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ARTICLE INFO ABSTRACT

Among threats to marine species, overfishing has often been highlighted as a major contributor to population
declines and yet fishing effort has increased globally over the past decade. This paper discusses the decadal
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Patrice’s memory in recognition of his high market demand and intense fishing effort, based on IUCN criteria. Allowing for uncertainty in the status of
commitment to the conservation of the Medi- species listed as Data Deficient, 19 species (11.4%) are currently assigned to a “threatened” category. This first
terranean Sea and its resources. reassessment for a large marine fish taxon permits an evaluation of changes following the original assessments,
provides a profile of the current conservation condition of species, identifies the challenges of assessing con-
servation status, and highlights current and emerging threats. Measures needed to reduce threats and lessons
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IUCN inadequate coverage in effectively managed, sized, or located protected areas. Emerging threats involve

Overfishing
Sustainability

expansion of fishing effort into deeper waters and more remote locations, shifts to previously non-targeted
species, increases in the capture, marketing and use of juveniles, growing demands for domestic and interna-

tional trade, and, potentially, climate change. Those species most threatened are larger-bodied, longer-lived
groupers, most of which reproduce in spawning aggregations.

1. Introduction

Global fishing effort is increasing and the implications of this in-
crease are ever more apparent across the world’s oceans (e.g. Ref. [1]).
Compounded by the effects of climate forcing and habitat degradation,
overfished marine fish populations continue to dwindle. In many areas,
this pattern is unchecked due to the difficulties of enforcing regulations,
and, in many cases, lax or absent management of fisheries or trade. It is
therefore important to identify the major sources of risk to marine
populations, to be vigilant in monitoring the response of populations to
these impacts, and to seek ways to mitigate them.

Established in 1964, the International Union for Conservation of
Nature’s (IUCN) Red List of Threatened Species (RL) has emerged as one
of the most widely recognized and comprehensive sources for informa-
tion on the conservation status of animal, fungi, and plant species. The
IUCN RL is used by a variety of organizations including government
agencies, wildlife and fisheries departments, non-governmental orga-
nizations (NGOs), and many other groups. The IUCN Species Survival
Commission (SSC) comprises numerous specialist groups that are
defined by taxonomic (e.g., Salmon) or functional (e.g., Sustainable Use)
groups. Each specialist group is responsible for assessing species in terms
of threats and extinction risk following the IUCN RL criteria. Ideally,
species are reassessed at least every ten years to ensure up-to-date
classifications, sooner if they are at a particularly high-risk level. The
enormous economic value of grouper fisheries and their importance for
livelihoods and food security in the tropics and subtropics, as well as
acknowledgement of the important role of groupers in reef ecosystems,
prompted the completion of all grouper assessments by the Groupers
and Wrasses Specialist Group (GWSG) in 2007 [2]. The current paper
describes and discusses the decadal reassessment of this important group
of marine fishes that was undertaken in November 2016.

2. Methods
2.1. Taxonomic scope

The global assessments reported on herein include 167 grouper
species which represents all valid species at the time of the reassessment
workshop in 2016. Smith and Craig [3] demonstrated the
non-monophyly of the traditional family “Serranidae” which has been
confirmed by all molecular phylogenies with adequate taxon sampling, a
necessity for this group as highlighted by Smith and Craig ([3], e.g.,
Refs. [4,5]). Smith and Craig [3] elevated the subfamily “Epinephelinae”
(sensu [6,7]) to familial status. With the exception of the tribe Niphonini
(the genus Niphon having been confirmed to be unrelated to the tradi-
tional “Serranidae” (e.g., Ref. [3,8], the tribes within Johnson’s [6,7])
“Epinephelinae” (Diploprionini, Epinephelini, Grammistini, and Lio-
propomini) are now treated as subfamilies within Epinephelidae (sensu
[3,91). Thus, the true groupers (species in the genera Aethaloperca,
Alphestes, Anyperodon, Cephalopholis, Cromileptes, Dermatolepis, Epi-
nephelus, Gonioplectrus, Gracila, Hyporthodus, Mycteroperca, Paranthias,
Plectropomus, Saloptia, Triso, and Variola) are here treated as members of
the subfamily Epinephelinae within the family Epinephelidae. Ma and
Craig [9] provided an updated taxonomy for the grouper genera (largely
following Craig and Hastings [10]), that altered the generic placement
of many species. These taxonomic changes have not yet all been incor-
porated into the IUCN database and the usage of traditional generic
names in the current assessments simply reflects that the database has

yet to be updated.

