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ABSTRACT: Groupers are a phylogenetically diverse group and include many ecologically and
economically valuable predatory marine fishes that have experienced drastic population declines.
Reproduction via spawning aggregations increases the vulnerability of grouper species such as
Nassau grouper Epinephelus striatus to overfishing, and this is likely to be a major contributing
factor to population declines. However, the lack of information pertaining to population structure
and dynamics of Nassau grouper spawning aggregations has impeded effective ecosystem-based
fisheries management for remaining stocks. Worldwide, The Bahamas has the largest number of
known Nassau grouper spawning aggregations, yet very little is known about the overall status of
groupers in the region. Landings of Nassau grouper in The Bahamas have declined by 86 % in the
last 20 years from a peak of 514 tin 1997. Available data suggest that existing management meas-
ures are failing in their attempts to prevent further declines. Effective management strategies are
urgently needed that balance ecological and socioeconomic considerations to enable a sustainable
Nassau grouper fishery. This review provides an analysis of the reproductive and population biol-
ogy of Nassau grouper and a suggested framework to direct future research efforts for enhancing

conservation management of this endangered marine fish species.
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INTRODUCTION

Spawning aggregations—where conspecific fish
come together in high densities to release their
gametes (eggs and sperm) into the water or onto a
suitable substrate—occur in over 100 reef fish spe-
cies (Sadovy de Mitcheson & Colin 2012, Russell et
al. 2014), many of which have economic importance,
including parrotfish (Scaridae), groupers (Epineph-
elidae) and snappers (Lutjanidae) (Heemstra & Ran-
dall 1993, Beets & Hixon 1994, Colin 1996, Morris et
al. 2000, Sadovy de Mitcheson et al. 2008, Coleman
etal. 2010, Craig et al. 2011, Choat 2012, Colin 2012).
The existence of these spawning aggregations is

*Corresponding author: C.R.Tyler@exeter.ac.uk

threatened by a range of environmental and anthro-
pogenic pressures, including overfishing (Sadovy de
Mitcheson & Erisman 2012, Robinson et al. 2014),
habitat loss and degradation (Robinson & Samoilys
2013), invasive species (Munoz et al. 2011) and cli-
mate change (Cheung et al. 2012). According to a
recent report, 26 % of aggregating marine fish spe-
cies have decreased, 4 % have disappeared and the
status of most other aggregating fish populations are
unknown (Russell et al. 2014).

Groupers belonging to the family Epinephelidae
are a phylogenetically diverse group of predatory
fishes comprising 6 subfamilies, 12 genera and 163
species that inhabit a wide range of marine habitats
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(Baldwin & Johnson 1993, Heemstra & Randall 1993,
Craig & Hastings 2007, Craig et al. 2011, Schoelinck
et al. 2014). Fishes from the genus Epinephelus are
paraphyletic, with larger bodied species sharing a
common ancestry despite a geographic discontinuity
between the Atlantic and Eastern Pacific (Craig &
Hastings 2007). Groupers from the subfamily Epi-
nephelinae are found throughout subtropical and
tropical oceans and account for a substantial percent-
age (~12%) of annual global fisheries revenue, par-
ticularly in Asia via the live fish trade and aqua-
culture, and in developing Caribbean countries via
commercial, recreational and subsistence fisheries
(Buchan 2000, Rudd & Tupper 2002, Craig et al. 2011,
Sadovy de Mitcheson et al. 2013, FAO 2014, Western
Central Atlantic Fishery Commission 2014). In Asia, a
consistently high demand for groupers has driven
prices up to US$100 kg™ (FAO 2014). Globally,
grouper stocks have declined by around 60 % over
the last 3 decades (Sadovy de Mitcheson et al. 2008,
Sadovy de Mitcheson & Colin 2012), with some even
greater regional and local population declines (Che-
ung et al. 2013, C. P. Dahlgren et al. unpubl. data).
These declines are believed to be due to a combina-
tion of grouper life history characteristics and unsus-
tainable fishing practices. Many of the larger grouper
species are K-selected strategists with long life-
spans, slow growth rates and delayed sexual maturity
(Coleman et al. 1996, 2000, Sadovy de Mitcheson &
Colin 2012). For many grouper species, much of the
exploitation occurs at spawning aggregation sites,
which increases their susceptibility to over-exploita-
tion (Heemstra & Randall 1993, Musick 1999, Cole-
man et al. 2000, Morris et al. 2000, Sadovy de Mitch-
eson et al. 2013). Overfishing of grouper may lead
to alterations in the structure of spawning aggrega-
tions (Carter et al. 1991, Sadovy & Domeier 2005,
Sadovy de Mitcheson & Colin 2012), and this in turn
may impact negatively on long-term reproductive
success.

