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Abstract: 108 

Many shark populations are in decline around the world, with severe ecological and 109 

economic consequences. Fisheries management and marine protected areas (MPAs) 110 

have both been heralded as solutions. However, the effectiveness of MPAs alone is 111 

questionable, particularly for globally threatened sharks and rays (“elasmobranchs”), with 112 

little known about how fisheries management and MPAs interact to conserve these 113 

species. Here we use a dedicated global survey of coral reef elasmobranchs to assess 114 

66 fully protected areas embedded within a range of fisheries management regimes 115 

across 36 countries. We show that conservation benefits were primarily for reef-116 

associated sharks which were twice as abundance in fully protected areas compared to 117 

areas open to fishing.  Conservation benefits were greatest in large, protected areas that 118 

incorporate distinct reefs. However, the same benefits were not evident for rays or wide-119 

ranging sharks that are both economically and ecologically important while also 120 

threatened with extinction. We show that conservation benefits from fully protected areas 121 

are close to doubled when embedded within areas of effective fisheries management, 122 

highlighting the importance of a mixed management approach of both effective fisheries 123 

management and well-designed fully protected areas to conserve tropical elasmobranch 124 

assemblages globally. 125 

 126 

MAIN TEXT  127 

Shark and ray (“elasmobranch”) populations are threatened by overexploitation, with 128 

potentially wide-reaching consequences for human livelihoods, food security, and marine 129 

ecosystem function1–3. Elasmobranch management varies widely around the world5–7, 130 

with fisheries management strategies such as catch limits, effort limits, and restrictions 131 

on gear associated with higher shark abundance8,9. Marine protected areas (MPA) are 132 

often promoted as a solution to elasmobranch declines10 and can provide conservation 133 

benefits for exploited species, especially when well designed10 and fully protected12. 134 

The most recent global biodiversity framework includes targets for effective management 135 

of both fisheries and MPAs13. Although fisheries and protected area management rarely 136 

occur in isolation, there is little understanding of the benefits of a mixed management 137 

approach in which both are applied concurrently14. For elasmobranchs, there is some 138 



 

 

evidence of the benefits of effective fisheries management on a global scale and that 139 

large-MPAs with high compliance contained a greater abundance of sharks8. However, 140 

the effectiveness of MPAs varies based on objectives that are often not designed for 141 

elasmobranchs15,16, despite being among the most threatened vertebrates2. This 142 

discrepancy may occur because many elasmobranchs are highly mobile and less likely 143 

to benefit when protection from fishing is restricted to small protected areas8,17,18. 144 

However, the effectiveness of MPAs on rays and less mobile sharks has not been studied 145 

extensively19. Design principles of fully protected areas have primarily been based on 146 

teleosts10,19–21, and it is unclear if the same principles apply to elasmobranchs. Despite 147 

these knowledge gaps, management recommendations include the expansion of existing 148 

and establishment of new protected areas to increase protection for threatened 149 

elasmobranchs10, without considering the potential of an approach that combines 150 

fisheries management and protected areas (“mixed management”). 151 

Here we use >18,000 baited remote underwater video stations (BRUVS), collected by a 152 

dedicated global survey of coral reef elasmobranchs (‘Global FinPrint’, 153 

https://globalfinprint.org), to assess the combined benefits of protected area and fisheries 154 

management for elasmobranch conservation. Specifically, we quantify the relative 155 

abundance of elasmobranchs inside and outside of 66 fully protected areas considering 156 

species characteristics, protected area design, habitat characteristics, and human 157 

pressures (Table 1). We also assess whether mixed management provided additional 158 

conservation benefits for reef sharks, by comparing fully protected areas and effective 159 

fisheries management benefits alone and when combined across 37 countries. 160 

  161 

Benefits of fully protected areas 162 

On average, fully protected areas had nearly twice the abundance of sharks compared to 163 

areas open to fishing (Supp. I), showing substantial conservation benefits. However, 164 

protected area benefits were confined to shark species that spend most of their life cycle 165 

on coral reefs. These reef-associated sharks were, together, over twice as abundant 166 

(105% ± 24%, 95% CI) within fully protected areas relative to areas open to fishing (Fig. 167 

1). The benefits for reef-associated sharks are likely derived from residency within 168 

protected area boundaries that closely matches their home range19,23–25. Conservation 169 

benefits for reef-associated sharks vary among species. Caribbean reef (Carcharhinus 170 

perezi), grey reef (Carcharhinus amblyrhynchos), whitetip reef (Triaenodon obesus) and 171 

nurse sharks (Ginglymostoma cirratum and Nebrius ferrugineus combined) were 138% 172 

