This species is known to be one of the most abundant reef sharks found in undisturbed reef 450 

sites [57]. This species has exhibited severe population depletions at locations with 451 

moderate fishing pressures [9]. 452 

 453 

Caribbean reef shark 454 

Caribbean reef sharks are the most commonly occurring reef shark species within the 455 

tropical western Atlantic and Caribbean Sea. Their global distribution ranges from the 456 

northern Gulf of Mexico to the southern coast of Brazil [58]. This species is considered a 457 

bottom-dwelling species, known to inhabit deep drop-offs on outer edges of reef systems 458 

[58]. Telemetry data show highly variable levels of dispersal capacities and site fidelity 459 

across sites within their range [59-61]. Caribbean reef sharks are taken as bycatch in 460 
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artisanal and commercial fisheries across the western Atlantic, with fishing pressures high 461 

for these species in parts of Brazil and the Caribbean.  462 

 463 

Nurse shark 464 

Nurse sharks are a wide ranging tropical and subtropical species commonly found in rocky 465 

and coral reef systems, although they are also found in other non-reefal, sandy habitats. 466 

Their global distribution encompasses coastal regions in the Atlantic, from the eastern coast 467 

of the United States to the southern coast of Brazil in the west-Atlantic, and from the south-468 

western coast of France to west Africa in the east-Atlantic [62]. This species is also found 469 

along the eastern Pacific, ranging from the Gulf of California, through Mexico to Peru. Due 470 

to their association with reef and non-reefal habitats, this species displays highly variable 471 

dispersal capacity closely linked with seasonal and breeding behaviours [46]. This species 472 

is currently data deficient, with limited amounts of information to accurately assess its 473 

conservation status under the IUCN Red List criteria. The nurse shark is not a targeted 474 

species, and experiences limited fishing pressure within their Caribbean range, however are 475 

more impacted by degradation of their habitats through indirect fisheries pressures and 476 

habitat degradation [10]. 477 

 478 

Method Details  479 

Overview of Methodology 480 

Individual-based models (IBMs) were constructed using data on individual movements and 481 

abundances of five reef-associated sharks to quantify the conservation effectiveness of 482 

different sizes of no-take marine protected areas (MPAs), and estimate species-specific 483 

fishing mortality levels under each MPA design. Scales of movement were calculated using 484 

node-based telemetry to provide information on weekly dispersal potential of individuals 485 
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including estimates of local range use and maximum dispersal capacities [63]. By 486 

calculating species-specific movement profiles based on the movements of tagged sharks, 487 

and predicting individual exposure to fishing mortality outside a no-take MPA over a shark’s 488 

lifetime, we were able to quantify three metrics of MPA performance that are directly 489 

informative for marine spatial planning and fisheries management. This included the mean 490 

proportion of an individual’s activity space that fell within our simulated MPA boundary, the 491 

extent to which MPAs reduced annual fishing mortality, and the expected number of 492 

individuals where a MPA provided lifetime protection. 493 

 494 

Collection of Shark Movement Data 495 

Sharks were implanted with an electronic tag (V13, V16; VEMCO, Nova Scotia, Canada) 496 

that transmitted a coded high frequency acoustic signal every 2-3 minutes. Tagged 497 

individuals were monitored passively via acoustic receivers (VR2-W, VEMCO) moored at 498 

fixed locations around reef systems in five sites in Australia, one site in the West Atlantic  499 

and two in the Caribbean Sea (Fig. S1). Receivers recorded the occurrence of tagged 500 

sharks when within detection range of a receiver (approx. 200 m), and each site had its own 501 

arrangement of acoustic receivers. In an attempt to reduce potential biases in our 502 

movement estimates related to site-specific factors (e.g. habitat quality, food availability, 503 

receiver network design), when possible movement data for the same species were 504 

obtained across multiple sites. This included five sites for whitetip and grey reef sharks, 505 

three sites for blacktip reef sharks, two sites for Caribbean reef sharks and one site for 506 

nurse sharks. More specific details about the telemetry methods can be found in published 507 

studies from which the data were taken: whitetip reef sharks [e.g. 39], blacktip reef sharks 508 

[e.g. 39, 64, 65], grey reef sharks [e.g. 43, 65, 66, 67], Caribbean reef sharks [e.g. 44] and 509 

nurse sharks [46]. 510 
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 511 