2.2. IUCN Red List methodology

The IUCN Red List is based on two paradigms of extinction risk:
species with small and/or decreasing populations are at a higher risk of
extinction than those with large and/or stable populations [11]. These
two patterns in extinction risk are the foundation of the five RL criteria:
A- population decline in the past, present and/or future; B- small
geographic range; C- small population size and decline; D- very small or
restricted population; and E- quantitative analysis (IUCN, 2012). Species
are listed in one of the three “threatened” categories (Critically Endan-
gered [CR], Endangered [EN], and Vulnerable [VU]) if they meet the
quantitative thresholds and conditions of any one of the above five
criteria; species that nearly meet the thresholds and conditions are listed
as Near Threatened (NT). Least Concern (LC) species are those that do
not approach the thresholds and conditions for a “threatened” category
(e.g., they may have a very large range, a large and/or stable population,
and/or a lower rate of population decline, etc.). When the available
information is not sufficient to confidently place a species in one or
another of the above categories it is listed as Data Deficient (DD); this
may be due to a lack of information or because the limited information
that is available could result in a wide range of potential categories. A
species is listed as Extinct (EX) or Extinct in the Wild (EW) if there is no
reasonable doubt that the last individual, or the last wild individual, has
died. None of the groupers were listed as EX or EW.

To use criterion A, two estimates are needed: generation length and
population decline over three generation lengths, which may include the
past, present, and/or future, and can be assessed using a proxy for
population abundance (such as catch per unit of effort in the case of
exploited species). The generation length is a measure of the turnover
rate in the population, and thus scales population declines to a time
window that is meaningful for the species under consideration. For these
reassessments, generation time (GT) was calculated following Depc-
zynski and Bellwood [12] as: GT = AM + (Tpax — AM)/2, where AM =
age at female maturity and Ty = maximum known age (with ages in
years).

To meet the thresholds for a threatened species listing under crite-
rion B, the Area of Occupancy (AOO) and Extent of Occurrence (EOO)
must be estimated and a major threat must be identified. Only one
species, Mycteroperca fusca, the Island grouper, was assessed under cri-
terion B, in part due to most groupers having distributions that greatly
exceed the AOO and EOO thresholds. None of the groupers were
assessed as threatened under criteria C, D, or E.

All valid grouper species were initially assessed between 2003 and
2011 (see Refs. [2]). However, an important component of the Red List
is the mandate to complete reassessments at least every 10 years to track
changes in the status of species through time. As a result, 24 members of
the IUCN Groupers and Wrasses Specialist Group (GWSG) assembled for
a reassessment workshop at the University of the Azores in November
2016. Following completion of the RL review process, the assessments
were published on the IUCN RL website in November 2018.

When all of the species in a given taxon are assessed, there may be
uncertainty in the actual number of species in a “threatened” category
due to the presence of species in the DD category. Because of this un-
certainty, an estimate for the proportion of threatened species is often
calculated as the midpoint, assuming that the DD species are as threat-
ened as the species for which data were sufficient to assess (i.e., (CR +
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EN + VU)/(all-DD)). However, as there is uncertainty surrounding the
true status of the DD species, a lower (i.e., (CR + EN + VU)/(all)) and
upper (i.e., (CR 4+ EN + VU + DD)/(all)) bound provide endpoints for a
plausible range [13,14].

2.3. Species distributions and spatial analyses

The generalized distribution maps created following the first global
assessment (e.g., Ref. [2]) in ArcMAP 10.4 were modified to incorporate
new data and maps were created for four previously undescribed spe-
cies. All known or inferred localities where the species are found were
included based on museum, photographic, and fish market records, and
verified by taxonomic experts. One species, Epinephelus lebretonianus, the
Mystery grouper, is known from a single specimen collected somewhere
in the Indo-West Pacific, but for which no specific locality information is
available; therefore, a map was not created for this species. Species
richness analyses (all species, species of elevated conservation concern,
and Data Deficient species) were completed by converting the general-
ized distribution polygon for each species to a 10 km by 10 km raster and
summing the number of species in each raster cell.

3. Results
3.1. Status of groupers

Nineteen grouper species (11.4%) were placed in a “threatened”
category. Based on these assessments, the best estimate for the actual
proportion of threatened species is 13.4%, with a range of 11.4%
(assuming none of the DD species are threatened) to 26.3% (assuming all
of the DD species are threatened; see methods). Those species within the
“threatened” categories were more likely to be large (>50 cm total
length) (Fig. 1), long-lived (>20 years), and contain a disproportionate
number of groupers known to aggregate to spawn (13 out of 14
threatened species of known reproductive mode).

3.2. Changes to Red List categories

Table 1 shows the previous and current Red List categories for all
species that changed category in the reassessment process. Overall, 71 of
167 (42.5%) species had a change of category from the previous as-
sessments. Notably, more than half of these changes (36) involved
species previously assessed as DD. In all but one instance, the species

ECR EN VU NT ®LC DD

53 55 41 11 5
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Fig. 1. Proportion of species in each of the Red List categories (CR: Critically
Endangered; EN: Endangered; VU: Vulnerable; NT: Near Threatened; LC: Least
Concern; DD: Data Deficient) as a function of maximum reported size (total
length) N = 165; maximum size was not reported for two species listed as Data
Deficient (Epinephelus lebretonianus and E. suborbitalis, which are known only
from unique holotypes). X-axis is maximum size (total length) in cm. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 1

List of groupers for which the current Red List status differed from its original
status. DD = Data Deficient; LC = Least Concern; NT = Near Threatened; VU =
Vulnerable; EN = Endangered; CR = Critically Endangered.

