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Directed conservation of the world’s reef 
sharks and rays

Many shark populations are in decline around the world, with severe 
ecological and economic consequences. Fisheries management and marine 
protected areas (MPAs) have both been heralded as solutions. However, 
the effectiveness of MPAs alone is questionable, particularly for globally 
threatened sharks and rays (‘elasmobranchs’), with little known about how 
fisheries management and MPAs interact to conserve these species. Here we 
use a dedicated global survey of coral reef elasmobranchs to assess 66 fully 
protected areas embedded within a range of fisheries management regimes 
across 36 countries. We show that conservation benefits were primarily 
for reef-associated sharks, which were twice as abundant in fully protected 
areas compared with areas open to fishing. Conservation benefits were 
greatest in large protected areas that incorporate distinct reefs. However, 
the same benefits were not evident for rays or wide-ranging sharks that are 
both economically and ecologically important while also threatened with 
extinction. We show that conservation benefits from fully protected areas 
are close to doubled when embedded within areas of effective fisheries 
management, highlighting the importance of a mixed management 
approach of both effective fisheries management and well-designed fully 
protected areas to conserve tropical elasmobranch assemblages globally.

Shark and ray (‘elasmobranch’) populations are threatened by overex-
ploitation, with potentially wide-reaching consequences for human 
livelihoods, food security and marine ecosystem function1–3. Elasmo-
branch management varies widely around the world4–6 with fisheries 
management strategies such as catch limits, effort limits and restric-
tions on gear associated with higher shark abundance7,8. Marine pro-
tected areas (MPA) are often promoted as a solution to elasmobranch 
declines9 and can provide conservation benefits for exploited species, 
especially when well designed10 and fully protected11.

The most recent global biodiversity framework includes targets for 
effective management of both fisheries and MPAs12. Although fisher-
ies and protected area management rarely occur in isolation, there is 
little understanding of the benefits of a mixed management approach 
in which both are applied concurrently13. For elasmobranchs, there is 
some evidence of the benefits of effective fisheries management on 
a global scale and that large MPAs with high compliance contained a 
greater abundance of sharks7. However, the effectiveness of MPAs varies 

based on objectives that are often not designed for elasmobranchs14,15, 
despite being among the most threatened vertebrates2. This discrep-
ancy may occur because many elasmobranchs are highly mobile and 
less likely to benefit when protection from fishing is restricted to small 
protected areas7,16,17. However, the effectiveness of MPAs on rays and less 
mobile sharks has not been studied extensively18. Design principles of 
fully protected areas have primarily been based on teleosts10,19–21, and it 
is unclear whether the same principles apply to elasmobranchs. Despite 
these knowledge gaps, management recommendations include the 
expansion of existing and establishment of new protected areas to 
increase protection for threatened elasmobranchs9, without consider-
ing the potential of an approach that combines fisheries management 
and protected areas (‘mixed management’).

Here we use >18,000 baited remote underwater video stations 
(BRUVS), collected by a dedicated global survey of coral reef elasmo-
branchs (‘Global FinPrint’, https://globalfinprint.org), to assess the 
combined benefits of protected area and fisheries management for 
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than are typical of the world’s existing MPAs. Our study also failed to 
detect conservation benefits of fully protected areas for rays (Extended 
Data Fig. 1), even when separated into large and small-bodied species 
(Fig. 1). Although many rays have small home ranges that would be 
encompassed by protected areas, they generally have a lower fisher-
ies value and persist on reefs where sharks have been depleted28. The 
lack of conservation benefit is still surprising because substantial 
fishing pressure occurs on these species globally1. A lack of apparent 
protected area benefits for rays may also be driven by reduced detec-
tion on BRUVS, whereby rays are deterred from areas with higher shark 
abundance and/or exhibit more wary behaviours29,30.

Variation in benefits of protected areas
Protected areas frequently aim to conserve a broad spectrum of biodi-
versity31 and there has been considerable effort devoted to identifying 
optimal locations for elasmobranch protection32. Effect sizes from the 
66 fully protected areas we sampled were plotted to show the location 
of the 18 significantly positive effects on sharks (Fig. 2 and Extended 
Data Fig. 2). Multiple effective protected areas were observed in Belize, 
Australia and the Philippines, with individual positive results observed 
at reefs in Antigua and Barbuda, Bahamas, Brazil, Colombia, Cuba, the 
Dutch Caribbean, Fiji, the United States (Hawaii), Indonesia and Malay-
sia. No negative effects were observed across the 66 fully protected 
areas sampled (Fig. 2; 95% CI). Variation in protected area effectiveness 
can be due to design principles and compliance10, varying extent of 
human impacts (for example, human gravity33,34) and the effectiveness 
of fisheries management for elasmobranchs beyond protected areas7. 
We found that variation in the ability of fully protected areas to provide 
conservation benefits for reef-associated sharks was most strongly 
related to human gravity (Fig. 3), used as a proxy for the intensity of 
human impacts and measured as a function of the size of a population 
and its distance from each fully protected area34 (see Methods). Where 
gravity and implied human impacts are low, abundances of top preda-
tors are high7,33 and similar inside and outside of protected areas. As 
gravity increases, so too does the relative abundance of sharks within 
protected areas compared with outside, implying that the conservation 
benefits of protected areas are greatest for elasmobranchs in areas 
subject to human pressures. However, overall abundance of reef sharks 

elasmobranch conservation. Specifically, we quantify the relative 
abundance of elasmobranchs inside and outside of 66 fully protected 
areas, considering species characteristics, protected area design, 
habitat characteristics and human pressures. We also assess whether 
mixed management provided additional conservation benefits for 
reef sharks, by comparing fully protected areas and effective fisheries 
management benefits alone and when combined across 36 countries.

Results and Discussion
Benefits of fully protected areas
On average, fully protected areas had nearly twice the abundance of 
sharks compared with areas open to fishing (Extended Data Fig. 1), 
showing substantial conservation benefits. However, protected area 
benefits were confined to shark species that spend most of their life 
cycle on coral reefs. These reef-associated sharks were, together, over 
twice as abundant (105% ± 24%, 95% confidence interval (CI)) within 
fully protected areas relative to areas open to fishing (Fig. 1). The 
benefits for reef-associated sharks are likely derived from residency 
within protected area boundaries that closely matches their home 
range22–24. Conservation benefits for reef-associated sharks vary among 
species. Caribbean reef (Carcharhinus perezi), grey reef (Carcharhinus 
amblyrhynchos), whitetip reef (Triaenodon obesus) and nurse sharks  
(Ginglymostoma cirratum and Nebrius ferrugineus combined) were 138% 
(±46%), 127% (±37%), 100% (±64%) and 76% (±32%) more abundant in 
fully protected areas, respectively (Fig. 1). However, there was hetero-
geneity and a lower confidence in the effectiveness of fully protected 
areas for blacktip reef sharks (Carcharhinus melanopterus; 34% ± 31%). 
Blacktip reef sharks have broader habitat use than other reef sharks25 
and are more likely to occur outside of coral-reef-dominated MPAs 
during some parts of their life history. A reduced effect size may also 
be driven by larger-bodied grey reef sharks competitively exclud-
ing smaller-bodied blacktip reef sharks26, making them less likely to 
approach BRUVS27.

We demonstrate that fully protected areas can provide signifi-
cant benefits to reef-associated sharks, but alone are unlikely to be 
an effective strategy for the conservation of tropical elasmobranch 
assemblages. We did not detect benefits for wide-ranging shark species 
that probably require management over much larger geographic areas 
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Fig. 1 | Effectiveness of fully protected areas in promoting shark and ray 
abundance. Effectiveness in promoting abundance of wide-ranging and reef-
associated sharks (left), the most abundant species within the reef-associated 
group (middle), and small and large rays (right) based on log-ratio effect sizes 
inside/outside of fully protected areas. Green dots represent results where the 
95% CI (upper and lower horizontal bounds) of the effect size does not overlap 

zero and yellow dots represent a null result overlapping zero. Also displayed 
are 75% CIs (bold portion of the vertical bar). For each category, the number of 
fully protected areas used to calculate the overall effect size is shown (n); an H 
indicates significant heterogeneity (*<0.05, ***<0.001) associated with the  
effect size.

http://www.nature.com/natecolevol


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02386-9

is low at highest gravities7, and studies of teleost biomass in locations 
with higher gravities than those sampled here suggest that conserva-
tion gains diminish where human impacts are intense33.