Generating Dispersal Distances from Detection Data 512 

Raw tag detections were quality controlled following the procedure outlined by [68], before 513 

being transformed into the maximum observed movement distance an individual travelled 514 

between receivers within a set time period. This value was chosen over total distance 515 

travelled based on the fact that reef sharks are known to be site-attached and a trajectory 516 

measurement would likely over-inflate dispersal estimates. To investigate how tracking 517 

duration affected dispersal distances, we converted raw detections of tagged sharks into the 518 

maximum observed movement distance travelled by each shark in 1-day, 1-week, 1-month 519 

and 1-year intervals. Only those individuals with > 7 days of detection values were included 520 

in our analysis, based on the assumption that a reef shark could theoretically traverse the 521 

maximum extent of its home range in this period. By using a standardised dispersal metric 522 

and applying this across species, we ensure that our metrics are calculated consistently 523 

(regardless of whether they were collected from a singular array, or across multiple projects 524 

within a large-scale tracking network) and were not affected by tracking technology or 525 

observer error.  526 

 527 

 Movement profiles for each tagged individual were created based on the observed 528 

maximum weekly movement distance during the tracking period (Fig. 1, Fig. S3). Here, the 529 

relative likelihood of occurrence is the proportion of time an individual shark spent at given 530 

distances away from the centre of its home range (i.e. the origin = 0). Thus, the maximum 531 

observed weekly movement distance for that individual lies at the foot of that individual’s 532 

movement profile and the sum of values across all distances is always = 1. A weekly 533 

interval was chosen over a shorter (e.g. daily) interval to capture the extent of a shark’s 534 
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home range, while not being too long to lose resolution in the movement spectrum which 535 

relied on replicate dispersal events for the same individual around a centre of activity.  536 

 537 

Collection of Shark Abundance Data 538 

Standardised metrics of shark abundance were collected using baited remote underwater 539 

video stations (BRUVS) deployed across multiple sites in the Pacific (45 sites; 3593 drops), 540 

Coral Triangle (11 sites; 782 drops) and Western Atlantic (50 sites; 7692 drops) as part of 541 

the Global FinPrint Project (https://globalfinprint.org/) (Fig. 4, Fig. S2). This technique 542 

involves a baited camera (GoPro Inc, CA, USA) which recorded the presence of sharks 543 

within a 60-minute deployment during daylight hours. Videos were analysed and the 544 

maximum number of sharks seen at any one time within the recorded footage (MaxN) was 545 

used as a measure of relative abundance. An average of 113.84 BRUVS were deployed per 546 

site (min = 2, max = 1082) to capture variability in the relative abundance estimates across 547 

the study sites. Successive deployments within a site were spaced between ~500 m apart 548 

to minimise the overlap of bait plumes and reduce the likelihood of resighting individuals 549 

across multiple BRUVS. Greater detail on methods can be found in [52]. 550 

 551 

Identifying High vs Low Abundance Categories 552 

To capture the substantial variation in relative abundance observations across the 106 sites, 553 

we divided sampling locations into regions of lower and higher shark abundance for each 554 

species. First, we compiled a Jaccard’s resemblance matrix to compare the pair-wise 555 

similarity in the relative abundance (mean MaxN) of each of our target shark species across 556 

each site. Next, we applied a complete hierarchical cluster analysis based on these results 557 

to assign sites that were most similar in shark counts into a ‘high’ and ‘low’ abundance 558 
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category for each of our five reef shark species (Fig. S2). These procedures were 559 

performed using the vegan package in R.   560 

 561 

Following our cluster analysis, the ‘high’ abundance category of whitetip, blacktip and 562 

grey reef sharks ranged between 1.23 and 1.51 sharks per drop (mean MaxN), whereas the 563 

high abundance category for Caribbean and west Atlantic species ranged between 0.37 564 

sharks per drop for nurse sharks and 0.53 sharks per drop for Caribbean reef sharks (Fig. 565 

S2). The low abundance category was similar between species and ranged between 0.20 566 

and 0.28 sharks per drop for whitetip, blacktip and grey reef sharks and 0.10 and 0.11 for 567 

nurse sharks and Caribbean reef sharks. 568 

 569 

Quantification and Statistical Analysis  570 

Modelling Environment 571 

All modelling was conducted in one-dimensional space, with simulations calculating the 572 

effectiveness of the minimal diameter (in km) of a real two-dimensional reserve (Fig. S3). 573 

Under this framework we assume that sharks were equally likely to move in any direction 574 

along available reef habitat, rather than across a depth gradient in an offshore direction. 575 