Species name Current Status Previous Status

Aethaloperca rogaa LC DD
Cephalopholis aitha LC DD
Cephalopholis aurantia LC DD
Cephalopholis hemistiktos LC NT
Cephalopholis igarashiensis LC DD
Cephalopholis nigripinnis LC DD
Cephalopholis taeniops LC DD
Cromileptes altivelis DD vu
Dermatolepis inermis DD NT
Dermatolepis striolata LC DD
Epinephelus amblycephalus LC DD
Epinephelus bilobatus LC DD
Epinephelus bleekeri DD NT
Epinephelus bontoides LC DD
Epinephelus chabaudi LC DD
Epinephelus cifuentesi LC NT
Epinephelus coioides LC NT
Epinephelus corallicola LC DD
Epinephelus diacanthus LC NT
Epinephelus drummondhayi DD CR
Epinephelus epistictus LC DD
Epinephelus erythrurus LC DD
Epinephelus fasciatomaculosus LC DD
Epinephelus faveatus LC DD
Epinephelus fuscoguttatus \'28) NT
Epinephelus gabriellae LC VU
Epinephelus goreensis NT DD
Epinephelus heniochus LC DD
Epinephelus itajara vu CR
Epinephelus lanceolatus DD vu
Epinephelus latifasciatus LC DD
Epinephelus magniscuttis LC DD
Epinephelus malabaricus LC NT
Epinephelus marginatus AY%¢) EN
Epinephelus melanostigma LC DD
Epinephelus morio vu NT
Epinephelus polylepis LC NT
Epinephelus polyphekadion A%¢) NT
Epinephelus polystigma LC DD
Epinephelus retouti LC DD
Epinephelus sexfasciatus LC DD
Epinephelus socialis LC NT
Epinephelus stoliczkae LC DD
Epinephelus striatus CR EN
Epinephelus summana LC DD
Epinephelus timorensis LC DD
Epinephelus undulatostriatus LC DD
Epinephelus undulosus LC DD
Gracila albomarginata LC DD
Hyporthodus acanthistius vu LC
Hyporthodus ergastularius NT LC
Hyporthodus exsul LC DD
Hyporthodus haifensis LC DD
Hyporthodus nigritus NT CR
Hyporthodus niphobles LC DD
Hyporthodus octofasciatus LC DD
Hyporthodus quernus LC NT
Hyporthodus septemfasciatus DD LC
Mycteroperca fusca \28) EN
Mycteroperca microlepis \4¢) LC
Mycteroperca phenax DD LC
Mycteroperca prionura DD NT
Mycteroperca rosacea LC VU
Mycteroperca tigris DD LC
Mycteroperca xenarcha DD LC
Plectropomus laevis LC VU
Plectropomus leopardus LC NT
Plectropomus oligacanthus LC NT
Plectropomus pessuliferus LC NT
Plectropomus punctatus LC DD
Saloptia powelli LC DD
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previously assessed as DD were reassessed as LC, the exception being
Epinephelus goreensis (Dungat grouper) which moved from DD to NT.
Seven species previously assessed as LC were reassessed as DD (4), VU
(2), and NT (1). Seventeen species previously assessed as NT were
reassessed as DD (3), LC (11), and VU (3). Five species previously
assessed as VU were reassessed as LC (3) and DD (2). Three species
previously assessed as EN were reassessed as VU (2) and CR (1). Three
species previously assessed as CR were reassessed as DD, NT, and VU. In
addition, 14 species retained the same NT or threatened category as the
previous assessment, but all except Epinephelus akaara (Hong Kong
grouper) had changes to the subcriteria in the reassessment. All of these
changes in status, except that for Hyporthodus ergastularius (Sevenbar
grouper), were considered non-genuine changes (see discussion below).

3.3. Species richness

Species richness in groupers is highest in the Indo-West Pacific, with
upwards of 50 species per 100 km? in Taiwan, the Philippines, western
Indonesia and Papua New Guinea. Despite relatively fewer grouper
species in the Western Atlantic (less than 20 species per 100 km?), the
region is home to the highest numbers of species of elevated conserva-
tion concern (CR, EN, VU and NT) with 8-10 threatened species per 100
km? (Fig. 2a and b). The highest richness of species listed as Data
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Deficient occurs in East Asia, around China, Taiwan and Hong Kong,
with 5-7 species per 100 km? (Fig. 2c).

Although most threatened species occur in the Western Atlantic,
most DD species are in the area of highest species diversity where there
is heaviest fishing pressure and minimal management, east and SE Asia.
Hence, it is likely that some of the DD species may also be threatened or
will become so if management is not forthcoming. Asia is also the region
where fishing intensity for groupers is growing and the most intense but
also where there are relatively few workers focusing on groupers or
programs for monitoring of catches and landings.