Recognition of the vulnerability of grouper stocks
has led to conservation efforts to evaluate the status
of populations to help prevent further declines at
both regional and global scales. Of the grouper spe-
cies assessed to date, the International Union for the
Conservation of Nature (IUCN) Grouper and Wrasses
Specialist Group has classified 13% as threatened
(i.e. critically endangered, endangered or vulnerable)
and 14% as near threatened. For approximately
30 %, there are insufficient data to make any valued
judgement on their status (IUCN 2015). The lack of
species-specific information pertaining to population
structure and dynamics of spawning aggregations

is one of the major impediments for effective eco-
system-based fisheries management for remaining
grouper stocks.

Nassau grouper Epinephelus striatus (Bloch 1792),
one of the most important grouper species economi-
cally, form annual transient fish spawning aggrega-
tions (FSAs; Domeier 2012). This is when a group of
conspecific fish gathers at a site located at a consider-
able distance outside their home range for the pur-
pose of spawning. At these sites, fish densities are
greater than those outside of the aggregation area
and often represent the total reproductive effort for
participating individuals (Domeier 2012). Up to
100000 Nassau grouper have been observed in a
single spawning aggregation off Cat Cay, Bimini in
The Bahamas (Smith 1972).

Sixty to eighty Nassau grouper spawning aggrega-
tion sites have been identified globally (Sadovy &
Eklund 1999), but many of these have been lost due
to overfishing (Sadovy de Mitcheson et al. 2008). The
Bahamas has the largest number (ca. 30 sites) of
known viable (reproductively active) Nassau grouper
spawning aggregations (Sadovy & Eklund 1999,
Cheung et al. 2013; Fig. 1), but with significant de-
clines apparent at many of the historic aggregation
sites (e.g. Cat Cay, Bimini and High Cay, Andros).
However, sighting frequencies and densities of
Nassau grouper are still 2 to 3 times higher in The
Bahamas relative to other parts of the Caribbean
(Stallings 2009, Dahlgren et al. 2016). For this region
in particular, there is an urgent need to better under-
stand the reproductive biology and evaluate the sta-
tus of remaining grouper stocks to strengthen and
inform national and regional management strategies.
Cheung et al. (2013) reported that local fishers have
recognised decreases in abundance and sizes of Nas-
sau grouper caught at spawning aggregation sites
since the 1990s, and the majority (82 %) were con-
cerned about the long-term viability of the fishery. If
Nassau grouper populations continue to be over-
fished at their current rate (Cheung et al. 2013), this
will likely result in the collapse of the fishery within
the next few decades, with very considerable eco-
nomic and social ramifications for The Bahamas and
the wider Caribbean. As a highly prized commercial
fish species, the Nassau grouper is very important to
the livelihoods of thousands of fishermen in The
Bahamas (Buchan 2000, Cushion & Sullivan-Sealey
2008). It is imperative, therefore, that management
plans balance ecological and socioeconomic consid-
erations to ensure a sustainable Nassau grouper fish-
ery. This review provides an analysis of the repro-
ductive and population biology of Nassau grouper with
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Fig. 1. Approximate locations of known and anecdotal Nassau grouper Epinephelus striatus fish spawning aggregations (FSAs) in

the Bahamian archipelago. Spawning aggregation sites are denoted by black pentagons of various sizes corresponding to esti-

mates of Nassau grouper abundance: small = 10's of fish, medium = 100's of fish, large = 1000's of fish. Grey pentagons = unknown
(i.e. no in situ data or unverified spawning aggregation site). Figure based on the most recent data available from each site

a view to help support and direct future research
efforts and approaches for enhancing conservation
management of this endangered marine fish species.