Protected areas that encompassed distinct reefs (>20 km to the 
next reef) were more effective than those encompassing continuous 
or less distinct reefs (Fig. 3). By ensuring that protected areas cover 
whole reefs and are separated by deeper water or large expanses of 
non-reef habitat types (for example, sand), movement of sharks across 
boundaries into fished areas is likely reduced. The feasibility of protect-
ing all suitable habitat will depend on the size of the reef, with the ben-
efits for reef-associated sharks increasing as the size of fully protected 
areas increases (Fig. 3); this relationship is corroborated by studies on 
teleosts7,8 and shark movement22. Protected areas that follow natural 
boundaries are better demarcated, conducive to improved compli-
ance with regulations10. While compliance did not explain variation 
in the ability of protected areas to provide conservation benefits to 
reef-associated sharks, it is considered one of the most important driv-
ers of conservation success for teleosts10. A lack of comparable quantita-
tive data on enforcement (for example, patrol effort and infringements) 
across countries limited our study to a broad qualitative assessment that 
may not have captured finer scale variation in compliance.

We found that the presence of a shark sanctuary (a nationwide 
ban exclusively on shark fishing) was the fourth most important vari-
able explaining variation in effectiveness of fully protected areas for 
reef-associated sharks. There was a clear positive effect of fully pro-
tected areas in shark-fishing nations (Fig. 3), reflecting higher fishing 
mortality outside of protected areas. Within shark sanctuaries, the 
effectiveness of protected areas is much more variable, reflecting the 
national ubiquity of sharks within some countries that have imple-
mented effective bans7,35. Some positive reserve effects in shark sanctu-
ary nations may be a legacy of past shark fishing or higher abundance 
of prey in fully protected areas attracting sharks36.

Fisheries management and fully protected areas
Fisheries management that imposes catch limits and prohibits gillnets 
or longlines are associated with higher abundances of reef sharks glob-
ally7, and locations with any of these measures in place were defined in 
this study as having ‘effective’ shark fisheries management. Locations 
that have no restrictions at all, or shark fisheries management that 
does not impose catch limits or prohibit gillnets and/or longlines, are 
associated with lower abundance of reef sharks7 and were categorized 
as having ‘ineffective’ shark fisheries management. Fully protected 

areas embedded within locations where shark fisheries management 
was deemed effective provided close to double the conservation ben-
efits compared with fully protected areas embedded within areas of 
ineffective fisheries management (90%, 64–120% CI; Fig. 4a(i)). This 
disparity corresponds to increased fishing mortality when sharks 
move beyond protected area boundaries in areas with limited or inef-
fective fisheries management. These results highlight the importance 
of regulations such as catch limits and gear restrictions for effective 
management of reef sharks7,8 and indicates that these management 
approaches also effectively enhance conservation outcomes in fully 
protected areas.

Fully protected areas embedded within areas without effective 
fisheries management promote a greater abundance of reef sharks 
when compared with effective fisheries management by itself (39%, 
19–62% CI; Fig. 4a(ii)). However, given that less than 10% of the world’s 
coral reefs are currently incorporated within fully or highly protected 
zones37, protected areas alone are unlikely to conserve reef sharks at the 
scale of populations. Importantly, even in areas with effective fisheries 
management, fully protected areas provide additional conservation 
benefits, with an average of 149% (122–179% CI) greater abundance 
of reef sharks within their boundaries compared with areas outside 
(Fig. 4a(iii)). These results demonstrate that a mixed management 
approach of embedding fully protected areas within areas of effective 
fisheries management will deliver the greatest conservation benefits 
for reef sharks globally.

High abundances of reef sharks were not exclusively linked to 
management regulations, with a greater than expected shark abun-
dance at some outlier locations without effective fisheries man-
agement or fully protected areas (Fig. 4b, red dots). This pattern 
highlights that other factors such as cultural beliefs38,39 or market 
availability34 can play an important role in shark conservation in 
some locations. For example, there is no commercial shark fishery 
in the Cocos-Keeling Islands and limited historical take from local 
communities40, while fisheries in Pedro Bank, Jamaica primarily target 
conch, lobster and teleosts rather than sharks41. Similarly, fishing in 
Marovo, Solomon Islands is primarily subsistence, with low numbers 
of sharks in community catch data, effective customary manage-
ment and low technology fishing gears coupled with an exposed 
coastline42,43. In some parts of Solomon Islands, sharks also have 
high cultural importance, being regarded as embodiments of gods, 
guardians and protectors44,45. Outlier locations such as these may be 
candidates for shark protection legislation or continued effective 
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Fig. 2 | Effectiveness of fully protected areas and fisheries management for 
shark conservation. Green points represent a fully protected area with a greater 
abundance of sharks; yellow represents a protected area where 95% CIs overlap 
zero. Multiple fully protected areas were sampled at some locations, hence point 
displacement was used to distinguish between areas in clusters. Locations where 
fisheries management strategies for sharks were deemed effective are shown by 

blue ticks and ineffective with red crosses (see ‘Fisheries management and fully 
protected areas’ and Methods). Shark sanctuaries (a nationwide ban on shark 
fishing) and remote locations (total gravity of human impacts =0) were excluded 
from the fisheries management analysis. For individual effect size results and 
fisheries management classifications by location, see Extended Data Fig. 2 and 
Supplementary Table 1.
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local management initiatives that fortify shark populations against 
potential changes in fishing pressure.

Conclusion
Our results show that fully protected areas provide conservation ben-
efits to reef-associated sharks, and these benefits are greatest in large 
protected areas that incorporate distinct reefs. We provide evidence that 
effective fisheries management in the form of catch limits and restrictions 
on gillnets and longlines in conjunction with fully protected areas can 
almost double the conservation benefits of fully protected areas for reef 
sharks. This supports the recommended expansion of networks of highly 
protected areas to better conserve elasmobranchs9, but importantly, 
it highlights the benefits of embedding them within effective fisheries 
management on a larger geographic scale. The large proportion of fully 
protected areas that did not provide significant benefits to elasmobranchs 
also highlights the importance of improving existing fully protected area 
management and design, particularly through increasing the size and 
incorporating whole reefs within boundaries. Further, since we did not 
observe conservation benefits for wide-ranging sharks or rays, which are 
often at high risk of extinction2,46 and play an important role in structuring 
coral reef ecosystems3,47, a focus on fisheries management at the national 
or regional scale would also benefit these species. A mixed management 
approach of appropriately large fully protected areas embedded within 
larger areas of effective fisheries management is essential to avoid projec-
tions of a global extinction crisis for elasmobranchs1,2,28.

Methods
Global FinPrint dataset
We used a dedicated global survey (Global FinPrint; https://globalfin-
print.org) of elasmobranch abundance collected by BRUVS across 58 
countries, states and territories7. Most data were collected between 
2015 and 2018, along with a small proportion of legacy data dating to 
2009, following standardized procedures48. As a result, the methods 
used to estimate abundance (MaxN; the maximum number of sharks 
seen in a single video frame throughout the video), bait used (1 kg of oily 
fish primarily from the families Clupeidae and Scombridae), separation 
distance (at least 500 m between concurrent deployments), taxonomic 
resolution (species level where possible), depth (randomized between 
1 and 40 m), soak time (60 min between 07:00–17:00) and broad-scale 
habitat sampled (coral reefs) were standardized. Variation in the bait 
plume dispersal and the sensitivity of different species to bait limit 
BRUVS to relative estimates of abundance such as MaxN. While MaxN 
has been criticized for hyperstability, the Global FinPrint dataset has 
been shown to provide an unbiased index of elasmobranch abun-
dance7 and BRUVS are considered one of the most effective methods 
for non-destructive sampling of sharks49. While surveys were com-
pleted during daytime, nocturnal sampling is unlikely to have changed 
results. Most reef-associated species were probably captured due to 
the use of bait and few elasmobranch species are exclusively nocturnal. 
Depth, visibility, substrate complexity and percentage of live coral 
were estimated for each deployment following standard procedures48 
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Fig. 3 | Relative importance of explanatory variables in predicting the 
effectiveness of fully protected areas in protecting reef-associated sharks. 
Variable scores are based on summed AIC weights (see Methods). The four most 
important variables that were also included in top models (see Methods) were 

plotted to demonstrate the direction and magnitude of their relationship with 
fully protected area effect sizes (n = 66). Shading indicates the standard error 
confidence bands, and error bars show both 95% and 75% CIs.
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in BenthoBox (https://benthobox.com/). We identified two subsets 
from these 18,348 BRUV replicates (1-h deployments): one subset that 
was appropriate for answering questions related to fully protected 
area effectiveness (4,281 replicates) and one that was used to assess 
the benefits of a mixed management approach of both fisheries and 
protected area management (10,400 replicates).