4. Discussion
4.1. Changes to Red List categories

This update of the grouper RL assessments represents the first large
group of marine fishes to be completely reassessed. Among all previ-
ously assessed groupers, nearly half (42.5%) were determined to belong
to a different RL category from the previous assessment. This large
proportion of species that changed categories highlights the importance
of the reassessment process, especially for harvested species. Many
factors influencing our understanding of population dynamics can
change over the decadal time period required for such reassessments, as

TN e

. 0 Nk

T IBewiesl] ISR

Fig. 2. Species richness of groupers per 100 km? grid cell for A) all species (n = 166); B) species of elevated conservation concern (i.e. threatened or NT) (n = 27) and
C) Data Deficient species (n = 24). Note that Epinephelus lebretonianus was excluded from all analyses because the type locality is unknown.
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can fishing intensity and understanding of the impacts of fishing.

In the reassessment process, there are many possible reasons for a
taxon to change categories. Harvest levels may change, populations may
rebound or decline, biological and/or fishery data may improve, and the
assessment process itself may become better defined. The RL process
considers two types of changes to a species’ status that depend on the
type of information used to justify a change in category: genuine and
non-genuine. A genuine change in category is determined by demon-
strated increases or decreases in the level of extinction risk to a species.
This is often reflected by increases or decreases in abundance. Non-
genuine changes of category occur when a perceived extinction risk
changes due to an increase in the understanding of a species. Non-
genuine changes are influenced by factors such as improved data, an
increased understanding of the life history of an organism, or a more
refined application of the Red List criteria.

For the 167 reassessments, only one species, Hyporthodus ergastu-
larius, underwent a genuine change in category (from LC to NT). In this
case, fishing effort increased and expanded to cover most of its range
since it was first assessed in 2008. As a result, the population is suspected
to have undergone a global-level decline of nearly 30% within the past
generation (~23 years) and, in the absence of any changes, is expected
to continue to decline over the next two generations. This species,
endemic to southeastern Australia, should be closely monitored by
management and regulatory agencies, and further studies on its life
history are needed.

The majority of non-genuine changes were driven by two main fac-
tors: new information regarding a species and/or a more conservative
application of the Red List criteria. New information often included a
better understanding of harvest levels, increased knowledge of a species
geographic range, and, for some species, an improved understanding of
its life history. Over the past decade, more attention has been paid to life
history data collection in fishes, including exploited species, and grou-
pers are no exception. Better estimates of the longevity and age at first
reproduction for many groupers significantly improved estimates of
generation length, which enabled assessors to apply Red List criterion A
with increased confidence. Moreover, improvements in, or access to,
national and global databases has increased the information available.
This information ranges from national fisheries statistics in the
Philippines and COREMAP project underwater survey data from
Indonesia, to several long-term regional underwater census databases
and specialized data sources (see species assessments) such as that on
spawning aggregations (www.SCRFA.org) that are increasingly acces-
sible online or have now been in place for multiple years.

Perhaps more importantly many changes in category or subcriteria
were driven by a more rigorous application of the Red List criteria. In the
initial assessments, for example, global population decline was often
based primarily on expert opinion. The reassessment process, instead,
first considered the explicit data available to support expert opinion, and
if those data were insufficient to at least suspect an estimated global
population decline, then the species may have been reassessed in a
different RL category. For example, many previous assessments had
comprehensive data on harvest levels from only a limited proportion of a
wide geographic range. These data were previously extrapolated to the
entire range of the species; however, in the reassessment process the
information was deemed insufficient to justify a global-level population
decline for species with large ranges.

In addition, adjustments made in approaching these reassessments
were informed by the most recent guidelines for using the RL categories
and criteria [15], which have been repeatedly updated and refined since
the original GWSG RL initiative occurred, including the guidance related
to harvested marine species [15].

Overall, changes in assigned RL categories for nearly half of the
grouper species underscores the importance of the reassessment process.
Not only is it likely that new information will become available during
the ten-year hiatus between assessments, but it is also a chance to
improve the assessment quality through better understanding, as well as
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refinement, of the Red List criteria, and to identify and fill data gaps. For
example, one particular challenge is the phenomenon referred to as the
“ski jump” effect (Fig. 3). This arises when an initial population reduc-
tion is followed by an extensive period of stabilization at depressed
population levels. It is apparent that major reductions in some marine
fish populations have occurred well beyond the three generation time
frame on which the RL criterion A is based. In these cases, if the past
population reduction is used as a criterion, the true status of a species
may not be captured despite the criterion being applied correctly. While
the “ski jump” effect may be a common phenomenon in many fisheries,
it is nearly impossible to detect due to a lack of historical data. In the
case of groupers, the best-known example is that of the Nassau grouper,
Epinephelus striatus (see Red List assessment).