(± 46%), 127% (± 37%), 100% (± 64%) and 76% (± 32%) more abundant in fully protected 173 

areas, respectively (Fig. 1). However, there was heterogeneity and a lower confidence in 174 

the effectiveness of fully protected areas for blacktip reef sharks (Carcharhinus 175 

melanopterus; 34% ± 31%). Blacktip reef sharks have broader habitat use than other reef 176 

sharks26 and are more likely to occur outside of coral-reef dominated MPAs during some 177 

parts of their life history. A reduced effect size may also be driven by larger-bodied grey 178 

https://globalfinprint.org/


 

 

reef sharks competitively excluding smaller-bodied blacktip reef sharks27, making them 179 

less likely to approach BRUVS28. 180 

 181 

We demonstrate that fully protected areas can provide significant benefits to reef-182 

associated sharks, but alone are unlikely to be an effective strategy for the conservation 183 

of tropical elasmobranch assemblages. We did not detect benefits for wide-ranging shark 184 

species that likely require management over much larger geographic areas than are 185 

typical of the world’s existing MPAs. Our study also failed to detect conservation benefits 186 

of fully protected areas for rays (Supp. I), even when separated into large and small-187 

bodied species (Fig. 1). Although many rays have small home ranges that would be 188 

encompassed by protected areas they generally have a lower fisheries value and persist 189 

on reefs where sharks have been depleted29. The lack of conservation benefit is still 190 

surprising because substantial fishing pressure occurs on these species globally1. A lack 191 

of apparent protected area benefits for rays may also be driven by reduced detection on 192 

BRUVS, whereby rays are deterred from areas with higher shark abundance and/or 193 

exhibit more wary behaviours30,31 194 

 195 
Figure 1: Effectiveness of fully protected areas in promoting abundance of wide-ranging and reef-196 

associated sharks, the most abundant species within the reef-associated group and small and large rays 197 

based on log-ratio effect sizes inside/outside of fully protected areas. Green dots represent results where 198 
the 95% confidence interval (upper and lower horizontal bounds) of the effect size does not overlap zero, 199 

and yellow dots represent a null result overlapping zero. 75% confidence intervals are also displayed 200 

(bold portion of the vertical bar). For each category, the number of fully protected areas used to calculate 201 

the overall effect size is shown (n); an H indicates significant heterogeneity (* < 0.05, *** < 0.001) 202 
associated with the effect size.  203 

 204 

Variation in benefits of protected areas  205 

Protected areas frequently aim to conserve a broad spectrum of biodiversity32 and there 206 

has been considerable effort devoted to identifying optimal locations for elasmobranch 207 

protection33. Effect sizes from the 66 fully protected areas we sampled were plotted to 208 

show the location of the 18 significantly positive effects on sharks (Fig. 2, Supp II). Multiple 209 



 

 

effective protected areas were observed in Belize, Australia, and the Philippines, with 210 

individual positive results observed at reefs in Antigua and Barbuda, Bahamas, Brazil, 211 

Colombia, Cuba, the Dutch Caribbean, Fiji, U.S.A. (Hawaii), Indonesia, and Malaysia. No 212 

negative effects were observed across the 66 fully protected areas sampled (Fig. 2; 95% 213 

CI).214 



 

 

 215 
Figure 2: Effectiveness of fully protected areas for shark conservation; green points represent a fully protected area with a greater abundance of 216 

sharks and yellow represents no difference using 95% confidence intervals. Multiple fully protected areas were sampled at some locations so point 217 

displacement was used to distinguish between areas in clusters. Displaced points were linked by a circle to distinguish them from individual protected 218 

areas nearby. Locations where fisheries management strategies for sharks were deemed effective are shown by blue ticks and ineffective with red 219 
crosses (see section on fisheries management and fully protected areas and methods). Shark sanctuaries (a nation-wide ban on shark fishing) and 220 

remote locations (total gravity of human impacts = 0) were excluded from the fisheries management analysis. For individual ef fect size results and 221 

fisheries management classifications by location see Supp. II and III.222 



 

 

Variation in protected area effectiveness can be due to design principles and 223 

compliance10, varying extent of human impacts (e.g., human gravity34), and the 224 

effectiveness of fisheries management for elasmobranchs beyond protected areas8. We 225 

found that variation in the ability of fully protected areas to provide conservation benefits 226 

for reef-associated sharks was most strongly related to human gravity (Fig. 3), used as a 227 

proxy for the intensity of human impacts and measured as a function of the size of a 228 

population and its distance from each fully protected area34 (see methods). Where gravity 229 

and implied human impacts are low, conservation benefits from fully protected areas are 230 

also low, abundances of top predators are high8,34, and similar inside and outside of 231 

protected areas. As gravity increases, so too does the relative abundance of sharks within 232 

protected areas compared to outside, implying the conservation benefits of protected 233 

areas are greatest for elasmobranchs in areas subject to human pressures. However, 234 

overall abundance of reef sharks is low at highest gravities8, and studies of teleost 235 

biomass in locations with higher gravities than those sampled here suggest conservation 236 

gains diminish where human impacts are intense34. 237 

 238 

Protected areas that encompassed distinct reefs (> 20 km to the next reef) were more 239 

effective than those encompassing continuous or less distinct reefs (Fig. 3). By ensuring 240 

that protected areas cover whole reefs  and are separated by deeper water or large 241 

expanses of non-reef habitat types (e.g., sand), movement of sharks across boundaries 242 

into fished areas is likely reduced. The feasibility of protecting all suitable habitat will 243 

depend on the size of the reef, with the benefits for reef-associated sharks increasing as 244 

the size of fully protected areas increases (Fig. 3); this relationship is corroborated by 245 

studies on teleosts10,20,21 and shark movement23. Protected areas that follow natural 246 

boundaries are better demarcated, conducive to improved compliance with regulations10. 247 