BASIC BIOLOGY AND ECOLOGY

Nassau grouper, subfamily Epinephelinae, are slow
growing, relatively long-lived (ca. 30 yr) predatory
fish growing up to a maximum weight of 27 kg
(Albins et al. 2009, Froese & Pauly 2014) that inhabit
nearshore habitats up to 255 m in depth throughout
the tropical Western Atlantic, Caribbean Sea and
parts of the Gulf of Mexico (Starr et al. 2007, Albins et
al. 2009, Froese & Pauly 2014). Normally Nassau
grouper are light grey or olive to reddish brown in
colour, with 5 distinct dark bars along the body, but
they may undergo rapid colour and pattern changes
that are associated with various behaviours (Archer

et al. 2012, Watson et al. 2014). Nassau grouper
exhibit dietary shifts during ontogeny. As larvae and
pelagic juveniles, they consume primarily zooplank-
ton and copepods (Grover et al. 1998); as demersal
juveniles in nearshore benthic habitats (i.e. man-
groves, seagrasses and macroalgal clumps), they feed
mainly on crustaceans (Eggleston 1995, Eggleston et
al. 1998, Grover et al. 1998, Dahlgren & Eggleston
2001, Dahlgren et al. 2006); as late juveniles or sub-
adults living on hard bottom and patch reefs, they
consume both invertebrates and fish (Dahlgren &
Eggleston 2000, Camp et al. 2013); and as adults,
living in deeper and more rugose reef habitats, they
predominantly feed on fish (Eggleston et al. 1998).
The timing of these ontogenetic shifts is mediated by
a combination of predator—prey dynamics, ecophysi-
ological processes and habitat suitability (Dahlgren
& Eggleston 2001, Young et al. 2006, Semmens et al.
2008, Stallings 2008, Camp et al. 2013).



266 Mar Ecol Prog Ser 554: 263-280, 2016

Major loss of any of the habitats utilised by
groupers during ontogeny is likely to influence their
abundance and survival. Perhaps the greatest habi-
tat losses influencing grouper populations arise from
alterations or destruction of nearshore nursery areas,
including mangroves and seagrasses, and by the de-
clining state of coral reef systems (Dahlgren & Eggle-
ston 2001, Gardner et al. 2003, Lotze et al. 2006, Sem-
mens et al. 2008). Ellis et al. (1997) demonstrated that
changes in water temperature experienced by early
life stages of Nassau grouper may have profound
effects on their food consumption, development and
growth rate, and these factors may play a significant
role in the annual fluctuations in the survival of this
species. This may be compounded by the fact that
these early life stages already experience high mor-
tality rates due primarily to predation (Choat 2012)
and disease susceptibility (Harikrishnan et al. 2011).
Sea temperature may also affect adult grouper di-
rectly by affecting metabolism, reproduction, growth
and behaviour (Colin 1992, Watanabe et al. 1995b).
Other environmental stressors that are likely to affect
grouper survival directly include predicted climate-
related changes in ocean chemistry (e.g. ocean acid-
ification) (Young et al. 2006, Semmens et al. 2008,
Cheung et al. 2012, Sunday et al. 2014). However, to
date, very little research has been done examining
the impacts of environmental stressors on the differ-
ent life stages of Nassau grouper.

Adult Nassau groupers are mesopredators (trophic
level = 4.1; Froese & Pauly 2014) and play a vital role
in maintaining the balance of coral reef ecosystems
(Eggleston et al. 1998, Huntsman et al. 1999, Mumby
et al. 2006, Stallings 2008, Mumby et al. 2012). They
also form symbiotic relationships with cleaner spe-
cies (e.g. Gobidae and Labridae) and are often
observed at coral reef cleaning stations (Sluka et al.
1993, Sadovy & Eklund 1999). It has been estimated,
using a combination of bioenergetic and experimen-
tal models, that aggregating groupers contribute sig-
nificantly to nutrient supply, at 1.54 to 4.61 g m~2 and
0.75 to 2.27 g m~2 of nitrogen and phosphorus, re-
spectively (Archer et al. 2015). Nassau grouper,
therefore, play fundamental roles not only in trophic
dynamics (as predators and prey) but also in wider
aspects of ecosystem function and reef resilience.