Since declines in the size of unfished populations to levels that yield
Bmsy (about 50% virgin biomass at maximum sustainable yield) are
acceptable fishery targets, it has been proposed that declines according
to IUCN criteria may be in conflict with IUCN Criterion A decline levels
in the case of exploited species (see Refs. [16]). However, more recent
studies demonstrate that the Red List criteria are in line with fisheries
assessments of stock status and do not exaggerate extinction risk (e.g.
[17,18,76]). On the other hand, large historic declines may be followed
by low levels of stable population numbers or by increases in numbers if
management is successfully in place. Understandably, an important
question is whether the long-term historical declines or the more recent
increases should take precedence in the assessment of threat in such taxa
[15]. However, the point of criterion A is that long-term trends (within
three generation lengths) may indicate an underlying cause whereas
recent, short-term trends may be temporary. Guidelines on the use of
Criterion A, in the context of the ski jump effect and severely depleted
populations, have been issued [19].

4.2. Current and emerging threats

Overexploitation, in both small- and industrial-scale fisheries, over-
whelmingly remains the major threat to all grouper species assessed in

Hypothetical Population Biomass
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%ﬁk
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Fig. 3. Graphical representation of the “ski jump” effect. In this hypothetical
scenario, the initiation of a new fishery in the 1960’s was coincident with a
rapid population decline until the mid-1970’s when the population stabilized at
a level of ~30% of the unexploited population. Under criterion A, a 70%
reduction in population would fall into the Endangered category, however,
criterion A requires that the reduction be over a three generation time span. In
this example, the three-generation time window does not include the observed
population decline at the time of assessment, and thus the species could be
categorized as Least Concern under criteria A1/A2 (past declines). The species
would then need to be assessed against the other criteria, including A3 (pro-
jected future declines) and A4 (declines encompassing a time span that includes
the past and future).


http://www.SCRFA.org

Y.J. Sadovy de Mitcheson et al.

NT or threatened RL categories globally. Other identified threats
included coastal development and pollution. Compared to grouper as-
sessments conducted a decade ago, there is now a more diverse range of
species, sizes, and life history stages targeted in a growing number of
countries for an expanding number of markets and over greater depth
ranges in both small-scale and industrial fisheries [2]. Increasingly,
smaller species and juveniles of larger species are being targeted, or
taken as bycatch in multi-species or trawl fisheries or for grow-out to
market size (in this last case production is likely to be recorded as
aquaculture/mariculture rather than capture fisheries, thereby under-
representing capture volumes) (e.g. Ref. [20-22] and see below). Spe-
cies that have been untargeted are increasingly a focus of fishing (e.g.
Cephalopholis sonnerati in the live fish trade to supplement supply of the
similarly red, and highly sought-after, Plectropomus leopardus or smaller
grouper species being sold chilled or frozen) [23].

What has improved little, if at all, over the last decade are moni-
toring, management, or trade controls in general or actions to address
threats that arise from lack of controls or fishery oversight. With few
exceptions, species identified as threatened a decade or more ago have
not been better managed or conserved.

Growing demand from domestic and international markets and
increasing prices reflect both the esteem with which groupers are held
and their declining availability. While mariculture of a few species adds
to production (although this practice includes the extensive wild-
capture of juvenile fish for culture grow-out for certain species,
including  Plectropomus leopardus, Epinephelus coioides, and
E. fuscoguttatus, among others, further adding fishing pressure on wild
populations), demand for wild-caught fish continues to be high and
fishing continues. At the global level, reported grouper landings from
capture fisheries increased from about 237,000 mt annually to almost
450,000 mt between 2006 (approximately the time of the first grouper
assessments) and 2016 (Fig. 4) [24]. This is an almost doubling in
landings reported over the last decade, most of which (about 85%) are
from south, southeast, and east Asia. At the national level, the highest
grouper landings are reported from China (128,000 mt) and Indonesia
(100,000 mt), together accounting for almost 60% of the landings re-
ported to FAO. However, many countries do not report their grouper
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Fig. 4. Grouper capture fisheries catches reported to FAO from 1950 to 2016
(grey bars) in tons. The dotted line shows the grouper catch data reported by
China, represented separately according to current FAO practice These data are
associated with some doubt because they were reported from the Northwest
Pacific FAO fisheries region 61 which is not known to be a significant area for
grouper production [24].
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landings to FAO, while in the case of China the indicated grouper
landings are almost certainly erroneous because they are reported to be
from FAO fishing area 61 (Northwest Pacific), an area depauperate of
groupers due to habitat/environmental conditions and/or prior deple-
tion as in southern China. While it is possible that China’s reported
landings are from the country’s distant water fleets and waters outside of
China, landings from these fleets are not usually included in domestic
landings databases. Hence the Chinese grouper data may seriously
misrepresent catches of this taxon suggesting instead, relatively little
absolute growth in grouper catches globally since the 1990s other than
in the last few years (Fig. 4). In the Americas and in most other reporting
countries outside of Asia, by contrast, reported landings are on the
decline after peaking in the 1980s and 1990s [24].