Fully protected area effectiveness
Selection criteria and data evaluation. Surveys had a minimum of four 
BRUVS replicates inside and four replicates outside of an area closed to 
fishing (fully protected area) for both teleosts and elasmobranchs (see 
Supplementary Table 1 for all sample sizes). Small sample sizes were 
generally associated with small fully protected area boundaries and were 
accounted for by weighting analysis by the inverse of the variance (see 
statistical analysis below). Fully protected areas and control pairs were 
within the same country/nation. Because the aim of this study was to 
assess a ‘snapshot’ of the effectiveness of fully protected areas, only the 
most recent inside/outside assessment was considered when a protected 
area was repeatedly sampled over time. To ensure that appropriate con-
trols were assigned for each fully protected area, the spatial layout of data 
was overlaid on satellite imagery with protected area boundaries. The 
closest sites on either side of each protected area were used as controls, 
provided the broad-scale habitat was comparable (for example, fore-reef 
vs lagoon). A total of 66 assessments of fully protected areas met these 
criteria (4,281 replicates) and were used to assess benefits to reef sharks 
in terms of increased shark abundance (Supplementary Table 1).

Habitat variables. Sampling of fore-reef habitats was prioritized, with 
89% of the fully protected area assessments including this habitat type 
and 31% including back-reef/lagoon (18% including both habitat types). 
If a different broad-scale habitat was sampled inside compared to out-
side, the protected area assessment was removed. Because visibility50 
and depth42 can influence estimates of shark abundance from BRUVS, 
t-tests were used to compare the visibility and depth of replicates inside 
and outside of fully protected areas. Where depth was significantly 

different inside and outside protected areas (P < 0.05), outlying rep-
licates that had significant leverage on test statistics were removed 
until no significant differences were found (Supplementary Table 2, 
P > 0.05, ~3.5% of deployments removed). Similarly, deployments with 
<5 m visibility were removed when sampling was unbalanced (1.5% of 
deployments removed). While it was not possible to balance benthic 
relief and live coral for each individual protected area assessment 
without jeopardizing the balance of depth or visibility, there was no 
significant difference inside and outside for overall tests based on a 
permutational analysis of variance (relief: pseudo-F = 0.052, P = 0.813; 
live coral: pseudo-F = 0.574, P = 0.574).

Response variables. We aggregated all shark species and all ray species 
observed on BRUVS to assess the broad-scale effect of fully protected 
areas on these two groups. While we observed a positive effect for 
sharks but not for rays, both results were heterogeneous (Extended 
Data Fig. 1) and the shark group was dominated by reef sharks (Sup-
plementary Table 3). The shark group was therefore subdivided into 
wide-ranging and reef-associated species on the basis of movement 
studies51, and when no studies were available, expert opinion from the 
authors. Rays were split into large (maximum length >75 cm) and small 
(maximum length <75 cm) species52 due to a lack of detailed studies on 
movement (Supplementary Table 3) and on the basis of evidence that 
small rays are more impacted by predatory risk effects from sharks29,30. 
Finally, to assess species-specific benefits from fully protected areas, 
the five most frequently observed species that were present in at least 
10 fully protected area/control pairs were examined: grey reef shark 
(Carcharhinus amblyrhynchos), blacktip reef shark (Carcharhinus mel-
anopterus), Caribbean reef shark (Carcharhinus perezi), nurse sharks 
(Ginglymostoma cirratum and Nebrius ferrugineus) and whitetip reef 
shark (Triaenodon obesus).

Statistical analysis. Where sharks were completely absent either 
inside or outside a fully protected area (that is, one-sided zeros), the 
lowest mean across all inside/outside assessments for that group/
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Fig. 4 | The effects of mixed management on shark abundance and fully 
protected area effectiveness. a, Partial effect coefficients derived from the 
abundance of sharks (mean MaxN) in areas with mixed management (both 
effective fisheries management and fully protected areas), areas with fully 
protected area and no effective fisheries management, and areas with effective 
fisheries management only. (i), The effect size used to calculate the benefits of 
embedding a fully protected area within areas of effective fisheries management 
vs ineffective. (ii), The effect of using fully protected areas without effective 
fisheries management compared to effective fisheries management on its own. 
(iii), The effect of a fully protected area compared to areas open to fishing when 
effective fisheries management is in place. Partial effects calculated inside 

protected areas are shown in green and outside in blue for each management 
approach. b(i), Abundance of sharks (mean MaxN) in areas with fully protected 
areas (FPAs) and effective (number of locations = 17)/ineffective fisheries 
management (number of locations = 18; see Methods). (ii), Areas with fisheries 
management only, number of locations with effective fisheries management = 15 
and ineffective = 33. The mean abundance across all locations is shown inside 
protected areas (green circles) and outside (blue circles) for each management 
arrangement and individual sites (black dots). Shading represents the proportion 
of observations for each location. Outliers that were removed (see Methods) are 
shown in red, along with the original outlier affected mean (red asterisk).
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species and its associated error were used instead of the zero and 
the same values added to the non-zero. This approach facilitated the 
inclusion of these effect sizes into the global analysis with minimal 
influence to the log-ratio given that the constant ranged between a 
mean of 0.06 and 0.008 (similar to constants used elsewhere53). An 
artificial global constant was not possible due to the creation of effect 
sizes with zero variance that would artificially inflate the weighting, 
and uneven sampling sizes prevented the addition of a ‘dummy’ shark 
to each assessment. A sensitivity analysis was performed using an alter-
native constant (the minimum value across all groups/2 = 0.004) and 
results were unaltered (Supplementary Table 4). For reef-associated 
sharks, the same approach was used for double-sided zeros (no sharks 
observed), which meant that the results from these fully protected 
areas did not influence the global effect size but could be incorporated 
within further analyses to explore variables that may be responsible 
for heterogeneity in effect sizes. log-ratio effect sizes were used to 
quantify differences in each metric inside and outside of each fully 
protected area:

Em,i = ln (
X̄m,P,i

X̄m,F,i
) , (1)

where Em,i is the log response ratio for each fully protected area i based 
on the metric m and X̄m,P,i and X̄m,F,i are the mean of each metric m in 
protected (P) and fished (F) areas, respectively.

Variances of the effect sizes were calculated as:

VEm,i =
P,F
∑ σ2i /(ni × X̄ 2

i ), (2)

where vEm,i is the variance associated with the effect size Em,i, σi is the 
standard deviation associated with the mean and ni is the number of 
replicates, summed for the protected (P) and fished areas (F).

We then used a mixed effects weighted effect size analysis where 
weights of each individual effect size incorporated these variances 
as follows:

wm,i =
1

VEm,i + Vm,a
, (3)

where wm,i is the weight associated with each effect Em,i, vEm,i is the 
within-study variance for each metric m and vm,a is the among-study 
variance for each metric. The among-study variance was obtained 
using the generalized equation54. Confidence intervals for group and 
overall effect sizes were derived from a Student’s t statistic and both 
95% and 75% confidence intervals were displayed to enable further 
interpretation when results were heterogeneous. Effect sizes and 
modelling were done using the metafor package55 in the programme 
R56 with the variance estimator set to the ‘REML’ restricted maximum 
likelihood estimator.

Full subsets analysis
Variables influencing fully protected area effectiveness. To explore 
heterogeneity in the effect size modelling, data on variables that are 
known or are likely to influence fully protected area efficacy were 
compiled (Table 1). Information on the age, size and distinctness of 
each fully protected area was collated (see Table 1 for details). In the 
absence of comparable empirical data, compliance with fishing restric-
tions within each fully protected area was categorized into three levels 
by local park authorities or researchers with substantial experience 
working in the area: high compliance indicated infrequent breaches 
of management rules; moderate compliance indicated occasional 
breaches of management rules; and low compliance indicated frequent 
breaches of management rules. The total gravity of human impacts was 
calculated as the summed human population size of each populated 
cell (10 km × 10 km) within a 500 km radius, divided by the squared 
travel time between that cell and the fully protected area surveyed34. 
Note that this measure of gravity does not account for foreign fishing 
fleets, which are more likely to be captured in compliance estimates.

The influences of fully protected area characteristics (size, age, 
compliance and distinctness), location/fishing pressure covariates 
(gravity, shark sanctuary presence and location) and habitat variables 
(depth, benthic relief and live coral; Table 1 and Supplementary Table 1) 
on the effect sizes for each metric were investigated using generalized 
additive models (GAMs57). The distribution of continuous predictors 
was examined and transformed appropriately to ensure that they 
were evenly distributed across their range (Table 1). No random effect 
was used as all location variables were highly correlated with other 
covariates of interest and regional differences in the data are largely 

Table 1 | Potential variables influencing fully protected area effectiveness, their method of calculation, units, type of data 
and transformation before analysis

Factor Method of calculation Units/Levels Data type Transformation

Age of protected area Time since establishment Years (4–52) Continuous Square root

Size of protected area Shapefiles or management plans km2 (0.84–36,000) Continuous log

Distinctiveness of protected area Measured distance and visual examination via 
satellite imagery

<20 km; >20 km; 
Continuous

Categorical NA

Compliance with protected area 
restrictions

Categorization by key stakeholders Low; Medium; High Categorical NA

Gravity of human impacts for the 
location of the protected area

Population size for each 10 × 10 km cell within 
500 km radius/travel time

Gravity (0.03–2,804) Continuous log + minimum value 
observed

Shark sanctuary presence Is the fully protected area embedded within a 
shark sanctuary?