While compliance did not explain variation in the ability of protected areas to provide 248 

conservation benefits to reef-associated sharks, it is considered one of the most important 249 

drivers of conservation success for teleosts10. A lack of comparable quantitative data on 250 

enforcement (e.g., patrol effort and infringements) across countries limited our study to a 251 

broad qualitative assessment that may not have captured finer scale variation in 252 

compliance.   253 

 254 

We found that presence of a shark sanctuary (a nation-wide ban exclusively on shark 255 

fishing) was the fourth most important variable explaining variation in effectiveness of fully 256 

protected areas for reef-associated sharks. There was a clear positive effect of fully 257 

protected areas in shark-fishing nations (Fig. 3), reflecting higher fishing mortality outside 258 

of protected areas. Within shark sanctuaries the effectiveness of protected areas is much 259 

more variable, reflecting the national ubiquity of sharks within some countries that have 260 

implemented effective bans8,38. Some positive reserve effects in shark sanctuary nations 261 



 

 

may be a legacy of past shark fishing or higher abundance of prey in fully protected areas 262 

attracting sharks39.  263 

 264 

 265 

 266 
Figure 3: Relative importance of explanatory variables in predicting the effectiveness of fully 267 

protected areas to protect reef-associated sharks. Variable scores are based on summed AIC 268 

weights (see methods). The four most important variables that were also included in top-models 269 

(see methods) were plotted to demonstrate the direction and magnitude of their relationship with 270 

fully protected area effect sizes. Shading indicates the standard error confidence bands.  271 

 272 

Fisheries management and fully protected areas 273 

 274 

Fisheries management that imposes catch limits and prohibits gillnets or longlines are 275 

associated with higher abundances of reef sharks globally8, and locations with any of 276 

these measures in place were defined in this study as having “effective” shark fisheries 277 

management. Locations that have no restrictions at all, or shark fisheries management 278 

that does not impose catch limits or prohibit gillnets and/or longlines, are associated with 279 



 

 

lower abundance of reef sharks8 and were categorized as having “ineffective” shark 280 

fisheries management. Fully protected areas embedded within locations where shark 281 

fisheries management was deemed effective, provided close to double the conservation 282 

benefits compared to fully protected areas embedded within areas of ineffective fisheries 283 

management (90% 64-120% CI; Fig. 4a,i). This disparity corresponds to increased fishing 284 

mortality when sharks move beyond protected area boundaries in areas with limited or 285 

ineffective fisheries management. These results highlight the importance of regulations 286 

such as catch limits and gear restrictions for effective management of reef sharks8,9 and 287 

indicates that these management approaches also effectively enhance conservation 288 

outcomes in fully protected areas. 289 

 290 

Fully protected areas embedded within areas without effective fisheries management, 291 

promote a greater abundance of reef sharks when compared to effective fisheries 292 

management by itself (39% 19-62% CI; Fig. 4a,ii). However, given less than 10% of the 293 

world’s coral reefs are currently incorporated within fully or highly protected zones40, 294 

protected areas alone are unlikely to conserve reef sharks at the scale of populations. 295 

Importantly, even in areas with effective fisheries management, fully protected areas 296 

provide additional conservation benefits, with an average of 149% (122-179% CI) greater 297 

abundance of reef sharks within their boundaries compared to areas outside (Fig 4a,iii). 298 

These results demonstrate that a mixed management approach of embedding fully 299 

protected areas within areas of effective fisheries management will deliver the greatest 300 

conservation benefits for reef sharks globally.  301 

 302 

High abundances of reef sharks were not exclusively linked to management regulations, 303 

with a greater than expected shark abundance at some outlier locations without effective 304 

fisheries management or fully protected areas (Fig 4b, red dots). This pattern highlights 305 

that other factors such as cultural beliefs41,42 or market availability43 can play an important 306 

role in shark conservation in some locations41,42. For example, there is no commercial 307 

shark fishery in the Cocos-Keeling Islands and limited historical take from local 308 

communities44, while fisheries in Pedro Bank, Jamaica primarily target conch, lobster and 309 

teleosts rather than sharks45. Similarly, fishing in Marovo, Solomon Islands is primarily 310 