The FAO data are minimum estimates due to considerable under-
reporting and poor reporting to species level (grouper species are
often lumped into a general ‘grouper’ category in landings and trade
data) typical of most small-scale fisheries (e.g. Ref. [25,26]) and to
apparent mis-reporting, as in the case of China. As just one example, a
major trade that is largely unreported to FAO (and not included in Fig. 4)
is the international trade in live reef fish, mainly from southeast Asia
into Hong Kong and Mainland China. To put the importance of this trade
in context (in terms of volume), the current estimate of annual trade is at
least 20,000 mt (accounting for inferred illegal, unregulated and unre-
ported, or IUU, catches). This is roughly equivalent to the total annual
landings now reported to FAO for the entire area of the Americas, and to
4-5% of total global reported landings of groupers in 2016, uncorrected
for the over-reporting indicated above for China [23]. Nonetheless,
overall and collectively the FAO data generally reflect the national level
patterns indicated by other fishery and fishery-independent data
included in the current grouper reassessments.

While overfishing is clearly the major threat, several threatened and
NT species also face specific challenges associated with particular fish-
eries, aspects of their biology, or other factors such as climate change
(see Red List assessments). For example, the VU Epinephelus fuscoguttatus
(Brown-marbled grouper) and the VU Epinephelus polyphekadion (Cam-
ouflage grouper) are targeted as juveniles for the live fish trade because
they are still juvenile at the restaurant-preferred ‘plate-size’, or because
they are caught while still juvenile and grown to market-size due to
growing scarcity of larger, market-sized, fish [23,27]. These and many
other threatened species are also heavily targeted on their spawning
aggregations. The NT and Threatened Epinephelus morio (Red grouper),
E. marginatus (Dusky grouper), Hyporthodus acanthistius (Rooster hind),
E. aeneus (White grouper), E. bruneus (Longtooth grouper) and H. nigritus
(Warsaw grouper) are often taken as juveniles in bycatch [28]; JPB pers.
comm.). The collapse of fisheries in the Gulf of California in the eastern
Pacific affect at least two threatened groupers: H. acanthistius and
M. jordani (Gulf grouper; [29-31]. For the CR Epinephelus striatus (Nas-
sau grouper), spawning may be affected by climate change-related
temperature shifts by reducing spawning probability for adult and
reducing suitable habitat for non-spawners [32].

While most groupers have extensive geographic ranges and occupy a
wide depth range, a few have limited distributions, while fishing pres-
sure leaves few areas or species unexploited. Three groupers listed as
VU, DD and NT that are endemic to a relatively small area extending
from eastern South Africa to Mozambique (Epinephelus albomarginatus
[White-edged grouper], E. posteli [Stripedfin grouper] and E. andersoni
[Catface grouper]) are impacted by fishing pressure that is expanding
and increasing throughout that area [33]. The expansion of fishing to
deeper waters increases attention on the NT or threatened
H. ergastularius, H. niveatus (Snowy grouper) and H. nigritus, and other
deepwater species (e.g. Ref. [34]), and on the remaining refuges for
shallow-water species. Escalating market prices lead to increasingly
intensive sourcing for groupers across species, sizes and geographic
distributions (see IUCN assessments).
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4.2.1. So what now?

Despite concerns about the conservation status of several grouper
species for over a decade and negative implications for fisheries and
income if declines continue, most regions where the majority of
threatened groupers occur (e.g., the Gulf of Mexico/Caribbean, Gulf of
Guinea, Mediterranean, Central and West Pacific, and SE Asia, see
Fig. 2) have little or no management in place. With no improvement in
management, and considering growing consumer demand, more species
are likely to be threatened, resulting in further losses of benefits to
humans from coastal ecosystems. Collectively such losses erode this
important functional predatory group from reef ecosystems (e.g.
Ref. [35]). Losing species (particularly large individuals) can also
compromise the ecotourism value of groupers. For example, E. striatus,
once the most important grouper in the insular Caribbean, was esti-
mated to be worth far more alive than exploited in its spawning ag-
gregations, both because of the tourism value of a spawning aggregation
and for the reproductive value from the young produced in aggregations
[36]. The VU Epinephelus itajara (Atlantic Goliath grouper) is much
appreciated by recreational divers [37] and is the focus of many com-
mercial dive operations where they are abundant.

Currently, only one species, E. striatus, is assessed as CR, the highest
level of extinction risk established by IUCN. Despite a growing suite of
management measures for this species over many decades in several
countries, declines in abundance have continued. Factors contributing
to this decline identified in the current assessment included, for many
countries, lack of appropriate regulations, poor enforcement of existing
regulations, IUU fishing, and poor or no commitment to effective man-
agement at both regional and national levels [38,39]. On the other hand,
there are some noteworthy exceptions. Epinephelus striatus was recently
included on the Specially Protected Areas and Wildlife (SPAW) protocol
developed by the Convention for the Protection and Development of the
Marine Environment in the Wider Caribbean Region for 2017-18, and
on the endangered species list of the USA, and its protection is therefore
now attracting more international and national attention.