Yes; No Dichotomous NA

Depth of protected area Average depth of the BRUVS within each fully 
protected area

M (1–40) Continuous Square root

Mean relief Mean of a 0 to 5 estimate of benthic relief72,73 Mean of values 
between 0 and 5

Continuous None

Live coral The percentage of 20 grids placed over the field 
of view containing live coral as the dominant 
habitat type

% Continuous Square root

Location The country where the fully protected area is 
located (countries covering multiple ocean 
basins split)

23 locations Categorical NA
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attributable to differences in key human drivers of resource exploita-
tion58. Because a large proportion of protected areas sampled were 
from Australia and the Caribbean, location in the form of the country 
or major region of a country (for example, east and west coasts of 
Australia) was included within the model as a fixed effect. A weighted 
(inverse of the variance) full subsets method was used to fit models of all 
possible combinations up to a maximum of three variables59. To avoid 
multicollinearity issues, predictor variables with Pearson correlations 
(or an equivalent approximation) greater than 0.36 were not included in 
the same model (Supplementary Table 5). The correlation cut-off value 
was increased from the recommended value of 0.28 (based on ref. 60) 
to allow simultaneous inclusion of the covariates compliance and age, 
which are known to influence fully protected area effectiveness10,21.

In all models, the smoothing parameter was limited to a simple 
spline, allowing only monotonic relationships (k = 3). Model selection 
was based on Akaike’s information criterion for small sample sizes 
(AICc61) and AICc weights (wAICc62), with models with AICc values dif-
fering by less than two units indicating weak evidence for favouring 
one over the other63,64. Relative support for each predictor variable 
was obtained by calculating the summed wAIC across all subsets of 
models containing that variable. Effect sizes were modelled with a 
Gaussian distribution using gam() in the mgcv package in R65. The R 
language for statistical computing56 was used for all data manipula-
tion and graphing66.

Only reef-associated sharks were examined using full subsets anal-
ysis since this group represented the largest effect size with sufficient 
sample size to explore heterogeneity (Fig. 1). Although the null model 
was not selected, there was little evidence of a standout top model that 
explained a significantly higher proportion of variation in effect sizes, 
with gravity, protected area distinctness and size appearing in models 
within two AICc, and shark sanctuary in a model marginally greater than 
two AICc (Supplementary Table 6). We therefore used variables identi-
fied within all top models, as well as importance scores (the summed 
AICc weights), to interpret the most relevant variables influencing 
the effectiveness of fully protected areas for reef-associated sharks. 
Relationships between the variables and effect size were plotted to 
demonstrate the direction of each result.

Mixed management models. To assess the combined and individual 
benefits of fully protected areas and fisheries management, the MaxN 
of all sharks was summed for each BRUVS replicate using a subset of 
10,400 replicates across 36 countries from the full Global FinPrint 
dataset7. At each site, a location where one or more reefs (a continuous 
reef tract of ~10 km in length) were surveyed, was classified into whether 
fisheries management actions were effective or ineffective for sharks. 
Gillnet and longlines have been identified as the most effective gears 
for catching reef sharks, and catch limits are associated with a higher 
abundance of reef sharks7. Therefore, locations were classified as 
having effective fisheries management actions for sharks if they used 
strategies that resulted in catch or effort limits (for example, bag or 
entrants), or gear restrictions that prohibited gillnets or longlines. 
Locations that had no restrictions at all, or fisheries management that 
did not include the methods above (for example, species/size restric-
tions or bans on other gears such as spearguns) were classified as hav-
ing management actions that were deemed ineffective for sharks. We 
acknowledge that in some circumstances or locations, combinations 
of these strategies can be used to achieve management objectives and 
more detailed restrictions were not considered (for example, mesh 
size or number of hooks), but in this dataset they were identified as 
management interventions that influenced the relative abundance of 
sharks7. Assessments of management effectiveness were completed 
at the same time of sampling and may not reflect present or future 
management arrangements.

To compare management arrangement categories, the mean 
MaxN of sharks per site was calculated, visually examined for outliers 

using boxplots and then confirmed using a Rosner’s test67 in the pack-
age EnvStats68. Results were interpreted with and without outliers69. 
Outliers with greater than expected shark abundance included: the 
Cocos Islands in Western Australia and southeast Marovo in Solomon 
Islands for areas with effective fisheries management only, and Pedro 
Bank, Jamaica in areas with ineffective fisheries management and fully 
protected areas. Outliers, remote locations (total gravity of human 
impacts =0) and shark sanctuaries were excluded from models to focus 
on locations where direct management actions were likely to influ-
ence shark abundance. To account for anthropogenic factors known 
to influence shark abundance, the human development index (HDI: a 
composite measure of life expectancy, income and education), voice 
accountability (the extent to which people in each nation are able to 
participate in governance, free expression, free media and free asso-
ciation) and total gravity were included in the model7. Depth, benthic 
relief, live coral and visibility were also included to account for variation 
across sites. When habitat information was not available for a BRUVS 
replicate (for example, was not visible in the field of view), the aver-
age for the site was used. Similar to the fully protected area analysis, 
continuous predictors were examined and transformed appropriately.

Shark abundance (MaxN) was modelled using a negative binomial 
distribution, with smooths for HDI, voice accountability, total gravity, 
depth, benthic relief, visibility and live coral, with mixed manage-
ment included as a fixed factor. The negative binomial was used, as 
initial modelling using a Poisson distribution indicated overdisper-
sion. A full subsets approach was used to identify the most important 
covariates in predicting shark abundance. This was achieved by first 
generating a model formula representing a complete set of all possible 
combinations of predictors using the generate.model.set() function 
in the FSSgam package in R59 and then examining those models with 
the highest AICc weights61. Model weights were generated from the 
complete fitted model set using the model.sel() function in the MuMIn 
package in R70. Models were limited to a simple spline, allowing only 
monotonic relationships (k = 3), and the same correlation cut-off as the 
fully protected area modelling was used (0.36) to ensure that variables 
included in any one model had only limited collinearity.

The top model included mixed management, HDI, depth, visibility 
and live coral (weight = 0.67, Supplementary Table 7). The next top 
model (weight = 0.33, Supplementary Table 7) included the same vari-
ables except that benthic relief was favoured over live coral. As mixed 
management was in the top model, we explored the relative effect of 
different management scenarios in greater detail using a Bayesian 
framework, allowing an estimation of uncertainty in effects estimates. 
Partial effect coefficients (Supplementary Fig. 1) were used to calcu-
late differences between management arrangements and quantify 
the benefits of mixed management compared to effective fisheries 
or fully protected area management in isolation (Fig. 4a). The mean 
MaxN for each category (ineffective/effective management and with/
without fully protected areas) was also presented to show the spread 
of data and outliers (Fig. 4b). The top model with visibility fitted as a 
linear covariate was fitted under a Bayesian framework using the brms 
v.2.20.4 (ref. 71) package as follows:

Shark abundance (MaxN) ∼ mixedmanagement

+s(HDI,bs = “cs”, k = 3) + visibility + s(live coral,bs = “cs”, k = 3)

+s(depth,bs = “cs”, k = 3).

(4)

where s is the smooth terms and bs is the choice of smoother, cs, which 
is a shrinkage version of a cubic regression spline57. The posterior distri-
butions of model parameters were estimated using No-U-Turn Sampler 
(NUTS) Hamiltonian Monte Carlo (HMC) by constructing four chains 
of 60,000 steps each, with 58,000 steps used as a warm-up and a thin-
ning of 5, so a total of 1,600 steps were retained to estimate posterior 
distributions. All four independent chains reached convergence, that 
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is, the Gelman–Rubin statistic R ̂ was ~1 for all parameters. We adopted a 
target average proposal acceptance probability of 0.95 and a maximum 
tree depth of 15. For the final model fit, no divergent transitions were 
observed. Default brms priors were adopted, which included flat priors 
on the fixed effects of management type and visibility, and Student’s 
t (3, −2.3, 25) priors on the smoothing parameters. The fitted Bayes-
ian model was used to estimate the effect of different management 
scenarios, using the posterior samples of the individual partial effects 
coefficients for each management category. Effects were presented 
as a median of the posterior sample, with 95% confidence intervals 
estimated using quantile().

Inclusion and ethics
Local researchers were included throughout the project and included 
as co-authors; research was both globally and locally relevant, and 
capacity building (for example, training in methodology to continue 
independent research) and two-way learning (for example, imparting 
local knowledge) were incorporated.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data and code used to reproduce the analysis are available at https://
github.com/JordanGoetze/MixedManagement.