subsistence, with low numbers of sharks in community catch data, effective customary 311 

management and low technology fishing gears coupled with an exposed coastline46,47. In 312 

some parts of Solomon Islands sharks also have high cultural importance, being regarded 313 

as embodiments of gods, guardians and protectors48,49. Outlier locations such as these 314 

may be candidates for shark protection legislation or continued effective local 315 

management initiatives that fortify shark populations against potential changes in fishing 316 

pressure.  317 

 318 
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 330 

 331 
Figure 4:(a) Partial coefficients derived from the abundance of sharks (mean MaxN) in areas with mixed management (both effective fisheries 332 
management and fully protected areas), areas with fully protected area and no effective fisheries management and areas with e ffective fisheries 333 
management only. (i) is the effect size used to calculate the benefits of embedding a fully protected area within areas of effective fisheries 334 
management vs ineffective, (ii) is the effect of using fully protected areas without effective fisheries management compared to effective fisheries 335 
management on its own and (iii) is the effect of a fully protected area compared to areas open to fishing when effective fisheries management is in 336 
place.  Partial effects calculated inside protected areas are shown in green and outside in blue for each management approach. (b,i) Abundance of 337 
sharks (mean MaxN) in areas with fully protected areas (FPAs) and effective/ineffective fisheries management (see methods) and (b,ii) areas with 338 
fisheries management only. The mean abundance across all sites is shown inside protected areas (green circles) and outside (b lue circles) for each 339 
management arrangement and individual sites (black dots). Shading represents the proportion of observations. Outliers that were removed (see 340 
methods) are shown in red, along with the original outlier affected mean (red asterisk). 341 
 342 
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Conclusion 345 

 346 

Our results show that fully protected areas provide conservation benefits to reef-347 

associated sharks, and these benefits are greatest in large, protected areas that 348 

incorporate distinct reefs. We provide new evidence that effective fisheries 349 

management in the form of catch limits and restrictions on gillnets and longlines in 350 

conjunction with fully protected areas can almost double the conservation benefits of 351 

fully protected areas for reef sharks. This supports the recommended expansion of 352 

networks of highly protected areas to better conserve elasmobranchs10, but 353 

importantly it highlights the benefits of embedding them within effective fisheries 354 

management on a larger geographic scale. The large proportion of fully protected 355 

areas that did not provide significant benefits to elasmobranchs also highlights the 356 

importance of improving existing fully protected area management and design, 357 

particularly through increasing the size and incorporating whole reefs within 358 

boundaries. Further, since we did not observe conservation benefits for wide-ranging 359 

sharks or rays, which are often at high risk of extinction2,4 and play an important role 360 

in structuring coral reef ecosystems3,50, a focus on fisheries management at the 361 

national or regional scale would also benefit these species. A mixed management 362 

approach of appropriately large fully protected areas embedded within larger areas of 363 

effective fisheries management is essential to avoid projections of a global extinction 364 

crisis for elasmobranchs1,2,29. 365 

 366 

Methods  367 

 368 

Global FinPrint Dataset 369 

We used a dedicated global survey (Global FinPrint; https://globalfinprint.org) of 370 

elasmobranch abundance collected by baited remote underwater video stations 371 

(BRUVS) across 58 countries, states and territories8. Most data were collected 372 

between 2015 and 2018, along with a small proportion of legacy data dating to 2009, 373 

following standardised procedures51. As a result, the method used to estimate 374 

abundance (MaxN; the maximum number of sharks seen in a single video frame 375 

throughout the video), bait used (1kg of oily fish primarily from the families Clupeidae 376 

and Scombridae), separation distance (at least 500 m between concurrent 377 

deployments), taxonomic resolution (species level where possible), depth 378 

(randomised between 1 to 40 m), soak time (60 minutes between 07:00–17:00 hours) 379 

and broad-scale habitat sampled (coral reefs) were standardised. Variation in the bait 380 

plume dispersal and the sensitivity of different species to bait limits BRUVs to relative 381 

estimates of abundance such as MaxN. While MaxN has been criticised for 382 

hyperstability, the Global FinPrint dataset has been shown to provide an unbiased 383 

index of elasmobranch abundance8 and BRUVs are considered one of the most 384 

effective methods for non-destructive sampling of sharks52. While surveys were 385 

completed during daytime, nocturnal sampling is unlikely to have changed results. 386 

Most reef-associated species were likely captured due to the use of bait and few 387 

elasmobranch species being exclusively nocturnal. Depth, visibility, substrate 388 

https://globalfinprint.org/


 

 

complexity and percentage of live coral were estimated for each deployment following 389 

standard procedures51 in BenthoBox (https://benthobox.com/). We identified two 390 

subsets from these 18,348 BRUV replicates (1-hour deployments), one that was 391 

appropriate for answering questions related to fully protected area effectiveness 392 

