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Significance

Many sharks and rays are 
threatened with extinction, and 
the paths to recovery remain 
challenging. We took advantage 
of a large-scale “Before–After 
Control–Impact” comparison to 
document successful recoveries 
in nine wide-ranging coastal 
shark species following 
implementation of the US Fishery 
Management Plan for Sharks of 
the Atlantic Ocean. By analyzing 
the IUCN Red List status of 26 
wide-ranging coastal sharks and 
rays, and comparing the 
Northwest to the Southwest 
Atlantic, we show that extinction 
risk increased with fishing 
pressure but was offset by the 
strength of management 
(National Plan of Action for 
sharks and rays). Well-enforced 
governance and science-based 
effective limits on fishing have 
prevented population collapses 
and reduced extinction risk for 
many species in the 
Northwestern Atlantic.
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Overfishing is the most significant threat facing sharks and rays. Given the growth in 
consumption of seafood, combined with the compounding effects of habitat loss, climate 
change, and pollution, there is a need to identify recovery paths, particularly in poorly 
managed and poorly monitored fisheries. Here, we document conservation through 
fisheries management success for 11 coastal sharks in US waters by comparing popula-
tion trends through a Bayesian state-space model before and after the implementation 
of the 1993 Fisheries Management Plan for Sharks. We took advantage of the spatial 
and temporal gradients in fishing exposure and fisheries management in the Western 
Atlantic to analyze the effect on the Red List status of all 26 wide-ranging coastal sharks 
and rays. We show that extinction risk was greater where fishing pressure was higher, 
but this was offset by the strength of management engagement (indicated by strength 
of National and Regional Plan of Action for sharks and rays). The regional Red List 
Index (which tracks changes in extinction risk through time) declined in all regions until 
the 1980s but then improved in the North and Central Atlantic such that the average 
extinction risk is currently half that in the Southwest. Many sharks and rays are wide 
ranging, and successful fisheries management in one country can be undone by poorly 
regulated or unregulated fishing elsewhere. Our study underscores that well-enforced, 
science-based management of carefully monitored fisheries can achieve conservation 
success, even for slow-growing species.

IUCN red list status | population recovery | overfishing | management | sustainable fisheries

Global fish landings are underestimated with as much as one-third missing, and most 
fisheries are unassessed (1, 2). Only half of the reported landings comes from stocks or 
populations with a formal assessment, with appropriate management generally leading to 
healthier stocks (3). However, most of the stock assessments that integrate the best available 
data (e.g., catch history, abundance trends, age structure, and life history information) 
are conducted for economically high-valued species by the wealthiest countries with high 
management capacity (3). The remainder of the reported catch is from fisheries that are 
generally located in lower capacity regions yet are still subject to heavy exploitation and 
are unassessed (1, 3). While fisheries in lower capacity regions may be less visible to the 
global economy, they are a vital safety net for millions of people as a source of livelihood, 
poverty alleviation, nutrition, and well-being (4–6). Limited understanding of the effec-
tiveness of management measures around the world has hampered our progress toward 
the zero-overfishing target of the United Nations Sustainable Development Goal 14 (7). 
Furthermore, the social and economic dimensions of fisheries are underpinned by resilient 
ecosystems, which require the presence of functionally important species, including pred-
ators (8, 9).

Intense conservation efforts have successfully recovered some populations of marine 
megafauna, notably marine mammals (10). It is a different story for most sharks and rays, 
which have been largely depleted globally (10, 11). Oceanic sharks and rays have declined 
by 71% since 1970, and three-quarters of these wide-ranging species are threatened (12). 
Half of coastal sharks and rays (51%, 296 of 582 species) are threatened with extinction 
primarily due to overfishing based on the International Union for Conservation of Nature 
(IUCN) Red List of Threatened Species criteria (13). The high intrinsic sensitivity of many 
sharks and rays (due to long generation times and low intrinsic population growth rates) 
combined with their long history of overfishing has likely caused permanent biodiversity 
loss through numerous local and regional extinctions (14–16). There is now increasing 
evidence that three species are also globally extinct (13, 17, 18). Some shark and ray 
populations are recovering and being sustainably fished, but such success stories are 
restricted to select, well-managed fisheries in developed countries, such as Australia, 
New Zealand, the United States, or Canada (19, 20; Appendix S2).D
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The depletion of sharks and rays throughout most of the oceans 
is representative of the dire status of many other data-poor stocks 
in countries with low capacity or political will for fisheries 
management (21, 22). Fisheries could progress toward 
sustainability with the implementation of management measures 
and periodic assessments of their effectiveness. For some managed 
fisheries in wealthy countries, this is typically accomplished by 
comparing management decisions against quantitative metrics of 
stock status. By contrast, most of the world’s shark and ray catch 
is not monitored or managed. Only 3% (43 of the 1,199) of all 
chondrichthyan species have a formal stock assessment (23), and 
threatened species protections are often not enforced (24, 25). 
Yet, considerable success in understanding the status of shark and 
ray stocks has been achieved using comparative analyses of direct 
and indirect measures of fishing pressure and management 
capacity, such as the presence of government fishery management 
plans or extent of spatial protection (11, 18, 26). Managing 
threatened shark species in the absence of conventional stock 
assessments is a general challenge. Even developing countries and 
island states may need to use catch control measures without 
formal assessments to prevent overfishing and comply with 
international treaty obligations.

Coastal sharks and rays that inhabit a wide latitudinal range 
provide an opportunity to explore the diversity of exposure to 
fishing and the effectiveness of management. Indeed, wide-ranging 
species are more likely to be threatened globally because they span 
more jurisdictions and hence are more likely to encounter a 
patchwork of management regimes with large proportions of their 
distribution poorly managed (27, 28). Here, we analyzed trends 
in fishing pressure, fisheries management, and population status 
for all 26 coastal sharks and rays that occur in all three United 
Nations Food and Agriculture Organization [FAO] Major Fishing 
Areas in the Western Atlantic Ocean. This area encompasses a very 
diverse range of fishing activity and fisheries management capacity 
and enforcement. For example, Brazil and Mexico have large and 
growing economies but have lower engagement in fisheries 
management than the United States—although all maintain 
intense fishing pressure (11, 29–31). The Western Central Atlantic 
(FAO region 31) also encompasses small island developing states 
with fisheries targeting sharks and rays and low management 
capacity (32).