Modelling environments were created according to three key parameters: (1) the maximum 576 

observed movement distance of an individual per week, (2) the size of the MPA to simulate, 577 

and (3) the assumed plume catchment area of simulated BRUVS. The size of the MPA and 578 

the maximum observed movement distance determined the total extent of the modelling 579 

environment: Size of MPA + (2 × maximum movement distance). This was to ensure that 580 

the model would capture any simulated individual that might theoretically experience any 581 

level of protection (spend any proportion of time) within MPAs. For example, if a species 582 
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had a maximum observed movement distance of 15 km, and the MPA size to be analysed 583 

was 30 km, then the modelling environment would extend over 60 km (Fig. S3).  584 

 585 

 The location of hypothetical BRUVS within our modelling environment was determined 586 

according to the specified plume catchment area, which represented the maximum spatial 587 

extent over which we assumed sharks to be able to detect and be attracted to BRUVS. For 588 

simplicity, we assumed that the plume catchment area is circular, and we assigned BRUVS 589 

locations by spreading them uniformly at a distance equal to the diameter of this area (Fig. 590 

S3). To select the number of sharks present within our modelling environment, we sampled 591 

at random from our BRUVS dataset the maximum number of sharks observed within a 60-592 

minute deployment (i.e. the MaxN value; Fig. 4, Fig. S2). If MaxN = 2 during a BRUVS 593 

deployment, then two sharks would be sampled from a simulated BRUVS location within our 594 

modelling environment (Fig. S3). To investigate how local abundances affected model 595 

predictions, we ran separate model simulations that sampled MaxN values from sites 596 

arranged into either our ‘high’ or ‘low’ abundance categories. When a species was not 597 

observed at a particular site during any drops (e.g. a Caribbean reef shark at any of the 598 

Pacific or Coral Sea sites), these zero counts were not included in the model simulations.  599 

 600 

Shark Movement Profiles 601 

For each shark, we created a movement profile by sampling all measured maximum weekly 602 

movement distances undertaken during the tracking period assuming that each of these 603 

measurements represented excursions of variable extent around a centre of activity (Fig. 1, 604 

Fig. S3). This method assumes that the likelihood of encountering an individual anywhere 605 

along its movement spectrum is not uniform, but instead has a greater likelihood of being 606 

encountered at the centre of the movement spectrum (i.e. the home range centroid). From a 607 
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conservation perspective, this assumption implies that MPAs need to be situated close to 608 

the centre of activity to ensure that individuals are effectively protected. In other words, if an 609 

MPA covered only 20% of the edge of the movement spectrum of an individual, this did not 610 

mean that the likelihood of fishing mortality was 20% lower as assumed under a uniform 611 

approach (e.g. [32]).  612 

 613 

 By combining the tracking data collected across multiple coral reef sites and 614 

incorporating this variation into our model, we aimed to provide more robust measures of 615 

effective MPA size for our five species of coral reef sharks. To investigate site-specific 616 

variation in movement traits, we also ran our models to identify how the movements of grey 617 

reef sharks (and our model-derived estimates of effective MPA size) varied across different 618 

acoustic hydrophone location sites (Fig. S5). Grey reef sharks were chosen because they 619 

had the largest volume of movement data available for these species (179 tags), and the 620 

fact that tagged animals were tracked across five sites in the western Pacific and East 621 

Indian Ocean. This included Ningaloo (41 sharks), Scott Reef (11), Rowley Shoals (52), 622 

Central Great Barrier Reef (36) and Heron Island (39). 623 

 624 

Calculating Protection 625 

Clearly defining and stating goals and objectives is an essential first step in creating and 626 

managing an MPA - it enables focused design, assessment of effectiveness, and 627 

determination of success. However, different MPAs may have different goals and 628 

objectives, which may include protecting threatened species, reducing mortality, or restoring 629 

depleted populations. Rather than setting one specific goal, modelling outcomes were used 630 

to calculate three metrics of MPA performance: 631 

1.  Protection (P) 632 
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2.  Offset in fishing mortality (FOff) 633 

3.  Fully protected sharks (NP) 634 

All metrics represented averages across 1000 replicate simulations per species and MPA 635 

sizes between 500 m and 100 km long. Our primary MPA performance metric P specified 636 

the mean proportion of an individual’s activity space that fell within our simulated MPA 637 

boundary. FOff specified the extent to which P in MPAs reduced annual fishing mortality (F), 638 

which was assumed to vary between values of 0.05 and 0.3. These values were selected to 639 

bracket what was conceptually possible in terms of annual fishing mortality outside coral 640 