(4,281 replicates) and one that was used to assess the benefits of a mixed 393 

management approach of both fisheries and protected area management (10,400 394 

replicates). 395 

  396 

Fully protected area effectiveness 397 

Selection criteria and data evaluation 398 

 399 

Surveys had a minimum of four BRUVS replicates inside and four replicates outside 400 

of an area closed to fishing (fully protected area) for both teleosts and elasmobranchs 401 

(see Supp. III for all sample sizes). Small sample sizes were generally associated with 402 

small fully protected area boundaries and accounted for by weighting analysis by the 403 

inverse of the variance (see statistical analysis below). Fully protected areas and 404 

control pairs were within the same country/nation. Because the aim of this study was 405 

to assess a “snapshot” of the effectiveness of fully protected areas, only the most 406 

recent inside/outside assessment was considered when a protected area was 407 

repeatedly sampled over time. To ensure appropriate controls were assigned for each 408 

fully protected area, the spatial layout of data was overlaid on satellite imagery with 409 

protected area boundaries. The closest sites either side of each protected area were 410 

used as controls, provided the broad-scale habitat was comparable (e.g., fore-reef vs 411 

lagoon). A total of 66 assessments of fully protected areas met these criteria (4,281 412 

replicates) and were used to assess benefits to reef sharks in terms of increased shark 413 

abundance (Supp. III). 414 

 415 

Habitat variables 416 

 417 

Sampling of fore-reef habitats was prioritised, with 89% of the fully protected area 418 

assessments including this habitat type and 31% including back-reef/lagoon (18% 419 

including both habitat types). If a different broad-scale habitat was sampled inside 420 

compared to outside the protected area assessment was removed. Because visibility53 421 

and depth46 can influence estimates of shark abundance from BRUVs, T-tests were 422 

used to compare the visibility and depth of replicates inside and outside of fully 423 

protected areas. Where depth was significantly different inside and outside protected 424 

areas (P < 0.05), outlying replicates that had significant leverage on test statistics were 425 

removed until no significant differences were found (Supp IV, P > 0.05, ~3.5% of 426 

deployments removed). Similarly, deployments with < 5 m visibility were removed 427 

when sampling was unbalanced (1.5% of deployments removed). While it was not 428 

possible to balance benthic relief and live coral for each individual protected area 429 

assessment without jeopardising the balance of depth or visibility, there was no 430 

significant difference inside and outside for overall tests based on a permutational 431 

https://benthobox.com/


 

 

analysis of variance (relief: Pseudo-F = 0.052, P = 0.813 ; live coral: Pseudo-F = 0.574, 432 

P = 0.574). 433 

 434 

Response variables 435 

 436 

We aggregated all shark species and all ray species observed on BRUVS to assess 437 

the broad-scale effect of fully protected areas on these two groups. While we observed 438 

a positive effect for sharks but not for rays, both results were heterogeneous (Supp. I) 439 

and the shark group was dominated by reef sharks (Supp. V). The shark group was 440 

therefore subdivided into wide-ranging and reef-associated species based on 441 

movement studies54, and when no studies were available, expert opinion from the 442 

authors. Rays were split into large (max length >75 cm) and small (max length <75 443 

cm) species55 due to a lack of detailed studies on movement (Supp. V) and based on 444 

evidence that small rays are more impacted by predatory risk effects from sharks30,31. 445 

Finally, to assess species-specific benefits from fully protected areas, the five most 446 

frequently observed species that were present in at least 10 fully protected 447 

area/control pairs were examined: grey reef shark (Carcharhinus amblyrhynchos), 448 

blacktip reef shark (Carcharhinus melanopterus), Caribbean reef shark (Carcharhinus 449 

perezi), nurse sharks (Ginglymostoma cirratum and Nebrius ferrugineus) and whitetip 450 

reef shark (Triaenodon obesus).  451 

 452 

Statistical analysis 453 

 454 

Where sharks were completely absent either inside or outside a fully protected area 455 

(i.e., one sided zeros), the lowest mean across all inside/outside assessments for that 456 

group/species and its associated error were used instead of the zero and the same 457 

values added to the non-zero. This approach facilitated the inclusion of these effect 458 

sizes into the global analysis with minimal influence to the log-ratio given the constant 459 

ranged between a mean of 0.06 and 0.008 (similar to constants used elsewhere56). 460 

An artificial global constant was not possible due to the creation of effect sizes with 461 

zero variance that would artificially inflate the weighting and uneven sampling sizes 462 

prevented the addition of a “dummy” shark to each assessment. A sensitivity analysis 463 

was performed using an alternative constant (the minimum value across all groups/2 464 

= 0.004) and results were unaltered (Supp VI). For reef-associated sharks the same 465 

approach was used for double-sided zeros (no sharks observed), which meant the 466 

results from these fully protected areas did not influence the global effect size but could 467 

be incorporated within further analyses to explore variables that may be responsible 468 

for heterogeneity in effect sizes. Log-ratio effect sizes were used to quantify 469 

differences in each metric inside and outside of each fully protected area: 470 

 471 

 472 

 473 



 