To make an ecological inference about the effect of fisheries man-
agement, we take advantage of this Before–After Control–Impact 
natural experimental design; this could be considered a counterfac-
tual approach of analyzing population status “with” and “without” 
management intervention (33). We first used a Before–After tem-
poral comparison to quantify the success of fisheries management 
by comparing available population trends of 11 wide-ranging coastal 
shark species in the US Atlantic waters before and after the imple-
mentation of the Fishery Management Plan for Sharks of the Atlantic 
Ocean in 1993 (Fishery Management Plan) (34) (SI Appendix, 
Fig. S3). This plan was developed in response to the intense expan-
sion of commercial and recreational fisheries in the 1970s to 1980s 
due to the increased demand for shark meat, fins, and cartilage 
worldwide and concerns about their effects on shark populations 
(35). Prior to the 1990s, sharks were considered an underutilized 
resource, and commercial and recreational fishers were encouraged 
and otherwise incentivized to fish for them (36), resulting in severe 
depletion of some large coastal sharks (35, 37). Second, we estimated 
the regional IUCN Red List status of all 26 wide-ranging coastal 
sharks and rays in the Western Atlantic and used the current 
Northwest Atlantic (FAO region 21) IUCN Red List statuses as the 
managed “Control” against which to compare the “Impact” of 
undermanagement in the Southwest Atlantic (FAO region 41). We 

used a Bayesian mixed-effect ordinal logistic model to evaluate the 
IUCN Red List status as a function of intrinsic sensitivity of species 
(maximum body size) and regional fishing exposure (catches of 
sharks and rays) and indirect measures of fisheries management 
(the presence and robustness of a National or Regional Plan of Action 
for sharks and rays, hereafter “Shark-Plan”). These Shark-Plans 
should address ten aims for sustainable fisheries and conservation 
spanning sustainability, threat assessment and protection of threat-
ened species, effective consultation between different stakeholders, 
waste minimization, protection of the ecosystem and its functions, 
and improved monitoring and reporting of catch, landings, and 
trade. The development of these plans was encouraged following the 
creation of the International Plan of Action for the Conservation 
and Management of Sharks (“IPOA-Shark”) in the 1990s by the 
FAO (38). We also considered three other proxies for national 
engagement in management: fisheries subsidies, parties to the recent 
Port State Measures Agreement to combat Illegal, Unregulated, and 
Unreported Fishing, and the coverage of no-take marine protected 
areas (MPAs). Finally, we identified the expected gains resulting from 
conservation action by developing a regional Red List Index (RLI) 
to track changes in the relative extinction risk of taxa over time across 
the three FAO regions (39, 40).

Results

Analysis of the available time series data in the east coast waters 
of the United States shows that almost all of the 11 focal species 
either increased (toward rebuilding, n = 6) or stabilized (n = 3), 
following adoption of the 1993 Fishery Management Plan (Fig. 1 
and SI Appendix, Fig.S4). For example, the White Shark 
(Carcharodon carcharias) population time series began in 1961 
with an annual rate of decline of −0.07% (95% credible interval 
[CI]: −0.11, −0.01) until 1993 and then stabilized and subse-
quently increased at an annual rate of increase of 0.1% (95% 
CI: 0.02, 0.19) soon after the introduction of the Fishery 
Management Plan (Fig. 1). The positive change in the annual 
trend after the introduction of the Fisheries Management Plan is 
clear, with 99% of the posterior distribution showing population 
increase (Fig. 1B). Similarly, five other species (Tiger Shark 
Galeocerdo cuvier, Scalloped Hammerhead Sphyrna lewini, Great 
Hammerhead S. mokarran, Bonnethead Shark S. tiburo, and 
Dusky Smooth-Hound Mustelus canis) were declining prior to the 
introduction of the Fishery Management Plan and have been 
clearly recovering since, with more than 90% of the posterior 
distributions showing a population increase in each case. 
Furthermore, both the Sandbar Shark (Carcharhinus plumbeus) 
and Dusky Shark (C. obscurus) had population time series that 
were initially declining in the 1980s but eventually declined at a 
slower rate toward the end of the time series. However, there was 
no change in the population time series trajectories of the Lemon 
Shark (Negaprion brevirostris) or the Blacktip Shark (Carcharhinus 
limbatus).

We found a clear difference in shark and ray fishing exposure 
and fisheries management between the Northwest and the 
Southwest Atlantic (Fig. 2A and SI Appendix, Figs. S1 and S2). 
The Northwest Atlantic has an intermediate fishing exposure 
(Fig. 2B), with shark and ray catches totaling 0.3 metric tonnes 
(mt) km−2 across this region from 2001 to 2018 (the latest avail-
able period equivalent to the average generation length of our 
species, 18 y). The maximum catch over this time was 0.76 mt 
km−2 for the United States (Fig. 2A). However, this region has a 
high score for fisheries management (Fig. 2C) based on the com-
bination of the highest regional Shark-Plan average score over 
2003 to 2020 of 13 of 20 (driven by an older high-quality US D
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Shark-Plan and relatively older medium-quality Canadian Shark-
Plan). By comparison, the Southwest Atlantic has double the 
fishing exposure, with shark and ray catches totaling 0.61 mt km−2, 
and half the management engagement (Shark-Plans average score 
of 6 of 20 with recent medium-quality Shark-Plans; Fig. 2B). 
Similar patterns were found with two other metrics of fisheries 
management (fisheries subsidies and support of the Port State 
Measures Agreement; SI Appendix, Fig. S2). The equivalent of 
10% of the value of all landed catch was spent on “harmful” 
capacity-enhancing fisheries subsidies in the Southwest Atlantic, 
which was 1.5 times higher than those in the Northwest Atlantic, 
while only 7% was spent on beneficial subsidies (e.g., research and 
management), which was 1.8 times lower than those in the 
Northwest Atlantic (SI Appendix, Fig. S2). All countries in the 
Northwest Atlantic are signatories to the Port State Measures 
Agreement. However, in the Southwest Atlantic region, only 3% 
of the area is managed by signatories of the Port State Measures 
Agreement. Finally, coverage of no-take MPAs is low in both the 
Northwest and Southwest Atlantic (around 0.02%) and higher 
(1%) in the Western Central Atlantic (FAO 31) (SI Appendix, 
Fig. S2). However, these three proxies were less informative 
because their temporal and/or spatial scales were narrow relative 
to the ranges of our focal species.