REPRODUCTIVE BIOLOGY

Reproductive strategies of fish vary widely and
have evolved to optimally provide for their offspring
while balancing the ecophysiological costs to the

adults (Murua & Saborido-Rey 2003, Molloy et al.
2012). The reproductive potential of a species is
dependent on several factors, including age and size
at maturation (which generally correlate positively
with gamete quality and fecundity), sex ratios, size
and condition of breeding adults, as well as the tim-
ing and length of spawning events (Carter et al. 1991,
Beldade et al. 2012, Choat 2012, Espigares et al.
2015).

The reproductive biology of Nassau grouper has
been well studied (Shapiro 1987, Sadovy & Colin
1995, Watanabe et al. 1995b, Cushion et al. 2008, and
references therein) due to its economic importance
and the interest in the species for aquaculture.
Nassau grouper are gonochoristic and reach sexual
maturity between the ages of 4 and 8 yr (2480 mm
total length [TL]) (Sadovy & Colin 1995, Sadovy &
Eklund 1999, Cushion et al. 2008, Froese & Pauly
2014). The species goes through a hermaphroditic
stage as juveniles and adults are capable of sex
change, although the drivers for sex change are not
well established (Colin 1992, Watanabe et al. 1995a,
Cushion et al. 2008). Sadovy & Colin (1995) identified
environmental and social triggers as possible sex
change drivers, but there has been no consensus on
this and sex change in wild populations has not been
documented.

Potential techniques for sex determination in wild
fish populations that are not sexually dimorphic
include the use of invasive (e.g. gonad removal;
Cushion et al. 2008) and non-invasive (e.g. ultra-
sound; Whiteman et al. 2005) sampling techniques.
Applying histology to determine gender and stage of
sexual maturity requires terminal sampling, although
techniques such as laparoscopy have also been
employed to collect a small section of the gonad for
staging from live fish (e.g. Falahatkar et al. 2011,
Matsche et al. 2011). In some other fish species, DNA
sex probes have been developed that can be applied
non-destructively using a small fin clip or scale sam-
ple, e.g. for medaka (Matsuda et al. 1998), stickle-
back (Shikano et al. 2011), roach (Tyler & Jobling
2008) and salmon (Eisbrenner et al. 2014), but such a
probe has not been developed for any grouper spe-
cies. Development and utilisation of this technique
for groupers seems to be logical given that fin clip
samples are routinely collected for genetic analysis
(Colin 2012). Additionally, analysis of previously
collected fin clip samples could be compared with
contemporary samples to report on any shifts in sex
ratios that may have occurred and better understand
the impacts of overexploitation on demographics and
reproductive success.
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Another approach to sex fish involves the measure-
ment of blood vitellogenin—a precursor of egg yolk
produced in female oviparous fish in response to
oestrogens. Blood vitellogenin has been used as a
non-destructive biomarker to effectively discriminate
between males and females, even as juveniles, and to
stage female ovary development. Heppell & Sullivan
(1999) developed and successfully applied a vitello-
genin-based enzyme-linked immunosorbent assay
(VTG ELISA) to classify phases of sexual develop-
ment in the grouper, Mycteroperca microlepis. The
antibody for this assay has been shown to cross-react
well with Nassau grouper VTG, allowing for its
application to this species. Concentrations of VTG in
blood plasma of female Nassau grouper have been
measured at concentrations ranging between 0.02
and 4.66 mg ml™! and are positively correlated with
sexually maturity (Heppell & Sullivan 1999). Meas-
urement of VTG in wild fish has the potential to
better establish demographics (e.g. spawning stock
biomass and sex ratios), variability in spawning sea-
sonality and viability of remaining spawning aggre-
gations, but has yet to be applied in this regard.