reef-based MPA boundaries [69]. Values of F are given as instantaneous rates of annual 641 

fishing mortality but were converted into discrete mortality rates before calculating other 642 

metrics specified below. Offsets were calculated as: FOff = F–F(1–P). Lifetime fishing 643 

mortality was calculated by assigning death (and survival) to individuals in every year 644 

according to a probability (pF) equal to F(1–P). The lifetime of simulated shark species was 645 

assumed to be 25 years [70]. Thus, only individuals who survived all annual fishing events 646 

over their entire lifetime were assumed to be fully protected. To calculate the mean number 647 

of individuals provided full protection by an MPA (NP), for each simulation we identified the 648 

total number of individuals that had 100% of their movement profile falling within the MPA 649 

boundary (Fig. S3). 650 

 651 

Size of coral reef-based MPAs 652 

To calculate the maximum diameter of protected areas that overlap with coral reefs, we 653 

used the current global network of MPAs archived by the World Database on Protected 654 

Areas (UNEP-WCMC 2019). This dataset is compiled and managed by the UN environment 655 

programme world conservation monitoring centre (UNEP-WCMC), in collaboration with 656 

governments, non-governmental organisations, and other data-providers. The WDPA is the 657 
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most comprehensive global database of marine and terrestrial protected areas, comprising 658 

both spatial data (i.e. boundaries and points) with associated attribute data (i.e. tabular 659 

information).  660 

  661 

For the location of coral reefs we used the current global distribution of coral reefs dataset 662 

(UNEP-WCMC, Worldfish Centre, WRI, The Nature Conservancy 2010). This version was 663 

released in June 2018 and is the most comprehensive global dataset of warm-water coral 664 

reefs to date. This dataset was compiled from a number of sources by UNEP world 665 

conservation monitoring centre (UNEP-WCMC) and the Worldfish Centre, in collaboration 666 

with WRI (World Resources Institute) and TNC (The Nature Conservancy).  667 

 668 

 As part of the spatial analysis, we determined which closures listed in the World 669 

Database on Protected Areas had >0% of a polygon’s area overlapping with any area of 670 

coral reef cover. This was performed by using the gContains() function in the rgeos package 671 

(Bivand & Rundel 2018) in R (R Core Team 2018). We did not account for the level of 672 

protection offered by individual MPAs, or the fact that MPAs could be adjacent or 673 

overlapping another MPA therefore providing greater spatial coverage in protection. To 674 

calculate the diameter of an MPA at its widest point, we used the st_distance() function in 675 

the sf R package (Pebesma 2018) to extract the Maximum Great Circle distance (in km) 676 

between two points making up the boundary (or boundaries) of an MPA. 677 

 678 

 679 

DATA AND SOFTWARE AVAILABILITY  680 

All publicly available datasets and custom code used for analysis are available on GitHub: 681 

https://github.com/RossDwyer 682 
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Raw acoustic detection data for the Australian species can be downloaded from the 683 

Integrated Marine Observing System’s Animal Tracking Facility 684 

https://portal.aodn.org.au/search?uuid=0ede6b3d-8635-472f-b91c-56a758b4e091 685 

 686 
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LEGENDS FOR SUPPLEMENTAL FIGURES 687 

 688 

Figure S1. Acoustic hydrophone locations for monitoring shark movements. a) whitetip reef 689 

sharks, blacktip reef sharks and grey reef sharks were tracked across sites in the south 690 

west Pacific and the Coral Triangle. b) Caribbean reef sharks and nurse sharks were 691 

tracked across sites in the West Atlantic and Caribbean Sea. 692 
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 693 

Figure S2. BRUVS deployments at 82 sampling sites in the west Pacific (a, b, c) and 694 

Atlantic (d, e) with abundance categories and mean MaxN (+-SEM) across the five study 695 

species. 696 

 697 
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 698 

Figure S3. Schematic of how movement profile/dispersal kernel were calculated based on a 699 

tagged shark’s observed maximum weekly movement distances during the tracking period. 700 

 701 
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 702 

Figure S4: Illustration of the modelling procedure. The one-dimensional individual-based 703 

modelling environment showing the location of hypothetical BRUVS used to sample shark 704 

numbers and the percentage of a shark’s movement profile falling within a 1 km MPA 705 

boundary. Both the number of sharks present at each BRUV as well as their individual scale 706 

of movements represented random samples from empirical data. The base of movement 707 

profile represents maximum weekly movement distance an individual shark undertook 708 

during the tracking period. 709 

 710 

 711 

 712 

 713 
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