The North–South contrast is also evident in the differences in 
the regional IUCN Red List status of the 26 wide-ranging shark 
and ray species that are present throughout the Western Atlantic 
(Fig. 2D). The current number of wide-ranging coastal species 
threatened with extinction is almost four times lower in the 
Northwest (n = 6 of 26, 23%) than that in the Southwest Atlantic 

(n = 23 of 26, 88%), where half of these species (n = 13) are listed 
in the highest threat category—Critically EN (Fig. 2D). The 
Western Central Atlantic has the lowest fishing exposure 
(0.16 mt km−2) of all regions but an intermediate score of fisheries 
management relative to the Northwest and Southwest. Nearly 
half (45%) of this region is covered by the Port State Measures 
Agreement, and 1% of the region is covered by no-take MPAs 
(SI Appendix, Fig. S2). The regional Red List statuses are also 
intermediate, with eight species threatened (of 26, 31%) and six 
Near Threatened (NT).

We found that large-bodied species are generally at greater risk 
of extinction (Fig. 3 A and D; 2.85, 95% CI = 0.45, 5.67; 99% 
of posteriors above zero) and that regional differences in the Red 
List status are related to two factors: fishing exposure and fisheries 
management (Fig. 3 A–C). Fishing exposure (indexed by catches 
of sharks and rays) increased extinction risk (Fig. 3E; 3.30, 95% 
CI = −4.45, 9.96, 89% of posteriors above zero), while the fisheries 
management lowered extinction risk (as indexed by a high-quality 
Shark-Plan; Fig. 3F; −2.47, 95% CI = −9.39, 4.98, 85% posteriors 
below zero).

Using the same pool of 26 species and retrospective regional 
extinction risk status, the RLI shows a recent positive trajectory 
for the Northwest and Western Central Atlantic, which both 
rebounded after 2005 following an initial decrease in RLI 
(i.e., increase in extinction risk) from 1980 to 2005 (Fig. 4). This 
contrasts strongly with the ongoing increase in extinction risk in 
the Southwest Atlantic. The current RLI is relatively high in the 
Northwest and Western Central Atlantic (0.82 and 0.78, respec-
tively) but extremely low in the Southwest Atlantic (0.42). This 
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Fig. 1. Temporal comparison of population trends of eleven wide-ranging coastal shark species in US waters before and after the 1993 implementation of the 
Fishery Management Plan for Sharks of the Atlantic Ocean ordered by decreasing effect change. (A) Modeled time series for each species (individual time series 
for each species is shown in SI Appendix, Fig. S4). The thick, gray ribbon denotes the 95% credible interval, while the thick line denotes the mean year-to-year 
change. The line is colored based on the percentage of posteriors of the year-to-year rate of change above (80% dark green and 50% light green) or below (80% 
red and 50% orange) zero. (B) Posterior distribution of the difference in the rate of change since 1993. The values on the left and right side of the distributions 
indicate the posterior probabilities of a negative or positive effect change (as percentages), respectively. *Dusky Smooth-Hound was added to the 1993 Fishery 
Management Plan for Sharks of the Atlantic Ocean for data collection purposes only. **Two Blacktip Shark time series were considered for the two existing 
stocks (Gulf of Mexico and US East Coast).
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contrast in RLI trajectories represents an important counterfac-
tual, demonstrating the magnitude of conservation success in the 
Northwest Atlantic, while also showing the challenge, by making 
clear what could be achieved in the Southwest Atlantic with mean-
ingful management engagement.

Discussion

We found clear evidence for coastal shark fisheries management 
success following the implementation of fisheries regulations and 
conservation measures for sharks in the US Atlantic waters in 
1993. Across a broader spatial range, we found a consistent pat-
tern of recovery in both population trends and the RLI in the 
Northwest Atlantic and a steep decline in the Southwest Atlantic, 
underscoring both the success in US Atlantic waters and the 
consequences of low management in the Southwest Atlantic. 
Next, we address 1) the primary elements to the recovery of 
sharks in US waters, 2) the difference in fishing exposure and 
the lack of management implementation in the Southwest 
Atlantic and the intermediate situation in Western Central 
Atlantic, 3) the strength of fisheries management to reduce 
extinction risk in coastal sharks and rays, and finally, 4) consider 
three challenges that, if met, would improve the status of shark 
and ray populations.

The recovery of sharks in US waters is likely due to three primary 
elements: regulation, enforcement, and monitoring (SI Appendix, 
Fig. S3 and Supplementary Text 1). First, since 1993, a strong 
system of regulations has been put in place for these species, includ-
ing catch reporting requirements, aggregate- and species-specific 
quotas, and catch prohibitions for some species [ref. 34 and sub-
sequent amendments to the Fisheries Management Plan]. Second, 
management is strongly enforced by US Coast Guard and Law 
Enforcement agencies for fishers in US waters. Third, the govern-
ment continued to monitor and assess fisheries while reducing 
fishing mortality with additional regulations when needed. In 
addition, over the last decades, there has been a significant reduc-
tion in the fishing effort through the numbers of vessels, permits, 
and trips in the US shark fishery (SI Appendix, Fig. S3). For exam-
ple, in 1997, there were 802 active shark-directed permit holders 
(active is defined as permit holders who caught at least one shark 
per year), but that number declined to 114 in 2014 and to 73 in 
2019 (41). With strict regulations on fishing, even species with 
large body sizes, long generation lengths, and large home ranges 
can recover, although slowly (e.g., White Shark).