 

where Em,i is the log response ratio for each fully protected area i based on the 474 

metric m and Xm,P,i and Xm,F,i are the mean of each metric m in protected (P) and 475 

fished (F) areas, respectively. 476 

 477 

Variance of the effect sizes were calculated as: 478 

 479 

 480 

 481 

where vEm,i is the variance associated with the effect size Em,i, σi is the standard 482 

deviations associated with the mean, and ni is the number of replicates, summed for 483 

the protected (P) and fished areas (F). 484 

 485 

We then used a mixed effects weighted effect size analysis where weights of each 486 

individual effect size incorporate these variances as follows: 487 

 488 

 489 

 490 

where wm,i is the weight associated to each effect Em,i, vEm,i is the within study 491 

variance for each metric m and vm,a is the among-study variance for each metric. The 492 

among-study variance was obtained using the generalised equation57. Confidence 493 

intervals for group and overall effect sizes were derived from a Student’s t statistic 494 

and both 95% and 75% confidence intervals were displayed to enable further 495 

interpretation when results were heterogenous. Effect sizes and modelling were 496 

done using the metafor package58 in the program R59 with the variance estimator set 497 

to “REML” restricted maximum likelihood estimator. 498 

 499 

Full subsets analysis 500 

 501 

Variables influencing fully protected area effectiveness 502 

 503 

To explore heterogeneity in the effect size modelling, data on variables that are known 504 

or are likely to influence fully protected area efficacy were compiled (Table 1). 505 

Information on the age, size and distinctness of each fully protected area was collated 506 

(see Table 1 for details). In the absence of comparable empirical data, compliance 507 

with fishing restrictions within each fully protected area was categorised into three 508 

levels by local park authorities or researchers with substantial experience working in 509 

the area: high compliance indicated infrequent breaches of management rules; 510 

moderate compliance indicated occasional breaches of management rules; and low 511 



 

 

compliance indicated frequent breaches of management rules. The total gravity of 512 

human impacts was calculated as the summed human population size of each 513 

populated cell (10 km x 10 km) within a 500 km radius, divided by the squared travel 514 

time between that cell and the fully protected area surveyed34. Note this measure of 515 

gravity does not account for foreign fishing fleets, which are more likely to be captured 516 

in compliance estimates.      517 

 518 

The influences of fully protected area characteristics (size, age, compliance and 519 

distinctness), location/fishing pressure covariates (gravity, shark sanctuary presence 520 

and location) and habitat variables (depth, benthic relief and live coral; Supp III; Table 521 

1) on the effect sizes for each metric were investigated using generalised additive 522 

models (GAMs60). The distribution of continuous predictors was examined and 523 

transformed appropriately to ensure they were evenly distributed across their range 524 

(Table 1). No random effect was used as all location variables were highly correlated 525 

with other covariates of interest and regional differences in the data are largely 526 

attributable to differences in key human drivers of resource exploitation61. Because a 527 

large proportion of protected areas sampled were from Australia and the Caribbean 528 

location in the form of the country or major region of a country (e.g., east and west 529 

coasts of Australia) was included within the model as a fixed effect. A weighted 530 

(inverse of the variance) full subsets method was used to fit models of all possible 531 

combinations up to a maximum of three variables62. To avoid multicollinearity issues, 532 

predictor variables with Pearson correlations (or an equivalent approximation) greater 533 

than 0.36 were not included in the same model (Supp VII). The correlation cut-off value 534 

was increased from the recommended value of 0.28 (based on Graham, 2003) to allow 535 

simultaneous inclusion of the covariates compliance and age, which are known to 536 

influence fully protected area effectiveness (Claudet et al., 2008; Edgar et al., 2014). 537 

 538 

 539 

In all models the smoothing parameter was limited to a simple spline, allowing only 540 

monotonic relationships (k = 3). Model selection was based on Akaike’s information 541 

criterion for small sample sizes (AICc63) and AICc weights (wAICc64), with models with 542 

AICc values differing by less than two units indicating weak evidence for favouring one 543 

over the other65,66. Relative support for each predictor variable was obtained by 544 

calculating the summed wAIC across all subsets of models containing that variable. 545 

Effect sizes were modelled with a Gaussian distribution using gam() in the mgcv 546 

package in R67. The R language for statistical computing59 was used for all data 547 

manipulation and graphing68. 548 

 549 

Only reef-associated sharks were examined using full subsets analysis, given this 550 

group represented the largest effect size with sufficient sample size to explore 551 

heterogeneity (Fig. 1). Although the null model was not selected, there was little 552 

evidence of a standout top model that explained a significantly higher proportion of 553 

variation in effect sizes, with gravity, protected area distinctness and size appearing in 554 

models within two AICc and shark sanctuary in a model marginally greater than two 555 