Management that is in place for groupers is sparse and, even where
measures exist, enforcement is often lax or ineffective. For about 50% of
the species listed as threatened, there is still no species-specific protec-
tion other than incidentally from Marine Protected Areas (MPAs) that
overlap their distributions and few groupers are regularly monitored at
the species level (many are lumped into a ‘grouper’ category). For some
species, such as the VU E. itajara, the protection of juvenile nursery areas
in mangroves is important and has been achieved in some parts of its
range by spatial protection; the species was also subject to a moratorium
(e.g., Ref. [40]). However, most MPAs are small and designed for more
sedentary species and hence insufficient for species with large home
ranges, or to provide protection for migratory corridors when adults
move to and from home reefs to spawn, or include the external spawning
aggregation sites easily targeted by fishers at such times [41-45]. In
addition, on the global level, most MPAs are placed in nearshore areas,
and thus frequently exclude both offshore and deep-reef areas that are
important for many groupers during part of most of their life history
(UNEP-WCMC and IUCN, 2018).

Various fishing regulations are in place for some grouper fisheries,
such as limits on gear type, catch quotas, size (minimum and/or
maximum), and seasonal or spatial fishery closures. In many cases,
however, the lack of historical and/or species-specific data on fishery
catch and effort, as well as biological studies on life history character-
istics, results in deficient fishery management and precludes adaptive
management. Typically however, even where regulations exist, these are
often undermined by poor or absent enforcement, IUU fishing, lack of
government commitment, and intensifying demand and prices. In north-
west Africa, for example, attempts to reduce fishing pressure on the NT
E. aeneus, one of the most heavily exploited groupers according to data
reported to the FAO [24] through the implementation of seasonal clo-
sures and MPAs have been ineffective due to a lack of enforcement and
increasing demand from the small-scale fishing sector [46]. Protection
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from fishing pressure during spawning seasons and/or at spawning ag-
gregation sites has been sporadically and increasingly introduced in
certain parts of the world, although these (or indeed other management)
measures remain infrequently applied in east and southeast Asia, where
grouper diversity is highest and where landings and demand are
increasing. Using examples of threatened species successful protection,
which involves sufficient enforcement and/or community support, has
led to increased abundance at FSAs. For the Nassau grouper, in the
western Atlantic significant increases in abundance in aggregations were
recorded from an aggregation in the Cayman Islands following more
than a decade of consistent and effective protection [67] while in Belize
aggregation numbers stabilized following protection of all those known
in the country. In the Indo-Pacific, abundance of E. fuscoguttatus and
E. polyphekadion increased in protected FSAs in Papua New Guinea [47].
In Palau, P. areolatus increased several fold after a decade of protection
in a multi-species aggregation site (Sadovy, Colin, Bukurrou and Lind-
field, unpublished data).

The vulnerability of a fish species to overfishing is closely linked to a
set of life history and behavioral traits that influence susceptibility to
overfishing (see bullets below) and the capacity of a population to
recover once depleted [48,49,75]. In particular, fish species that are
slow growing, long-lived, late to mature, and experience low natural
mortality are consistently demonstrated to exhibit a reduced resilience
and increased risk of population collapse in response to fishing [50,73,
74]. Since these traits often correlate with each other as intrinsic in-
dicators of vulnerability [51], fishes are often ascribed specific cate-
gories that reflect their vulnerability. Within this context, many of the
species of groupers within threatened categories are best described as
periodic [52] or episodic strategists [53] based on their large body size,
slow growth, late maturity, and long-lifespan (e.g. E. itajara, E. fusco-
guttatus, E. jordani). In the absence of fishing, these species exhibit a low
degree of variability in population size and size/age structure (i.e. a
steady state pattern) in which annual recruitment is sporadic and can
represent only a small fraction of the population biomass. Exploited
P. leopardus also show strong inter-annual fluctuations in recruitment
highlighting the importance of sporadic year classes [54]. Such species
can exhibit rapid population declines when heavily fished, particularly
when large individuals are targeted, and slow recovery once populations
are protected. For these species, management efforts must focus on
maintaining the age structure of populations and protecting old, highly
fecund fishes to ensure the population survives long periods of poor
environmental conditions [52].

Similar to life history traits, certain spawning behaviors are associ-
ated with productivity and resilience, in which the spatial and temporal
components of spawning greatly influence how a species responds to
fishing pressure [55-57]. Many of the grouper species within threatened
categories reproduce within large spawning aggregations that occur at
very few, specific locations during brief and predictable times of the
year.

These traits are linked to reduced resilience to fishing pressure:

e Number of spawning sites positively correlated with reproductive
potential [58].

e Large increases in fish density during spawning increases vulnera-
bility to fishing [59,60].

e Spawning season duration is inversely correlated to vulnerability
[61,62].

e Possible depensatory effects whereby aggregations allowed to drop
to very low numbers, may become particularly difficult to recover
[63].