In contrast to the trends of species in the Northwest Atlantic, 
populations of coastal sharks and rays in the Southwest Atlantic 
are declining due to overfishing. When comparing their IUCN 
Red List status between all FAO Major Fishing Areas in the 

Fishing exposure IUCN Red List 
status

Fisheries 
management 
engagement

A CB D

FAO 21

FAO 31

FAO 41

Fishing exposure
(mt km-2 2001-2018)

0.00 0.25 0.50 0.75
Shark-Plan score

(2003-2020)

0 5 10 15 20
Number of species in
each IUCN category

0 26

Fig. 2. Regional differences in fishing exposure, management engagement, and the IUCN Red List status of 26 wide-ranging coastal sharks and rays in the 
Western Atlantic. (A) Maximum distribution range of the species within national Exclusive Economic Zones (EEZs), whereby national values for fishing exposure 
are shown with the filled polygon color (red shades, natural Jenks Break) and fisheries management (National or Regional Plan of Action for sharks and rays, 
Shark-Plan) are shown with polygon edge colors (blue shades, equal breaks). Fishing exposure is the total catch in metric tonnes (mt) km−2 over the last 18 y 
(2001 to 2018, spanning one average generation length of our 26 species) of all sharks and rays expressed by the surface area of the EEZ of the fishing entity. 
Fisheries management is the average Shark-Plan quality score (of 20) over the last 18 y (2003 to 2020). FAO major fishing regions average values of (B) fishing 
exposure for sharks and rays, (C) fisheries management (National Plan of Action for sharks and rays, Shark-Plan score). Both (B) and (C) are lollipop charts, where 
the dot represents the value, and the line represents the distance from zero. (D) Regional IUCN Red List status of all 26 species [from dark green to red: Least 
Concern (LC), Near Threatened (NT), Vulnerable (VU), Endangered (EN), and Critically Endangered (CR)].
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Western Atlantic, we found that fishing pressure has been increas-
ing extinction risk. In the Southwest, the intensity of fishing activ-
ity has increased and maintained catch levels of some species, even 
though their fisheries are at risk of collapse (30, 42, 43). The extent 
of the resource crisis is made apparent by stagnation and decline 
in the national catch of sharks, the doubling of the price of shark 
meat, and the rapid rise in imports of shark meat into Brazil 

(44, 45). High rates of opportunistic retention of incidental catch 
and some unreported targeted fisheries for sharks or other coastal 
species contributed to the probable local extinction of some sharks 
and rays, including the Smalltooth Sawfish (Pristis pectinata), and 
endemic coastal species such as the Daggernose Shark 
(Isogomphodon oxyrhynchus) and Smalltail Shark (Carcharhinus 
porosus) (46–49). Although the general picture appears better in 
the Western Central Atlantic than in the Southwest, this pattern 
is mostly driven by recent recovery in managed populations in the 
US Gulf of Mexico and possible refuge in large areas of less fished 
habitat, such as The Bahamas (50), and the situation is still very 
concerning in most Western Central Atlantic countries’ waters.

Here, we show that strong fisheries management reduces extinc-
tion risk for sharks and rays. The strongest Shark-Plans completely 
matched the aims of the IPOA-Shark developed by the FAO in 
1999 and were associated with a schedule of actions and estima-
tion of costs. Countries with very comprehensive Shark-Plans tend 
to already have relatively sound management already in place 
(11, 15). For countries with low management capacity, a Shark-
Plan that closely follows the IPOA-Shark guidelines represents 
good intentions and the early stages of meaningful shark and ray 
fisheries management (such as in Brazil, in 2016), even though 
the plan is nonbinding. While the existence of a high-scoring 
Shark-Plan may be a precursor to management and an indicator 
of management improvements, the production of a Shark-Plan 
by itself is no guarantee of any improvement and is not intended 
to replace fisheries regulations (such as US Fishery Management 
Plan) (11, 51). We considered several proxies for management 
engagement and focused on countries’ Shark-Plans (and regional 
Shark-Plans) scores as the most informative explanatory variable 
of the IUCN Red List status of the wide-ranging species.

The other three proxies considered in this study for engagement 
in sustainable management of shark and ray fisheries included 
1) the amount of fisheries subsidies provided by governments, the 
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Fig. 3. Regional IUCN extinction risk status of the 26 coastal sharks and rays explained by the combination of (A) intrinsic sensitivity (maximum body size in 
centimeters), (B) fishing exposure (catch metric tonnes (mt) km−2), and (C) fisheries management (National or Regional Plan of Action for sharks and rays, “Shark-
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regional coverage of 2) water of countries that are party to the Port 
State Measures Agreement, and of 3) no-take MPAs. Fisheries 
subsidies are payments (direct or indirect) from governments to 
the fishing sector, and while some of these payments can help 
reduce fishing pressure (the so-called “beneficial” subsidies), most 
of the estimated USD $35 billion a year of global fisheries subsi-
dies are considered to be harmful subsidies (52) because they 
stimulate overcapacity and exacerbate overfishing (e.g., tax exemp-
tion or fuel subsidies) (53). Therefore, harmful fisheries subsidies 
can be used to reflect governments’ support for sustainable man-
agement or their willingness to support unsustainable fishing 
activity (54). As with Shark-Plan scores, we found that beneficial 
subsidies (standardized by the total profit from all catch), such as 
investments in fisheries research, monitoring, assessment, or pro-
tected areas, were twice as large in the Northwest Atlantic as in 
the Southwest. However, harmful subsidies in the Southwest 
Atlantic were almost one and a half times greater than the amount 
of such subsidies in the Northwest. An obvious task would be to 
redirect those harmful subsidies to support the transition of both 
target and incidental capture fisheries to a more sustainable future 
(54). In recent years, all national waters in the Northwest Atlantic 
have been entirely covered by the Port State Measures Agreement. 
The binding nature of this agreement shows the commitment of 
signatory nations to eliminate Illegal, Unregulated, and Unreported 
Fishing. However, the ratification rate is low in the rest of the 
Western Atlantic and, of the signatory parties, not enough time 
has passed to see meaningful changes to species’ status. This agree-
ment is potentially also less indicative of the fisheries management 
for coastal species, compared with more oceanic species, as provi-
sions for domestic fishers can be weaker than for those from for-
eign-flagged vessels. Finally, no-take MPAs have the potential to 
make a difference in some developing countries where direct fish-
eries management is currently challenging, but spatial protection 
still needs a science-based design and effective enforcement to 
contribute directly to a reduction in shark mortality, which is 
lacking in some cases. For example, the creation of “shark sanc-
tuaries,” which are branded as a type of shark MPA, vary greatly 
in their level of regulation (e.g., a ban on commercial targeted 
fishing for sharks but allowing landings of incidentally caught 
sharks and rays), have had limited influence because they were 
created without the additional resources necessary for enforcement 
of spatial restrictions on fishing (55, 56). Most no-take MPAs are 
small (<10 km2) and might be more important for smaller-bodied, 
smaller-ranging species than for the larger, highly migratory 
wide-ranging species considered here (57).