References
1.	 Dulvy, N. K. et al. Overfishing drives over one-third of all sharks 

and rays toward a global extinction crisis. Curr. Biol. 31, 5118–5119 
(2021).

2.	 Sherman, C. S. et al. Half a century of rising extinction risk of coral 
reef sharks and rays. Nat. Commun. 14, 15 (2023).

3.	 Heithaus, M. R., Frid, A., Wirsing, A. J. & Worm, B. Predicting 
ecological consequences of marine top predator declines. Trends 
Ecol. Evol. 23, 202–210 (2008).

4.	 Barker, M. J. & Schluessel, V. Managing global shark fisheries: 
suggestions for prioritizing management strategies.  
Aquatic Conserv.: Mar. Freshw. Ecosyst. 15, 325–347  
(2005).

5.	 Davidson, L. N. K., Krawchuk, M. A. & Dulvy, N. K. Why have global 
shark and ray landings declined: improved management or 
overfishing? Fish Fish. 17, 438–458 (2016).

6.	 Pacoureau, N. et al. Half a century of global decline in oceanic 
sharks and rays. Nature 589, 567–571 (2021).

7.	 MacNeil, M. A. et al. Global status and conservation potential of 
reef sharks. Nature 583, 801–806 (2020).

8.	 Clementi, G. M. et al. Anthropogenic pressures on reef-associated 
sharks in jurisdictions with and without directed shark fishing. 
Mar. Ecol. Prog. Ser. https://doi.org/10.3354/meps13607 (2021).

9.	 Davidson, L. N. K. & Dulvy, N. K. Global marine protected areas to 
prevent extinctions. Nat. Ecol. Evol. 1, 40 (2017).

10.	 Edgar, G. J. et al. Global conservation outcomes depend on 
marine protected areas with five key features. Nature 506, 
216–220 (2014).

11.	 Grorud-Colvert, K. et al. The MPA Guide: a framework to achieve 
global goals for the ocean. Science 373, eabf0861 (2021).

12.	 Kunming-Montreal Global Biodiversity Framework (Convention on 
Biological Diversity, 2022); https://www.cbd.int/doc/decisions/ 
cop-15/cop-15-dec-04-en.pdf

13.	 Brown, C. J. & Mumby, P. J. Trade-offs between fisheries and the 
conservation of ecosystem function are defined by management 
strategy. Front. Ecol. Environ. 12, 324–329 (2014).

14.	 Claudet, J. et al. Marine reserves: fish life history and ecological 
traits matter. Ecol. Appl. 20, 830–839 (2010).

15.	 Chin, A. et al. Conceptual frameworks and key questions for 
assessing the contribution of marine protected areas to shark and 
ray conservation. Conserv. Biol. https://doi.org/10.1111/cobi.13917 
(2022).

16.	 Micheli, F., Halpern, B. S., Botsford, L. W. & Warner, R. R. 
Trajectories and correlates of community change in no-take 
marine reserves. Ecol. Appl. 14, 1709–1723 (2004).

17.	 Walters, C., Pauly, D. & Christensen, V. Ecospace: prediction of 
mesoscale spatial patterns in trophic relationships of exploited 
ecosystems, with emphasis on the impacts of marine protected 
areas. Ecosystems 2, 539–554 (1999).

18.	 Lester, E. et al. Drivers of variation in occurrence, abundance, and 
behaviour of sharks on coral reefs. Sci. Rep. 12, 728 (2022).

19.	 Fontoura, L. et al. Protecting connectivity promotes successful 
biodiversity and fisheries conservation. Science 375, 336–340 
(2022).

20.	 Goetze, J. S. et al. Increased connectivity and depth improve the 
effectiveness of marine reserves. Glob. Change Biol. https://doi. 
org/10.1111/gcb.15635 (2021).

21.	 Claudet, J. et al. Marine reserves: size and age do matter.  
Ecol. Lett. 11, 481–489 (2008).

22.	 Dwyer, R. G. et al. Individual and population benefits of marine 
reserves for reef sharks. Curr. Biol. 30, 480–489.e5 (2020).

23.	 Bonnin, L. et al. Recent expansion of marine protected areas 
matches with home range of grey reef sharks. Sci. Rep. 11, 14221 
(2021).

24.	 Martín, G., Espinoza, M., Heupel, M. & Simpfendorfer, C. A. 
Estimating marine protected area network benefits for reef 
sharks. J. Appl. Ecol. 57, 1969–1980 (2020).

25.	 Chin, A., Tobin, A., Simpfendorfer, C. & Heupel, M. Reef sharks 
and inshore habitats: patterns of occurrence and implications for 
vulnerability. Mar. Ecol. Prog. Ser. 460, 115–125 (2012).

26.	 Papastamatiou, Y. P. et al. Spatial separation without territoriality 
in shark communities. Oikos 127, 767–779 (2018).

27.	 Sabando, M. A., Rieucau, G., Bradley, D., Caselle, J. E. & 
Papastamatiou, Y. P. Habitat-specific inter and intraspecific 
behavioral interactions among reef sharks. Oecologia 193, 
371–376 (2020).

28.	 Simpfendorfer, C. A. et al. Widespread diversity deficits of coral 
reef sharks and rays. Science 380, 1155–1160 (2023).

29.	 Sherman, C. S., Heupel, M. R., Moore, S. K., Chin, A. & 
Simpfendorfer, C. A. When sharks are away, rays will play: effects 
of top predator removal in coral reef ecosystems. Mar. Ecol. Prog. 
Ser. 641, 145–157 (2020).

30.	 Bond, M. E. et al. Top predators induce habitat shifts in prey within 
marine protected areas. Oecologia 190, 375–385 (2019).

31.	 Zhao, Q. et al. Where Marine Protected Areas would best represent 
30% of ocean biodiversity. Biol. Conserv. 244, 108536 (2020).

32.	 Hyde, C. A. et al. Putting sharks on the map: a global standard for 
improving shark area-based conservation. Front. Mar. Sci.  
https://doi.org/10.3389/fmars.2022.968853 (2022).

33.	 Cinner, J. E. et al. Gravity of human impacts mediates coral reef 
conservation gains. Proc. Natl Acad. Sci. USA 115, E6116–E6125 
(2018).

34.	 Cinner, J. E., Graham, N. A. J., Huchery, C. & MacNeil, M. A. 
Global effects of local human population density and distance to 
markets on the condition of coral reef fisheries. Conserv. Biol. 27, 
453–458 (2013).

35.	 Ward-Paige, C. A. A global overview of shark sanctuary 
regulations and their impact on shark fisheries. Mar. Policy 82, 
87–97 (2017).

36.	 Goetze, J. S. & Fullwood, L. A. F. Fiji’s largest marine reserve 
benefits reef sharks. Coral Reefs 32, 121–125 (2013).

37.	 Marine Protection Atlas (Global Marine Protection, 2022);  
https://mpatlas.org/zones/

http://www.nature.com/natecolevol
https://github.com/JordanGoetze/MixedManagement
https://github.com/JordanGoetze/MixedManagement
https://doi.org/10.3354/meps13607
https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf
https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf
https://doi.org/10.1111/cobi.13917
https://doi.org/10.1111/gcb.15635
https://doi.org/10.1111/gcb.15635
https://doi.org/10.3389/fmars.2022.968853
https://doi.org/10.3389/fmars.2022.968853
https://mpatlas.org/zones/
https://mpatlas.org/zones/


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02386-9

38.	 Torrente, F., Bambridge, T., Planes, S., Guiart, J. & Clua, E. G. 
Sea swallowers and land devourers: can shark lore facilitate 
conservation? Hum. Ecol. 46, 717–726 (2018).

39.	 Skubel, R. A., Shriver-Rice, M. & Maranto, G. M. Introducing 
relational values as a tool for shark conservation, science, and 
management. Front. Mar. Sci. https://doi.org/10.3389/ 
fmars.2019.00053 (2019).

40.	 Proposal for the Establishment of Marine Parks in Australia’s Indian 
Ocean Territories (Christmas Island and Cocos (Keeling) Islands) 
(Australian Marine Parks, 2021); https://parksaustralia.gov.au/ 
marine/pub/draft-iot-proposal-2021.pdf

41.	 Baldwin, K. E., Schill, S. R., Zenny, N. & Blake, D. Developing 
ecosystem-based information for marine spatial planning on the 
Pedro Bank, Jamaica. In Proc. 67th GCFI Conference (2014).

42.	 Goetze, J. S. et al. Drivers of reef shark abundance and biomass in 
the Solomon Islands. PLoS ONE 13, e0200960 (2018).

43.	 Jupiter, S. D. et al. Opportunities and constraints for implementing 
integrated land–sea management on islands. Environ. Conserv. 
44, 254–266 (2017).