Overall, there is a clear and compelling need for governments to
acknowledge the multi-million dollar economic value of grouper fish-
eries, their economic and food benefits, and the ecosystem role of epi-
nephelid species. To understand economic benefits, value chain analyses
could determine how best to capture monetary value in source countries
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and communities (i.e. as opposed to export trade) and demonstrate the
value of these fisheries at different stages of the trade chain (e.g. Refs.
[64]). This could create greater incentive and much-needed political
will for monitoring and management. This taxon is also one of the most
threatened among reef fish species assessed according to [UCN criteria
listed to date, and particular attention should be paid to managing
larger, longer-lived species, and those that form spawning aggregations,
if these are exploited [2].

Determination of length at maturity and minimum size limits or
protected areas could help reduce the capture of juveniles, which ap-
pears to be increasing, and the greater use of hatchery-produced fish
within the mariculture industry is to be encouraged to replace wild
capture of juveniles (still extensively taken for grow-out). Economic
evaluation of the tourism benefits in some countries would highlight the
often considerable benefits of dive ecotourism for some of the larger
species, as well as for spawning aggregations. Species-specific moni-
toring is important to detect species-specific declines. Finally, in addi-
tion to better management, for species that are particularly threatened
by international trade, such as E. polyphekadion, P. areolatus, and
E. aeneus and possibly others, a CITES Appendix II listing becomes an
option for increasing oversight at the international level and could
prompt better controls on catch and trade.

5. Conclusions

Groupers are among the most highly valued reef fishes and increas-
ingly important in international trade. However 11-26% (depending on
assumptions about DD species) of the 167 species assessed are now listed
as threatened with relatively few species or stocks being adequately
managed and the likelihood that threats will increase on some species.
Unlike many economically valued species in global fisheries, groupers
attract relatively little monitoring or documentation (catches and trade
volumes and values, by species) and, moreover, are typically under-
valued by governments for their economic, ecosystem, and food con-
tributions; the international live reef food fish trade is a prime example
of this, being valued at over 1 billion USD at retail but largely unman-
aged. In the few cases where protection was introduced specifically for
threatened species, management did not start until populations were
substantially reduced rather than being used proactively and in a pre-
cautionary manner. Enforcement typically remains weak and coastal
reef fisheries in general, of which groupers represent an important part,
are little regarded in practice by most fishery departments.

Despite the dearth of management, there are some encouraging and
positive examples where protection has kick-started recovery. A mora-
torium on the VU E. itagjara in State and Federal U.S. waters evidently
brought about the start of recovery as indicated by elevated numbers of
juveniles off Florida [40,65] and the recolonization of spawning ag-
gregations in parts of northern Florida [72]. Sustained protection of
localities and seasons for aggregating CR E. striatus in the Cayman
Islands and Belize have helped to start significant recovery (Cayman Is.)
or at least slowed declines (Belize) [66,67]. In the US Virgin Islands, the
LC E. guttatus (Red hind) increased in abundance, catches and mean
body size after protection of its spawning aggregations [68]. Protective
measures are also slowly increasing in the Pacific with seasonal and
spatial measures introduced to protect spawning aggregations of the VU
E. polyphekadion, P. areolatus (Squaretail coralgrouper) and
E. fuscoguttatus in Palau, Pohnpei, and Fiji [63,69,71]. Evidence of
increasing abundance in parts of Australia for the NT E. daemelii (Sad-
dletail grouper) followed the implementation of stringent fishing regu-
lations and protection [70]. The LC Hyporthodus quernus (Hawaiian
grouper) a Hawaiian Islands endemic, has nearly 75% of its range within
the Papahanoumokuakea Marine National Monument and the Pacific
Remote Islands National Wildlife Refuge where it is protected from
fishing pressure. Elsewhere in its range, catch limits and areal closures
are stringently enforced, allowing the species to maintain a stable
population. In all cases, such measures were associated with research
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activities, strong political will, enforcement, and will likely require a
decade or more to be effective.

The Red List assessment process helps to identify and draw attention
to threatened species and to highlight the major threats that they face.
This, in turn, reveals data gaps, enables prioritization of species or
fisheries/fishing practices in need of management and monitoring and
the importance of long-term monitoring at the species level to determine
trends over time and space. The value of groupers in the economy can be
documented using value chain analyses to identify strategic action
points along the trade chain [64]. Studies on the biology and ecology of
different grouper species can assist precautionary management de-
cisions since we know that larger, longer-lived, species may be those
most vulnerable to fishing and that aggregation-spawning species are
particularly susceptible to overfishing. Areas that harbor high pro-
portions of threatened or DD species call for special attention to
encourage workers in the region to focus more attention on the taxon in
terms of biology, fisheries and trade. Given the growth in export mar-
kets, greater resolution of the international harmonized code for moni-
toring trade could provide valuable insights into targeted species, areas
of provenance and major demand centers. Given the expansion of
aquaculture, the use of unmanaged juvenile fisheries as a source for
cage/pond grow-out to market size should be phased-out.
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