 

 

AICc (Supp. VIII). We therefore used variables identified within all top models, as well 556 

as importance scores (the summed AICc weights), to interpret the most relevant 557 

variables influencing the effectiveness of fully protected areas for reef-associated 558 

sharks. Relationships between the variables and effect size were plotted to 559 

demonstrate the direction of each result59.  560 

 561 

Mixed management models 562 

 563 

To assess the combined and individual benefits of fully protected areas and fisheries 564 

management, the MaxN of all sharks was summed for each BRUVS replicate using a 565 

subset of 10,400 replicates across 36 countries from the full Global FinPrint dataset8. 566 

At each site, a location where one or more reefs (a continuous reef tract of around 10 567 

km in length) were surveyed, was classified into whether fisheries management 568 

actions were effective or ineffective for sharks. Gillnet and longlines have been 569 

identified as the most effective gears for catching reef sharks, and catch limits are 570 

associated with a higher abundance of reef sharks8. Therefore, locations were 571 

classified as having effective fisheries management actions for sharks if they used 572 

strategies that resulted in catch or effort limits (e.g., bag or entrants), or gear 573 

restrictions that prohibited gillnets or longlines. Locations that had no restrictions at all, 574 

or fisheries management that did not include the methods above (e.g., species/size 575 

restrictions or bans on other gears such as spearguns) were classified as having 576 

management actions that were deemed ineffective for sharks. We acknowledge that 577 

in some circumstances or locations combinations of these strategies can be used to 578 

achieve management objectives and more detailed restrictions were not considered 579 

(e.g. mesh size or number of hooks), but in this dataset they were identified as 580 

management interventions that influenced the relative abundance of sharks8. 581 

Assessments of management effectiveness were completed at the same time of 582 

sampling and may not reflect present or future management arrangements. 583 

 584 

To compare management arrangement categories, the mean MaxN of sharks per site 585 

was calculated, visually examined for outliers using boxplots and then confirmed using 586 

a Rosner’s test69 in the package EnvStats70. Results were interpreted with and without 587 

outliers71. Outliers with greater than expected shark abundance included: the Cocos 588 

Islands in Western Australia and South East Marovo in Solomon Islands for areas with 589 

effective fisheries management only and Pedro Bank, Jamaica in areas with ineffective 590 

fisheries management and fully protected areas. Outliers, remote locations (total 591 

gravity of human impacts = 0) and shark sanctuaries were excluded from models to 592 

focus on locations where direct management actions were likely to influence shark 593 

abundance. To account for anthropogenic factors known to influence shark 594 

abundance, the human development index (HDI: a composite measure of life 595 

expectancy, income and education), voice accountability (the extent to which people 596 

in each nation are able to participate in governance, free expression, free media and 597 

free association) and total gravity were included in the model8. Depth, benthic relief, 598 

live coral and visibility were also included to account for variation across sites. When 599 



 

 

habitat information was not available for a BRUVS replicate (e.g., was not visible in 600 

the field of view), the average for the site was used. Similar to the fully protected area 601 

analysis, continuous predictors were examined and transformed appropriately. 602 

 603 

Shark abundance (MaxN) was modelled using a negative binomial distribution, with 604 

smooths for HDI, voice accountability, total gravity, depth, benthic relief, visibility and 605 

live coral, with mixed management included as a fixed factor. The negative binomial 606 

was used, as initial modelling using a Poisson indicated overdispersion. A full sub-sets 607 

approach was used to identify the most important covariates in predicting shark 608 

abundance. This was achieved by first generating model formula representing a 609 

complete set of all possible combinations of predictors using the function 610 

generate.model.set() from the FSSgam package in R59, and then examining those 611 

models with the highest AICc weights61. Model weights were generated from the 612 

complete fitted model set using the model.sel() function from the MuMIn package in 613 

R70. Models were limited to a simple spline, allowing only monotonic relationships (k = 614 

3), and the same correlation cut off as the fully protected area modelling was used 615 

(0.36) to ensure variables included in any one model had only limited collinearity. 616 

 617 

 618 

The top model included mixed management, HDI, depth, visibility and live coral  619 

(weight = 0.67, Supp X). The next top model (weight = 0.33, Supp X) included the 620 

same variables except benthic relief was favoured over live coral. As mixed 621 

management was in the top model, we explored the relative effect of different 622 

management scenarios in greater detail using a Bayesian framework, allowing an 623 

estimation of uncertainty in effects estimates. Partial effect coefficients (Supp. XI) were 624 

used to calculate differences between each management arrangement and quantify 625 

the benefits of mixed management compared to effective fisheries or fully protected 626 

area management in isolation (Fig. 4a). The mean MaxN for each category 627 

(ineffective/effective management and with/without fully protected areas) was also 628 

presented to show the spread of data and outliers (Fig 4b). The top model with visibility 629 

fitted as a linear covariate was fitted under a Bayesian framework using the package 630 

brms version 2.20.471 as follows: 631 

 632 

Shark abundance (MaxN) ~ mixed management + s(HDI, bs = "cs", k = 3) + visibility 633 