Our results add context to the growing body of evidence that 
three challenges, if met, would improve the status of shark and 
ray populations. Ultimately, consistent reduction of fishing mor-
tality to sustainable levels is essential to meet both biodiversity 
and sustainable development goals and targets. This can be 
achieved through measures to 1) improve catch monitoring, 2) 
employ consistent fisheries management strategies between coun-
tries for wide-ranging species moving between jurisdictions, and 
3) ensure sustainability of imported seafood.

Initially, a precautionary approach should be used to set fishing 
limits until species-specific population data are collected to set 
precise fishing limits and minimize socioeconomic costs. However, 
decades of poor catch reporting, the lack of species identification, 
and paucity of species-specific time series can mask changes in 
catch composition and potential declines of sensitive species. Only 
one-third of the global catch of chondrichthyans is reported to 
the species level, and many countries are still reporting aggregated 
catches using categories (e.g., “sharks” and “hammerheads”) (38). 
For example, in Mexico, catches of one of the largest shark and 

ray fishing countries in the region are still recorded in only three 
categories (“small shark,” “large shark,” or “ray”), despite the iden-
tification of catch reporting as a top priority (58, 59). An addi-
tional challenge is that coastal Atlantic fisheries are diverse, varying 
from artisanal, small-scale fisheries to recreational sport fisheries 
to nearshore industrial fisheries. For example, small-scale fishing 
vessels represent 97% of Mexico’s fleet (31) and are generally 
known to be less-intensely managed and monitored than large-
scale commercial fisheries (60). Measures and tools to improve 
monitoring of shark and ray catches include port monitoring 
measures, increased onboard scientific observer coverage, and elec-
tronic monitoring and surveillance. However, for some wide-rang-
ing species that span multiple jurisdictions, these recent advances 
in management can be undermined by limited reporting of land-
ings and at-sea discards. In these cases, the stocks (or species) will 
continue to decline if overfishing continues and data reporting 
practices do not improve enough for status to be accurately 
assessed (38). Additionally, a key to ensure that more fisheries, 
especially in low capacity countries, progress toward sustainability 
is to expand the tool kit of evaluation methods to quantify man-
agement impact to address data limitations (13) (SI Appendix, 
Supplementary Text 2).

Wide-ranging coastal sharks and rays moving broadly through 
jurisdictions face the added challenge of requiring coordinated 
regional and/or global efforts across many fishing and trading 
countries to ensure sustainability. Governments should harmonize 
fisheries management strategies with bilateral or multilateral agree-
ments [such as the US–Mexico agreement (61)] focusing on 
regional approaches to manage these transboundary stocks, such 
that successful conservation in one country is not undone by less 
regulated fishing areas outside their borders. The Regional Fisheries 
Management Organizations, which directly manage fisheries in 
the high seas, are specifically designed for this purpose but have 
not yet halted fishing mortality and population declines for sharks 
and rays (12, 62). A Regional Plan of Action is currently being 
drafted in the Western Central Atlantic region and represents the 
first comprehensive effort (all 34 members to the Western Central 
Atlantic Fishery Commission, WECAFC) to ensure that countries 
sharing the same stocks within this region (including many coun-
tries with small Exclusive Economic Zones (EEZs)) collaborate 
on a shared management plan (63). It is critical that these initial 
forms of management engagement rapidly mature into concrete, 
monitored, enforced, and measurable actions to reduce fishing 
mortality to sustainable levels.

As more developed countries move toward sustainable fisheries 
(3), they should also ensure they import seafood from sustainable 
sources (64). The increase in seafood consumption has outpaced 
that of all other animal proteins in some regions (65). This growing 
market has incentivized overfishing in some places, including of 
sharks and rays. For example, Brazil has become one of the world’s 
top importers of shark meat (66) to meet consumer demand as 
their domestic stocks have been increasingly overfished. Similarly, 
much of the seafood in the United States is caught elsewhere 
(65, 67). Developed countries with good domestic records for sus-
tainable fisheries have ample opportunities to share best practices 
with other nations and should also strive to ensure that demand 
from their consumers is not fueling imports of overfished species 
from other jurisdictions. The requirement to develop Non-
Detriment Findings by countries in order to export species listed 
on Appendix II of the Convention on International Trade in EN 
Species of Wild Fauna and Flora (CITES) is driving sustainability 
assessments in many (68), along with associated improvements in 
data gathering and governance, but, overall, trade reporting, trans-
parency of NDFs, and associated fishing limits are still lacking (69).D
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Conclusion

We are now in a critical decade where the future of fisheries and 
the world’s oceans will be determined not only by the extension 
of protected areas but also by our ability to effectively assess and 
manage fisheries sustainably in the remainder of the ocean. We 
conclude that halting and reversing declines to create sustainable 
fisheries is possible even for wide-ranging sharks and rays with 
slow life histories, but this requires strong governance and man-
agement. Our findings provide hope but are a microcosm of the 
wider problem faced by sharks and rays. We believe that successful 
recoveries and rebuilding of species can be spread further by draw-
ing on partnerships with scientists and managers, as well as non-
governmental organizations, coastal fishers, and communities. We 
must aim beyond extinction avoidance and broaden our ambitions 
on the recovery of species and sustainable exploitation as future 
goals to ensure ecosystem functioning and human food security.

Materials and Methods

We first describe the taxonomic scope and the selection of the 26 species of coastal 
sharks and rays in the Western Atlantic. Second, we used a subset of 11 of these 
species, for which the only stock assessment time series and other high-quality 
data were available (from US Atlantic waters) to compare temporal trends. We 
used a Bayesian population state-space model to calculate the population tra-
jectories before and after the 1993 implementation of the Fishery Management 
Plan for Sharks of the Atlantic Ocean (34). Third, we detail the regional IUCN’s Red 
List of Threatened Species status for all 26 species. We then describe the Bayesian 
ordinal model used to analyze the impact of potential explanatory factors (intrinsic 
sensitivity, exposure to fishing, and fisheries management). Finally, we describe 
the calculation of the RLI over time, tracking changes in extinction risk using all 
the regional IUCN Red List statuses in 1980, 2005, and 2020.