44.	 Thaman, R. R., Puia, T., Tongabaea, W., Namona, A. & Fong, T. 
Marine biodiversity and ethnobiodiversity of Bellona (Mungiki) 
Island, Solomon Islands. Singap. J. Trop. Geogr. 31, 70–84 (2010).

45.	 Hviding, E. Guardians of Marovo lagoon: Practice, Place, and 
Politics in Maritime Melanesia (Univ. Hawaii Press, 1996).

46.	 Dulvy, N. K. et al. Extinction risk and conservation of the world’s 
sharks and rays. eLife 3, e00590 (2014).

47.	 Heupel, M. R., Knip, D. M., Simpfendorfer, C. A. & Dulvy, N. K. 
Sizing up the ecological role of sharks as predators. Mar. Ecol. 
Prog. Ser. 495, 291–298 (2014).

48.	 Langlois, T., Goetze, J., Bond, T. & Monk, J. A field and video 
annotation guide for baited remote underwater stereo‐video 
surveys of demersal fish assemblages. Methods Ecol. Evol. 11, 
1401–1409 (2020).

49.	 Harvey, E. S., Santana-Garcon, J. S., Goetze, J. S., Saunders, B. 
J. & Cappo, M. in Shark Research: Emerging Technologies and 
Applications for the Field and Laboratory (eds Carrier, J. C. et al.) 
Ch. 7 (CRC Press, 2018).

50.	 Donaldson, J. A. et al. Countering low visibility in video survey 
of an estuarine fish assemblage. Pac. Conserv. Biol. 26, 190–200 
(2019).

51.	 Chapman, D. D., Feldheim, K. A., Papastamatiou, Y. P. & Hueter, 
R. E. There and back again: a review of residency and return 
migrations in sharks, with implications for population structure 
and management. Annu. Rev. Mar. Sci. 7, 547–570 (2015).

52.	 Froese, R. & Pauly, D. FishBase (Fishbase Consortium, 2015);  
http://www.fishbase.org/

53.	 Cresswell, A. K. et al. Disentangling the response of fishes to 
recreational fishing over 30 years within a fringing coral reef 
reserve network. Biol. Conserv. 237, 514–524 (2019).

54.	 Hedges, L. V. & Pigott, T. D. The power of statistical tests for 
moderators in meta-analysis. Psychol. Methods 9, 426–445 
(2004).

55.	 Viechtbauer, W. The metafor Package: A Meta-Analysis Package 
for R https://www.metafor-project.org/doku.php/metafor (2010).

56.	 R Core Team. R: A language and Environment for Statistical 
Computing (R Foundation for Statistical Computing, 2018).

57.	 Wood, S. N. Generalized Additive Models: An Introduction with R 
2nd edn (CRC Press, 2017).

58.	 MacNeil, M. A. et al. Recovery potential of the world’s coral reef 
fishes. Nature 520, 341–344 (2015).

59.	 Fisher, R., Wilson, S. K., Sin, T. M., Lee, A. C. & Langlois, T. J. A 
simple function for full-subsets multiple regression in ecology 
with R. Ecol. Evol. 8, 6104–6113 (2018).

60.	 Graham, M.H. Confronting multicollinearity in ecological multiple 
regression. Ecology 84, 2809–2815 (2003).

61.	 Akaike, H. in Selected Papers of Hirotugu Akaike (eds Parzen, E. 
et al.) 199–213 (Springer, 1998).

62.	 Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel 
Inference: A Practical Information-theoretic Approach (Springer, 
2007).

63.	 Raftery, A. E. Bayesian model selection in social research. Sociol. 
Methodol. 25, 111–163 (1995).

64.	 Burnham, K. P. & Anderson, D. R. Multimodel inference: 
understanding AIC and BIC in model selection. Sociol. Methods 
Res. 33, 261–304 (2004).

65.	 Wood, S. & Wood, M. S. Package ̀ mgcv'. R. Package Version 1, 729 
(2015).

66.	 Wickham, H. ggplot2: Elegant Graphics for Data Analysis  
(Springer, 2009).

67.	 Rosner, B. On the detection of many outliers. Technometrics 17, 
221–227 (1975).

68.	 Millard, S. P. EnvStats: An R Package for Environmental Statistics 
(Springer, 2013).

69.	 Benhadi-Marín, J. A conceptual framework to deal with  
outliers in ecology. Biodivers. Conserv. 27, 3295–3300  
(2018).

70.	 Barton, K. MuMIn: Multi-model inference. R package  
version 1.7.2. http://CRAN.R-project.org/package=MuMIn  
(2012).

71.	 Bürkner, P. C. An R package for Bayesian multilevel models using 
Stan. J. Stat. Softw. 80, 1–28 (2017).

72.	 Polunin, N. V. C. & Roberts, C. M. Greater biomass and value of 
target coral-reef fishes in two small caribbean marine reserves. 
Mar. Ecol. Prog. Ser. 100, 167–167 (1993).

73.	 Wilson, S. K., Graham, N. A. J. & Polunin, N. V. C. Appraisal of visual 
assessments of habitat complexity and Benthic composition on 
coral reefs. Mar. Biol. 151, 1069–1076 (2007).

Acknowledgements
We thank the government permitting agencies that allowed us to 
work in their waters: the Global FinPrint volunteers from Stony Brook 
University, Florida International University, James Cook University, 
the Aquarium of the Pacific and Shedd Aquarium who watched the 
BRUVS footage and assisted with field work. We also thank J. Caselle 
for her review. J.S.G. was supported by a Niarchos Fellowship through 
the Wildlife Conservation Society (WCS). D.D.C. was supported by the 
Roe Foundation, and additional sampling for the Chapman lab was 
funded by the Moore Bahamas Foundation (Bahamas) and Earthwatch 
Institute (Belize). In the Dutch Caribbean, surveys on Saba, Saba Bank 
and St Eustatius were supported by the Dutch Ministry of Agriculture, 
Nature and Food Quality. Bonaire, Curacao and St Maarten were 
supported by the SAVE OUR SHARKS project, a collaboration between 
the Dutch Caribbean Nature Alliance and IMARES. Additional support 
for data collection in Solomon Islands was provided by grants to WCS 
from the John D. and Catherine T. MacArthur Foundation (grant no. 
13-105118-000-INP) and by the National Science Foundation (grant 
no. EF-1427453). Additional support for sampling in Malaysia was 
provided by Scuba Junkie SEAS. Additional support for sampling 
in Brazil was provided by Conselho Nacional de Desenvolvimento 
Científico e Tecnológicov(CNPq) through the scientific programmes 
LTER [PELD-ILOC grant 441327/2020-6 and PELD-HCES grant 
441243/2016-9; the latter with additional funding from Fundação 
Estadual de Amparo à Pesquisa do Estado do Espírito Santo (FAPES) 
and CNPq/PROTRINDADE (grant 405426/2012-7)]. Data collection in 
Brazil was financed in part by the Coordenação de Aperfeiçoamento 
de Pessoal de Nível Superior, CAPES finance code 001. We thank the 
Brazilian Navy and SECIRM for the fundamental logistic support; C. 
and D. McCann for assistance in Sabah, Malaysia; the authorities for 
granting the research permit in KKP-TWP Nusa Penida, Bali, Indonesia 
(No. 532/194/DPPK) and TWP Kapoposang, South Sulawesi, Indonesia 

http://www.nature.com/natecolevol
https://doi.org/10.3389/fmars.2019.00053
https://doi.org/10.3389/fmars.2019.00053
https://parksaustralia.gov.au/marine/pub/draft-iot-proposal-2021.pdf
https://parksaustralia.gov.au/marine/pub/draft-iot-proposal-2021.pdf
http://www.fishbase.org/
http://www.fishbase.org/
https://www.metafor-project.org/doku.php/metafor
http://CRAN.R-project.org/package=MuMIn


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02386-9

(No. B.49.4/BKKPN/III/2016). Additional support for sampling in 
Indonesia was provided by Wasage Divers, Wildlife Conservation 
Society, and Operation Wallacea provided support to C.S.S. In Sri 
Lanka, we acknowledge the Department of Wildlife Conservation for 
facilitating this research project under permit number WL/3/2/23/17. 
Additional support for sampling in Taiwan was provided by NTSC (103-
2313-B-029-004), permitted by the Marine National Park. We thank the 
Sandals Foundation and the Alligator Head Foundation supporting the 
work conducted in Ocho Rios and East Portland, respectively. Surveys 
in Jardines de la Reina were supported by Blue Sanctuary-Avalon. 
Additional support for sampling in Qatar was provided by a University 
Grant from Qatar University. Additional support for sampling in Saudi 
Arabia was provided by the King Abdullah University of Science and 
Technology. We thank the Department of Natural Resources and 
Forestry of the Tobago House of Assembly for their endorsement and 
granting of the research project and the necessary research permit. In 
Puerto Rico, the Department of Natural and Environmental Resources 
facilitated the research permit 2018-IC-040, whereas NOAA/NMFS 
acknowledges the Florida International University for sampling. We 
thank the fishers of Tintipán Island (Colombia) for assistance with 
the project. Research in Madagascar was carried out under permits 
from the Ministry of Environment, Antananarivo and supported 
by IH.SM, WCS Madagascar. This research was also supported by 
‘GlobalArchive: Harnessing fish and shark image data for powerful 
biodiversity reporting’ (https://doi.org/10.47486/DP761), which 
received investment from the Australian Research Data Commons 
(ARDC) (https://ardc.edu.au/), funded by the National Collaborative 
Research Infrastructure Strategy. Logistical support for this project 
was provided by the Department of Biodiversity, Conservation 
and Attractions (DBCA) and the Department of Primary Industries 
and Regional Development (DPIRD), both of the Government of 
Western Australia. This is contribution no. 1681 from the Institute 
of Environment at Florida International University. Core funding for 
Global FinPrint was provided by the Paul G. Allen Family Foundation 
30 (to D.D.C., M. R. Heithaus).