+ s(live coral, bs = "cs", k = 3) + s(depth, bs = “cs”, k = 3) 634 

 635 

The posterior distributions of model parameters were estimated using No-U-Turn 636 

Sampler (NUTS) Hamiltonian Monte Carlo (HMC) by constructing four chains of 637 

60,000 steps each, with 58,000 used as a warm-up and a thinning of 5, so a total of 638 

1600 steps were retained to estimate posterior distributions. All four independent 639 

chains reached convergence, i.e., the Gelman-Rubin statistic R ̂, was approximately 1 640 

for all parameters. We adopted a target average proposal acceptance probability of 641 

0.95, and a maximum tree depth of 15. For the final model fit no divergent transitions 642 

were observed. Default brms priors were adopted, which included flat priors on the 643 



 

 

fixed effects of management type and visibility, and student t (3, -2.3, 25) priors on the 644 

smoothing parameters. The fitted Bayesian model was used to estimate the effect of 645 

different management scenarios, using the posterior samples of the individual partial 646 

effects coefficients for each management category. Effects were presented as a 647 

median of the posterior sample, with 95% confidence intervals estimated using 648 

quantile(). 649 

 650 

Data availability 651 

Data used to reproduce the analysis—except for geolocations will be available at 652 

https://github.com/JordanGoetze/MixedManagement 653 

 654 

Code availability 655 

Code used to reproduce the analysis will be available at 656 

https://github.com/JordanGoetze/MixedManagement 657 
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Figure Legends: 837 

 838 

Figure 1: Effectiveness of fully protected areas in promoting abundance of wide-ranging and reef-839 

associated sharks, the most abundant species within the reef-associated group and small and large 840 

rays based on log-ratio effect sizes inside/outside of fully protected areas. Green dots represent results 841 
where the 95% confidence interval (upper and lower horizontal bounds) of the effect size does not 842 

overlap zero, and yellow dots represent a null result overlapping zero. 75% confidence intervals are 843 

also displayed (bold portion of the vertical bar). For each category, the number of fully protected areas 844 
used to calculate the overall effect size is shown (n); an H indicates significant heterogeneity (* < 0.05, 845 

*** < 0.001) associated with the effect size.  846 

 847 

Figure 2: Effectiveness of fully protected areas for shark conservation; green points represent a fully 848 

protected area with a greater abundance of sharks; yellow represents a protected area where 95% 849 
confidence intervals overlap zero. Multiple fully protected areas were sampled at some locations so 850 

point displacement was used to distinguish between areas in clusters. Locations where fisheries 851 

management strategies for sharks were deemed effective are shown by green ticks and ineffective with 852 

red crosses (see section on fisheries management and fully protected areas and methods). Shark 853 
sanctuaries (a nation-wide ban on shark fishing) and remote locations (total gravity of human impacts 854 

= 0) were excluded from the fisheries management analysis. For individual effect size results and 855 

fisheries management classifications by location see Supp. II and III. 856 

 857 
Figure 3: Relative importance of explanatory variables in predicting the effectiveness of fully protected 858 
areas to protect reef-associated shark species. Variable scores are based on summed AIC weights 859 
(see methods). The four most important variables that were also included in top-models (see methods) 860 
were plotted to demonstrate the direction and magnitude of their relationship with fully protected area 861 
effect sizes. Shading indicates the standard error confidence bands.  862 
 863 
Figure 4:(a) Partial effect coefficients derived from the abundance of sharks (mean MaxN) in areas with 864 
mixed management (both effective fisheries management and fully protected areas), areas with fully 865 
protected area and no effective fisheries management and areas with effective fisheries management 866 
only. (i) is the effect size used to calculate the benefits of embedding a fully protected area within areas 867 
of effective fisheries management vs ineffective, (ii) is the effect of using fully protected areas without 868 
effective fisheries management compared to effective fisheries management on its own and (iii) is the 869 
effect of a fully protected area compared to areas open to fishing when effective fisheries management 870 
is in place.  Partial effects calculated inside protected areas are shown in green and outside in blue for 871 
each management approach. (b,i) Abundance of sharks (mean MaxN) in areas with fully protected 872 
areas (FPAs) and effective/ineffective fisheries management (see methods) and (b,ii) areas with 873 
fisheries management only. The mean abundance across all sites is shown inside protected areas 874 
(green circles) and outside (blue circles) for each management arrangement and individual sites (black 875 
dots). Shading represents the proportion of observations. Outliers that were removed (see methods) 876 
are shown in red, along with the original outlier affected mean (red asterisk). 877 

 878 

Table 1: Potential variables influencing fully protected area effectiveness, their method 879 

of calculation, units, type of data and transformation before analysis.   880 
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