Species Selection. To select the coastal species occurring in all three FAO Major 
Fishing Areas covering the Western Atlantic (Northwest: 21, Western Central: 31, 
and Southwest: 41), we extracted the FAO region of occurrence of all 1,199 species 
of sharks and rays (and chimaeras) from the IUCN Species Information Service 
(SIS; and available at https://www.iucnredlist.org/) and determined candidate 
species occurring in all three selected FAO regions. We retained only species for 
which the primary habitat is “coastal” (excluding deep water and fresh water) and 
the species with the primary habitat as “pelagic” and secondary habitat as coastal, 
as defined in ref. 13. For these reasons, other commonly caught species, such 
as the Spiny Dogfish (Squalus acanthias), are not included in this assemblage. 
Carolina Hammerhead (Sphyrna gilberti) was removed as insufficient information 
exists for our analysis (currently assessed as Data Deficient following the IUCN 
guidelines, no existing population time series). The final list of 26 coastal species 
consisted of 17 sharks and nine rays (SI Appendix, Table S1). The nomenclature 
and taxonomic authorities used for chondrichthyans follow those of the online 
electronic version of the Catalog of Fishes (70), Sharks of the World (71), and 
Rays of the World (72).

US Population Time Series Analysis (Before–After Fisheries Management 
Plan).
Selection of time series. We obtained time series data for our focal 26 species 
from Sharkipedia, a curated open-source database of life history trait information 
and population time series for all sharks and rays (73) (https://www.sharkipedia.
org). Selection of the time series was done by JKC and NKD based on the criteria 
that the time series was representative of US waters and spanned at least a decade 
before and after 1993. We prioritized the time series already analyzed in the 
recent (2018 to 2022) IUCN Red List assessments, and when possible, time series 
from stock assessments were preferred over standardized catch per unit effort 
(CPUE) or nominal CPUE from scientific surveys or fisheries data (SI Appendix, 
Table S2).
JARA analysis for time series. To analyze the population time series, we used a 
Bayesian population state-space model designed for the IUCN Red List assess-
ments [“Just Another Red List Assessment,” JARA (12, 74, 75)], which builds on 

the Bayesian state-space tool for averaging relative abundance indices by Winker 
et al. (76) and is available in a R package on an open-source repository on GitHub 
(www.github.com/henning-winker/JARA; JARA v. 1.0.9).

Model formulation. A central assumption of the state-space approach 
is that trend of index I

t
 in year t  follows a Markovian process, such that I

t
 will 

be conditioned on the I
t−1 in the previous year t − 1. It is assumed that the 

 underlying population trend follows a conventional exponential growth model 
I
t
= I

t−1�t−1 , where �t is the growth rate in year t . The population growth rate 
�
t can vary annually to accommodate fluctuations in recruitment, fishing mor-

tality, and other time-varying latent (unobservable) effects. On the log scale, the 
basic  process equation becomes �t

= �
t−1 + r

t−1 , where �
t
= log

(

I
t

)

, and 
the annual rate of change is r

t
= log

(

�
t

)

. The annual rate of change realizes 
a  random walk of the form rt = rp+�t −

(

0 .5�2

�

)

, such that r
t
 varies around 

the estimable mean population rate of change r
p
 (i.e., the underlying trend) 

given a process error �
t
∼ Normal

(

0, �2

�

)

 as a function of the estimable pro-

cess variance �2

�
. The corresponding observation equation is then  formulated as 

log
(

yt,i
)

= �t + log
(

qi
)

+ �t,i, where yt,i is the relative abundance  observations 
for year t and index i, �t is the natural logarithm of the expected abundance trend, 
�
t,i is the lognormal observation error term for index i and year t, and q

i
 is a scaling 

parameter for index i. The observation variance �2

�,i
 was separately estimated for 

each index i using an additional variance approach to combine inputted SEs �SEi
 

(on the log scale) with index-specific variances �2

esti
 that were estimated internally 

by the model, so that �2

�,i
= �

2

SEi
+ �

2

esti
. The SEs were set generically based on 

the type data: 1) �SEi
= 0.1 for population trajectories from stock assessments, 

2) �SEi
= 0.2 for standardized CPUE indices, and 3)  �SEi

= 0.25 for nominal CPUE. 
The time series of opportunistic sightings data was heavily down-weighted with 
�
SEi

= 0.5 given the unknown variation in effort through time. Thus, the variance 
weighting approach represented the sum of an assumed minimal variance for 
each data type and additional model internal weighting in the form of additional 
variance estimates.

Time blocks on trend estimation. For this analysis, we implemented an 
extension of the JARA process equation to enable the introduction of a time 
block after which the expected rate of change 

−

r
p is reestimated. In this case, the 

rate of change was partitioned in two time blocks before and after 1993, which 
was the date of implementation of the Fishery Management Plan for Sharks 
of the Atlantic Ocean that was intended to rebuild populations. The time block 
effect is implemented into process equation as rt = rp+Δrp+�t,i −

(

0.5�2

�

)

 , 
where Δr

p
 denotes the difference in the rate of change from the initial period 

r
p,1

 (i.e., Δr
p

= r
p,2 − r

p,1
).

Bayesian implementation. In JARA vague (uninformative), prior distributions 
are generally used, so all inferences are drawn from the information in the data. 
The estimation of annual growth rate deviates r

t
 and is implemented through 

hierarchical priors (77), where r
t
 is informed by the population mean 

−

r
p
 for rela-

tive abundance indices, and rt,i is informed by 
−

r
i
 for absolute abundance indices. 

Vague normal priors with a mean of 0 and variance of 1,000, Normal (0, 1000) , 
are assumed for both 

−

r
p
 and 

−

r
i
. The initial population size in the first year I

t=1,i is 
drawn in log space from a normal distribution with the mean equal to the log of 
the first available count yt=1,i and a SD of 1,000. Priors for the process variance 
(�2

�
) can be either fixed or estimated. If estimated (default), the process variance 

prior is implemented via a vague inverse-gamma distribution by setting both 
scaling parameters to 0.001: �2

∼ 1∕gamma(0.001, 0.001), which yields an 
approximately uniform prior on the log scale (76).