Author contributions
D.D.C., M. R. Heithaus, M. R. Heupel, C.A.S., M.A.M., M.M., E.H. and 
J.S.G. conceptualized the project. D.D.C., M. R. Heithaus, M. R. Heupel, 
C.A.S., M.A.M., M.M., E.H. and J.S.G. developed the methodology. All 
authors conducted the investigations. J.S.G. performed visualization. 
D.D.C. and M. R. Heithaus acquired funding. D.D.C., M. R. Heithaus, 
M. R. Heupel, C.A.S., M.A.M., M.M. and E.H. administered the project. 
J.S.G., S.W., C.A.S., D.D.C., M. R. Heithaus, M. R. Heupel, M.A.M., M.M. 
and E.H. wrote the original draft. All authors reviewed and edited  
the paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41559-024-02386-9.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41559-024-02386-9.

Correspondence and requests for materials should be addressed to 
Jordan S. Goetze.

Peer review information Nature Ecology & Evolution thanks Amy 
Diedrich, David Jacoby and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

© Crown 2024

Jordan S. Goetze    1,2  , Michael R. Heithaus3, M. Aaron MacNeil    4, Euan Harvey    2, Colin A. Simpfendorfer    5,6, 
Michelle R. Heupel6,7, Mark Meekan    8, Shaun Wilson    1,8, Mark E. Bond    3, Conrad W. Speed    9, 
Leanne M. Currey-Randall    7, Rebecca Fisher    8,9, C. Samantha Sherman    5,10, Jeremy J. Kiszka3, Matthew J. Rees9,11, 
Vinay Udyawer12, Kathryn I. Flowers    3,13, Gina M. Clementi3, Jacob Asher14, Océane Beaufort15, 
Anthony T. F. Bernard    16,17, Michael L. Berumen    18, Stacy L. Bierwagen7, Tracey Boslogo19, Edward J. Brooks20, 
J. Jed Brown21, Dayne Buddo22, Camila Cáceres3, Sara Casareto    3, Venkatesh Charloo23, Joshua E. Cinner    24, 
Eric E. G. Clua    25,26, Jesse E. M. Cochran18, Neil Cook27,28, Brooke M. D’Alberto5,29, Martin de Graaf30, 
Mareike C. Dornhege-Lazaroff31, Lanya Fanovich    28, Naomi F. Farabaugh3, Daniel Fernando    32, 
Carlos Eduardo Leite Ferreira    33, Candace Y. A. Fields    3,20, Anna L. Flam34, Camilla Floros35,36,37, Virginia Fourqurean3, 
Laura García Barcia3, Ricardo Garla38,39, Kirk Gastrich    3, Lachlan George6, Rory Graham40, Valerie Hagan41, 
Royale S. Hardenstine14,18, Stephen M. Heck    42, Patricia Heithaus3, Aaron C. Henderson    43, Heidi Hertler43, 
Robert E. Hueter41,44, Mohini Johnson45, Stacy D. Jupiter    46, Muslimin Kaimuddin45,47, Devanshi Kasana    3, 
Megan Kelley3, Steven T. Kessel    48, Benedict Kiilu    49, Fabian Kyne50, Tim Langlois8,51, Jaedon Lawe52, 
Elodie J. I. Lédée    5, Steve Lindfield53, Jade Q. Maggs    54, B. Mabel Manjaji-Matsumoto    55, Andrea Marshall56,57, 
Philip Matich58, Erin McCombs59, Dianne McLean8,9, Llewelyn Meggs52, Stephen Moore5, Sushmita Mukherji5,6, 
Ryan Murray60,61, Stephen J. Newman    62, Owen R. O’Shea    20,63, Kennedy E. Osuka    64,65, Yannis P. Papastamatiou3, 
Nishan Perera    32, Bradley J. Peterson42, Fabián Pina-Amargós66,67, Alessandro Ponzo    60, Andhika Prasetyo    68,69, 
L. M. Sjamsul Quamar70, Jessica R. Quinlan3, Christelle F. Razafindrakoto71, Fernanda A. Rolim    72, Alexei Ruiz-Abierno67, 
Hector Ruiz73, Melita A. Samoilys64,74, Enric Sala    75, William R. Sample3, Michelle Schärer-Umpierre73, Sara N. Schoen3, 
Audrey M. Schlaff5, Adam N. H. Smith    76, Lauren Sparks77, Twan Stoffers    78,79, Akshay Tanna    32, Rubén Torres80, 
Michael J. Travers62, Jasmine Valentin-Albanese42,81, Joseph D. Warren    42, Alexandra M. Watts    82,83, Colin K. Wen    84, 
Elizabeth R. Whitman    3, Aaron J. Wirsing    85, Esteban Zarza-González    86,87 & Demian D. Chapman3,41

http://www.nature.com/natecolevol
https://doi.org/10.47486/DP761
https://ardc.edu.au/
https://doi.org/10.1038/s41559-024-02386-9
https://doi.org/10.1038/s41559-024-02386-9
http://www.nature.com/reprints
http://orcid.org/0000-0002-3090-9763
http://orcid.org/0000-0001-8406-325X
http://orcid.org/0000-0002-9069-4581
http://orcid.org/0000-0002-0295-2238
http://orcid.org/0000-0002-3067-9427
http://orcid.org/0000-0002-4590-0948
http://orcid.org/0000-0001-5261-5152
http://orcid.org/0000-0003-3186-8710
http://orcid.org/0000-0002-3772-1288
http://orcid.org/0000-0001-5148-6731
http://orcid.org/0000-0002-7150-1035
http://orcid.org/0000-0002-4354-2948
http://orcid.org/0000-0003-0482-6283
http://orcid.org/0000-0003-2463-2742
http://orcid.org/0000-0003-2862-4256
http://orcid.org/0000-0003-2675-9317
http://orcid.org/0000-0001-7629-2685
http://orcid.org/0000-0002-1526-4602
http://orcid.org/0000-0003-2163-1832
http://orcid.org/0000-0002-4311-0491
http://orcid.org/0000-0001-6339-034X
http://orcid.org/0000-0003-0528-5001
http://orcid.org/0000-0002-4115-1847
http://orcid.org/0000-0001-8873-0785
http://orcid.org/0000-0001-9742-1677
http://orcid.org/0000-0002-4408-925X
http://orcid.org/0000-0001-7729-7701
http://orcid.org/0000-0002-8805-6804
http://orcid.org/0000-0001-8495-7827
http://orcid.org/0000-0002-9383-982X
http://orcid.org/0000-0003-0375-7458
http://orcid.org/0000-0002-5324-5568
http://orcid.org/0000-0003-2052-5018
http://orcid.org/0000-0001-7940-5411
http://orcid.org/0000-0001-7025-1399
http://orcid.org/0000-0003-1289-397X
http://orcid.org/0000-0002-7412-8432
http://orcid.org/0000-0003-3761-3970
http://orcid.org/0000-0003-4730-3570
http://orcid.org/0000-0003-0059-6206
http://orcid.org/0000-0002-2329-3032
http://orcid.org/0000-0003-2241-5744
http://orcid.org/0000-0001-6920-1554
http://orcid.org/0000-0002-1251-1735
http://orcid.org/0000-0002-7684-8820
http://orcid.org/0000-0002-0573-8202
http://orcid.org/0000-0001-8326-5394
http://orcid.org/0000-0002-5751-5107