Model run. Three Monte Carlo Markov chains were run for each dataset with 
different initial values. In each chain, the first 40,000 iterations were discarded 
(“burn-in”), and of the remaining 60,000 iterations, 10,000 were selected for 
posterior inference (“thinning rate” = 6). Thus, posterior distributions were esti-
mated from 30,000 iterations. Convergence of each parameter was checked with 
the Gelman and Rubin diagnostics (78). The observed and predicted abundance 
values for each time series together with the 95% posterior predictive credibility 
intervals are in SI Appendix, Fig. S4. We conducted posterior predictive checks 
(drawing simulated values from the joint posterior predictive distribution of 
replicated data and comparing these samples to the observed data) by checking 
that the CI of the fit of the models falls each time within the posterior predictive 
distribution limits (79). Analyses were performed using R statistical software D
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v4.1.0 (79) and via the package JARA v1.0.9 (75). The highest posterior density 
interval was used to estimate 95% CIs.

Species Regional Iucn Red List Status of the Species. While the IUCN Red List 
assessments were conducted for species at the global scale, the assessors (includ-
ing JKC, CLR, PC, RAP, and NKD) were challenged to reconcile widely divergent 
views of the status of species that were more common in the Northwest Atlantic 
and rare or near-absent in the Southwest Atlantic. In order to do a regional com-
parison on the status of these 26 species, we (JKC, CLR, and NKD) determined 
status by FAO regions for 2020, then 2005, and finally 1980 following the rec-
ommended IUCN backcast methodology (80, 81). We defined the three regions 
following the boundaries of the FAO Major Fishing Areas, that is the Northwestern 
(21), Western Central (31), and Southwestern (41) parts of the Atlantic Ocean. 
The determination of the status was based on previously published global and 
regional IUCN Red List Assessments, as well as species-specific and taxonomically 
aggregated time series from the Sea Around Us reconstructed catch database (1). 
The IUCN Red List Categories used in the assessments were Critically EN, EN, VU, 
NT, and Least Concern (LC) as no species of coastal sharks and rays were assessed 
in the categories Extinct, Extinct in the Wild, or Not Evaluated.

Regional Fishing Exposure and Fisheries Management. The Western 
Atlantic coast, from Southwest Greenland to Isla Grande De Tierra del Fuego, 
Argentina, displays a very diverse range of fisheries management regimes and 
management capacity, with significant socioeconomic disparities. No global 
standardized database yet exists to categorize countries’ (referring to states or 
territories) or regions’ management regimes and the degree of implementa-
tion, or marine fishing pressure. We thus used indirect measures (i.e., proxies) 
intended to represent the relevant fishing pressure and management processes. 
Given the regional scope of our analysis and that most covariates were at the 
country level, we describe below 1) the spatial extent of the analysis and the 
regional delineation and 2) the description of the covariates and the trans-
formation to the regional level when needed. All spatial data described were 
processed using ESRI ArcGIS v10.7 (82) and R statistical software v4.1.0 (83) in 
Eckert IV equal-area projection.
Spatial extent of the analysis and regional delineation. The spatial extent of 
the analysis is defined as the spatial area where the selected species occur and 
limited to the maritime boundaries controlled by each country—the EEZ. The final 
spatial extent of the analysis is the intersection of all species’ maximum range, 
countries’ EEZ, and FAO regions.

Species maps. We generated a global distribution range map for each spe-
cies. For reassessments, these were based on the previous assessment maps 
(15), which primarily follow the geographic ranges in field guides (71, 72) with 
modifications based on new records revealed in the IUCN workshop processes 
(full details in ref. 13). The geographic ranges were clipped to the minimum and 
maximum depth of demersal species.

EEZ map. We used the EEZs (200 nautical miles), version 11 (including the 
boundary polylines) (84). The polygon of the joint regime area between Argentina 
and Uruguay (part of the Rio de la Plata) was considered a part of each country’s 
EEZ and merged with their respective EEZ. All overlapping claims (where two states 
claim sovereignty over the same territory) were removed due to the impossibility 
to determine the relative influence of countries’ management in these areas. 
Only the Falkland Islands/Las Malvinas overlapping claim was considered in this 
analysis as covariates exist for this area.

Delineation of regions. We used the boundaries of the FAO Major Fishing 
Areas, especially the Northwestern (21), Western (31), and Southwestern (41) 
parts of the Atlantic Ocean. The shapefile was downloaded from the FAO web-
site (https://data.apps.fao.org/map/catalog/srv/eng/catalog.search#/metadata/
ac02a460-da52-11dc-9d70-0017f293bd28).
From country values to regional covariates. To transform each country’s covar-
iates to regional covariates, we averaged the countries’ covariates weighted 
by the proportion of the FAO region’s total area their EEZ represents. The area 
of joint regimes—where two states can have an agreement to share some con-
trol over the same area—such as joint regimes of Colombia and Dominican 
Republic, Colombia and Jamaica, and Honduras and Cayman Islands—were 
assigned an average of the countries’ covariate values prior to the calcula-
tion of the regional weighted average. The final country values are given in 
SI Appendix, Table S3.

Covariates.
Fishery exposure. We used reconstructed shark and ray catches as a proxy of 

exposure to fishing activity. Outside the United States, there are very few indices of 
fishing pressure, such as CPUE, reported for sharks and rays. Instead, we extracted 
the total Sea Around Us project reconstructed reported and reconstructed unreported 
catch data of all sharks and rays caught in each EEZ (domestic and foreign fleets) and 
summed the most recent 18 y of available data (1). Eighteen years corresponds to the 
average generation length of the 26 species selected, given our criteria. Generation 
lengths are reported on the IUCN Red List assessment for each species (as archived 
in ref. 13). Thus, the time series of fishery exposure spanned 2001 to 2018 as the 
Sea Around Us data are not currently available after 2018. We used taxonomically 
aggregated data (“commercial group” equal to “sharks and rays”) because recon-
structed species-specific catch data were not available. The total catch of each EEZ 
was weighted by the total surface of the EEZ (mt km−2). Two US catch areas were 
differentiated on the Sea Around Us database, the “East Coast” and the “Gulf of 
Mexico” (see Sea Around Us website map), but US “East Coast” overlapped two FAO 
regions (21: Northwest Atlantic, and 31: Western Atlantic). Therefore, we calculated 
the proportion of the US East Coast in the two regions (52.2% in region 21) and used 
the result to distribute the weighted total catch of this area across the two regions. 
Hence, we summed to the US “Gulf of Mexico” total catch for the US EEZ in region 
31. In the same way, Brazil’s catch area [“Brazil (mainland)”] in the Sea Around Us 
database overlapped both regions 31 (Western Atlantic) and 41 (Southwest Atlantic) 
and was distributed proportionally to the area in each region (1.5% in the region 31).

Recreational catches of Blue Shark (Prionace glauca) in 2017 and 2018 were 
incorrect on the Sea Around Us database, and we used the corrected version sent 
by Brittany Derrick (Sea Around Us Catch Reconstruction Team Leader).

Fisheries management. We quantified fisheries management at the national 
scale for every country with a Western Atlantic coastline by scoring National or 
Regional Plan of Action for sharks and rays (hereafter Shark-Plan). Nations can 
develop Shark-Plans following the framework set by the International Plan of 
Action for Conservation and Management of Sharks [and rays] (IPOA-Shark) cre-
ated in the 1990s by the United Nations Food and Agriculture Organization (“UN 
FAO”) (38). These plans are legally nonbinding and may include some or all of 
the ten aims as originally set out by the IPOA-Shark. These 10 objectives span 
sustainability, threat assessment and protection of threatened species, effective 
consultation between different stakeholders, waste minimization, protection of 
the ecosystem and its functions, and improved monitoring and reporting of catch, 
landings, and trade. However, measuring implementation and enforcement is 
a challenge due to the nonbinding aspect of the Shark-Plan and the nonexist-
ence or low rate of published updates with reports of concrete actions (51). We 
searched for Shark-Plan documents on the FAO website (https://www.fao.org/
ipoa-sharks/database-of-measures/en/), which lists most shark and ray national 
and regional Shark-Plans and the countries that are involved. We then searched 
online with the terms “National” or “Regional” “Plan of Action for Sharks,” or 
“NPOA” or “RPOA,” “+ country name,” and also “Plan de Acción” “Nacional” or 
“Regional,” or “PAN” or “PAR” “Tiburones + country name” to obtain all Shark-Plan 
documents and amendments in English and Spanish. CSS then reviewed each 
document. Each document was given a score of 20, according to the following 
rubric: one point when the document included one of the 10 aims and another 
point if the document specified concrete actions, plans, or further elaboration of 
the aim, specifically with reference to time, budget, and/or manpower (11). The 
aims were not required to be stated word for word. Where language was unclear, 
aims could be attributed half points as well. We assumed that the Shark-Plan 
became active when published and remained active for subsequent years. The 
score was updated when a new Shark-Plan or amendment was published. When a 
country had a Shark-Plan and a regional Shark-Plan, the best score was retained. A 
country with no Shark-Plan and no RPOA thus had a score of 0 of 20. A maximum 
score of 20 was achieved by the United States as all ten aims were addressed word 
for word and linked to specific time-bound and budgeted tasks. The annual Shark-
Plan scores were averaged between the last 18 y (2003 to 2020 corresponding 
to the average generation length of our 26 species reported on the IUCN Red 
List assessment online). Detailed Shark-Plan scores are in SI Appendix, Table S4.

Other proxies for fisheries management (not included in the main 
 analysis). The methods for the other proxies considered for engagement in sus-
tainable management of shark and ray fisheries, including the type of fishing sub-
sidies provided by governments, whether the national was party to the Port State 
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Measures Agreement to combat Illegal, Unregulated, and Unreported Fishing, 
and the national coverage of no-take MPAs (shark “sanctuaries” and similar areas 
that prevent only a partial shark or ray fishing specifically are not included), are 
in SI Appendix, Supplementary Text 3.

Analysis of Regional Extinction Risk Status vs. Covariates. We used a Bayesian 
mixed-effect ordinal model to quantify the impact of selected covariates (fishing 
exposure and engagement in fisheries management) and intrinsic sensitivity (max-
imum body size, measured as total length in centimeters) on the regional IUCN 
extinction risk status of the 26 species (SI Appendix, Table S1 and Supplementary Text 
4). Maximum size is an accessible measure of intrinsic sensitivity (16, 85). Preference 
was given to studies that used, in the following order of preference, validated size, 
the widest size range, and size estimates that included repeat readers, measuring 
precision and bias. This ordinal model preserves the variance structure of the ordered 
categorical response variables, such as the IUCN Red List Categories (LC < NT < VU < 
EN < Critically Endangered [CR]). The fixed covariates considered were fishing expo-
sure and Shark-Plan score at the regional level and maximum body size of species 
at the species level. We focused on these covariates as the data were hypothesized 
to be sufficient to have a potential effect on extinction risk status. For instance, the 
Shark-Plans have the potential to reflect management engagement over the last 
two decades, if they were adopted in 2002, compared with the Port State Measures 
Agreement that entered into force only in 2016. Similarly, most MPAs were created 
during the last decade, and capacity-enhancing fisheries subsidies only represent a 
snapshot of the current fisheries situation in 2018.

Each covariate was scaled by the means and standardized by dividing by two 
standard deviations. We included the species identity and the region as a cross-
level random effect. All models were implemented in the R statistical language 
v.4.1.0 (83) using the brms package v.2.16.2 (86). Convergence of each param-
eter was checked with the Gelman and Rubin diagnostics (78). We conducted 
posterior predictive checks by drawing simulated values from the joint posterior 
predictive distribution of replicated data and comparing these samples to the 
observed data, checking that the CI of the fit of the models fell within the posterior 
predictive distribution limits each time.

Tracking Changes in Regional Extinction Risk Status Over Time. We 
calculated changes in extinction risk by tracking the IUCN RLI over time based 
on the proportion of the 26 coastal shark and ray species in each IUCN Red List 
Category in 1980, 2005, and 2020 (SI Appendix, Table S1). The RLI value of a 
particular year t was calculated by multiplying the number of species s in each 
IUCN Red List Category by the category weight Wc (0 for Least Concern, 1 for Near 
Threatened, 2 for Vulnerable, 3 for Endangered, 4 for Critically Endangered, and 5 
for Extinct) and then summing the product and dividing by the maximum possible 
product (number of species N multiplied by the maximum weight WEX = 5). This 
value was subtracted from 1 to have an index between 0 [where all species were 
extinct (EX)] and 1 (where all species were Least Concern [LC]) (39, 40) as follows:

RLI
t
= 1 −

∑

s
W

c(t,s)

W
EX
∗ N

.

Data, Materials, and Software Availability. Previously published data were 
used for this work (73).
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