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02386-9

1Marine Science Program, Biodiversity and Conservation Science, Department of Biodiversity, Conservation and Attractions, Perth, Western 
Australia, Australia. 2School of Molecular and Life Sciences, Curtin University, Perth, Western Australia, Australia. 3Institute of Environment, 
Department of Biological Sciences, Florida International University, North Miami, FL, USA. 4Ocean Frontier Institute, Department of Biology, 
Dalhousie University, Halifax, Nova Scotia, Canada. 5College of Science and Engineering, James Cook University, Townsville, Queensland, 
Australia. 6Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia. 7Australian Institute of Marine Science, 
Townsville, Queensland, Australia. 8The UWA Oceans Institute, University of Western Australia, Perth, Western Australia, Australia. 9Australian 
Institute of Marine Science, Perth, Western Australia, Australia. 10School of Life and Environmental Sciences, Deakin University, Geelong, Victoria, 
Australia. 11Centre for Sustainable Ecosystems Solutions, School of Earth, Atmospheric and Life Sciences, University of Wollongong, Wollongong, 
New South Wales, Australia. 12Australian Institute of Marine Science, Darwin, Northern Territory, Australia. 13Ray Biology and Conservation Program, 
Mote Marine Laboratory, Sarasota, FL, USA. 14Department of Environmental Protection and Regeneration, Red Sea Global, AlRaidah Digital City, 
Riyadh, Saudi Arabia. 15Kap Natirel NGO, Fort l’Olive, Guadeloupe, France. 16South African Institute for Aquatic Biodiversity, National Research 
Foundation, Makhanda, South Africa. 17Department of Zoology and Entomology, Rhodes University, Makhanda, South Africa. 18Red Sea Research 
Center, Division of Biological and Environmental Science and Engineering, King Abdullah University of Science and Technology, Thuwal, Saudi 
Arabia. 19Papua New Guinea Wildlife Conservation Society, Kavieng, New Ireland Province, Papua New Guinea. 20Cape Eleuthera Institute, Cape 
Eleuthera, Eleuthera, Bahamas. 21Center for Sustainable Development, College of Arts and Sciences, Qatar University, Doha, Qatar. 22Georgia 
Aquarium - Research and Conservation, Atlanta, GA, USA. 23MARBEC, Univ Montpellier, IFREMER IRD, Montpellier, France. 24Thriving Oceans 
Research Hub, School of Geosciences, University of Sydney, Camperdown, New South Wales, Australia. 25Paris Sciences Lettres, Centre de 
Recherche Insulaire et Observatoire de l’Environnement Opunohu Bay, Papetoai, French Polynesia. 26LABEX CORAIL, Ecole Pratique des Hautes 
Etudes, Perpignan, France. 27School of Biosciences, Cardiff University, Cardiff, UK. 28Environmental Research Institute Charlotteville, Charlotteville, 
Trinidad and Tobago. 29Oceans and Atmosphere, CSIRO, Hobart, Tasmania, Australia. 30Wageningen Marine Research, Wageningen University and 
Research, IJmuiden, the Netherlands. 31Churamura Conservation, Okinawa, Japan. 32Blue Resources Trust, Colombo, Sri Lanka. 33Reef Systems 
Ecology and Conservation Lab, Departamento de Biologia Marinha, Universidade Federal Fluminense, Rio de Janeiro, Brazil. 34Marine Megafauna 
Foundation, Palm Beach, CA, USA. 35Oceanographic Research Institute, Durban, South Africa. 36TRAFFIC International, Cambridge, UK. 37Science 
Department, Georgia Jones-Ayers Middle School, Miami, FL, USA. 38Centro de Biociências, Departmento de Botânica e Zoologia, Universidade 
Federal do Rio Grande do Norte, Natal-RN, Brazil. 39Beacon Development Department, King Abdullah University of Science and Technology, 
Thuwal, Saudi Arabia. 40Independent consultant, Hull, UK. 41Sharks and Rays Conservation Program, Mote Marine Laboratory, Sarasota, FL, USA. 
42School of Marine and Atmospheric Sciences, Stony Brook University, Stony Brook, NY, USA. 43The School for Field Studies, Center for Marine 
Resource Studies, South Caicos, Turks and Caicos Islands. 44OCEARCH, Park City, UT, USA. 45Operation Wallacea, Spilsby, Lincolnshire, UK. 
46Melanesia Program, Wildlife Conservation Society, Suva, Fiji. 47Wasage Divers, Wakatobi and Buton, Southeast Sulawesi, Indonesia. 48Daniel P. 
Haerther Center for Conservation and Research, John G. Shedd Aquarium, Chicago, IL, USA. 49Kenya Fisheries Service, Mombasa, Kenya. 
50University of the West Indies, Kingston, Jamaica. 51School of Biological Sciences, University of Western Australia, Perth, Western Australia, 
Australia. 52Yardie Environmental Conservationists Limited, Kingston, Jamaica. 53Coral Reef Research Foundation, Koror, Palau. 54National Institute 
of Water and Atmospheric Research, Auckland, New Zealand. 55Borneo Marine Research Institute, Universiti Malaysia Sabah, Kota Kinabalu, Sabah, 
Malaysia. 56Marine Megafauna Foundation, West Palm, FL, USA. 57Depto. Ecología e Hidrología, Universidad de Murcia, Murcia, Spain. 58Saving the 
Blue, Cooper City, FL, USA. 59Aquarium of the Pacific, Long Beach, CA, USA. 60Large Marine Vertebrates Research Institute Philippines, Puerto 
Princesa City, Palawan, Philippines. 61Met Eireann, Dublin, Ireland. 62Western Australian Fisheries and Marine Research Laboratories, Department of 
Primary Industries and Regional Development, Government of Western Australia, Hillarys, Western Australia, Australia. 63Centre for Ocean 
Research and Education, Gregory Town, Eleuthera, Bahamas. 64CORDIO East Africa, Mombasa, Kenya. 65Department of Earth, Oceans and 
Ecological Sciences, University of Liverpool, Liverpool, UK. 66Blue Sanctuary-Avalon, Jardines de la Reina, Cuba. 67Centro de Investigaciones 
Marinas, Universidad de La Habana, Habana, Cuba. 68Center for Fisheries Research, Ministry for Marine Affairs and Fisheries, Jakarta Utara, 
Indonesia. 69Research Center for Conservation of Marine and Inland Water Resources, National Research and Innovation Agency, Bogor, 
Indonesia. 70Fisheries Department, Universitas Dayanu Ikhsanuddin, Bau Bau, Southeast Sulawesi, Indonesia. 71Institut Halieutique et des Sciences 
Marines, Wildlife Conservation Society, Toliara, Madagascar. 72Marine Ecology and Conservation Laboratory, Universidade Federal de Sao Paulo, 
Santos, São Paulo, Brazil. 73HJR Reefscaping, Boquerón, Puerto Rico. 74Department of Biology, University of Oxford, Oxford, UK. 75Pristine Seas, 
National Geographic Society, Washington, DC, USA. 76School of Mathematical and Computational Sciences, Massey University, Auckland, New 
Zealand. 77Indo Ocean Project, Nusa Penida, Indonesia. 78Aquaculture and Fisheries Group, Wageningen University and Research, Wageningen, 
the Netherlands. 79Leibniz Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany. 80Reef Check Dominican Republic, Santo 
Domingo, Dominican Republic. 81Bergen County Technical Schools, Bergen County, NJ, USA. 82Marine Megafauna Foundation, Truckee, CA, USA. 
83Department of Natural Sciences, Faculty of Science Engineering, Manchester Metropolitan University, Manchester, UK. 84Department of Life 
Science, Tunghai University, Taichung, Taiwan. 85School of Environmental and Forest Sciences, University of Washington, Seattle, Washington, 
USA. 86GIBEAM Research Group, Universidad del Sinú, Cartagena, Colombia. 87Corales del Rosario and San Bernardo National Natural Park, 
Bolivar, Colombia.  e-mail: jordan.goetze@dbca.wa.gov.au

http://www.nature.com/natecolevol
mailto:jordan.goetze@dbca.wa.gov.au


Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-024-02386-9

n = 66, H***

n = 59,H***

-0.3

0.0

0.3

0.6

0.9

Sharks Rays

Lo
g-

ra
tio

 E
ffe

ct
 S

iz
e

Significance
Yes

No

Extended Data Fig. 1 | The effectiveness of fully protected areas in promoting 
abundance of sharks and rays. Effectiveness of fully protected areas in 
promoting abundance of sharks and rays, based on log-ratio effect sizes inside/
outside of fully protected areas (n = 66). Green dots represent positive results 
where the 95% confidence interval of the effect size does not overlap zero 

and yellow a null result. 75% confidence intervals are also displayed, and the 
superscript H indicates that significant heterogeneity (* < 0.05, *** < 0.001) was 
associated with the effect size, with n representing the number of fully protected 
areas used to calculate the overall effect size.
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Extended Data Fig. 2 | The effectiveness of fully protected areas in promoting abundance of sharks. Green dots represent positive results where the 95% 
confidence interval of the effect size does not overlap zero and yellow where they do. Effect sizes were weighed based on the inverse of the variance with smaller points 
having a lower weighting.
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