Very little has been established relating to the
function of sex steroid hormones in the reproductive
cycle of Nassau grouper. Nassau grouper, however,
have been successfully induced to spawn in labora-
tory settings using various steroid hormones, includ-
ing carp pituitary hormone, luteinizing hormone-
releasing hormone and human chorionic gonado-
tropin (Tucker & Woodard 1991, Watanabe et al.
1995a). Captive fish have also been observed spawn-
ing in aquaria and aquaculture cages without the use
of hormone injections (Watanabe et al. 1995a, Tucker
1999). Reproduction in wild populations is thought to
be density dependent (Colin 1992, Sala et al. 2001,
Aguilar-Perera 2006), but the minimum threshold
required to sustain a spawning aggregation has not
been determined. Colin (1992) observed spawning in
an aggregation containing as few as 10 Nassau
grouper, but noted that overall spawning behaviour
was reduced when compared with larger aggrega-
tions observed at other spawning sites during that
period. This suggests that heavily fished spawning
aggregation sites may have a lower relative produc-
tivity for any given fish biomass and are thus more
susceptible to collapse than at less-exploited sites.
Preferably, non-lethal sampling approaches should
be used to assess the reproductive status and demo-
graphics of endangered Nassau grouper.

Nassau grouper migrate up to 300 km to and from
their resident reefs along the continental shelf to
reproduce at spawning sites (Bolden 2000, C. P.

Dahlgren et al. unpubl.). Migrating speeds and dis-
tances vary intraspecifically (Colin 1992, Bolden
2000, Starr et al. 2007, C. P. Dahlgren et al. unpubl.)
and recent studies indicate that courtship-associated
sounds play an integral role in facilitating this pro-
cess. These auditory signals may also help first-time
spawners to navigate to spawning sites (Scharer et al.
2012, Rowell et al. 2015). Analysis of movement pat-
terns of tagged groupers suggest that females exhibit
spawning site fidelity, often migrating past several
spawning aggregations to reach their ‘home' spawn-
ing site (Heppell et al. 2009, C. P. Dahlgren et al.
unpubl). In the Cayman Islands and Belize, 50 % or
more individuals make multiple spawning migra-
tions (Semmens et al. 2007, Starr et al. 2007), but in
The Bahamas fish appear to generally make single
migrations (C. P. Dahlgren et al. unpubl., K. L. Stump
et al. unpubl.).

Available information on spawning sites has shown
they are highly diverse, varying in size, habitat type
and water depth, but are often in close proximity to
drop-offs and continental shelf edges (Smith 1972,
Colin 1992; Aguilar-Perera & Aguilar-Davila 1996,
Whaylen et al. 2004, Heyman & Kjerfve 2008, Kobara
& Heyman 2008, Kobara et al. 2013). The behavioural
and physiological triggers associated with the forma-
tion and structure of migrating groups to, from and
within spawning sites and the timing of gamete
release remain poorly understood.

Migration and spawning activities have been
linked to abiotic factors, including lunar phase, water
temperature, tides and currents (Colin 1992, Shenker
etal. 1993, Takemura et al. 2010, Heppell et al. 2011).
Colin (1992) suggested that the optimal spawning
temperature for Nassau grouper is between 25 and
26°C, which may explain latitudinal variation ob-
served in the timing of spawning events throughout
the species’ geographic range. Reproduction in Nas-
sau grouper is highly synchronised with the full
moon (Sadovy & Eklund 1999). In other fish species
that use lunar phases in the timing of their spawning,
expressions of clock genes (e.g. rfPer2) have been
shown to change with moonlight intensity and may
be instrumental in regulating reproductive cycles
(Takemura et al. 2010). However, no studies have
examined the functional role of clock genes or other
regulatory genes associated with the timing of repro-
duction in Nassau grouper. Such data would offer
additional insights into the molecular mechanisms
driving reproduction and help to explain observed
differences in spawning seasonality of the species.

Reproduction via spawning aggregations may opti-
mise fertilisation success, maximise larval survivor-
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ship, and increase genetic mixing (Colin 1992, Do-
meier 2012). Patterns of larval dispersal, behaviour
and retention throughout the native range of Nassau
grouper have not been extensively investigated
(Colin 1992, 1995, Heppell et al. 2009). Larval devel-
opment occurs over a 35 to 50 d period, with a mean
larval dispersal duration of 42 d (Tucker & Woodard
1991, Colin et al. 1997), followed by recruitment to
macroalgal habitats as juveniles (25-35 mm TL) and
a transition to reef habitats after 10 to 12 mo
(Dahlgren & Eggleston 2001). Larval behaviour is not
well understood and recruitment events are highly
variable (Grover 1993, Shenker et al. 1993, Colin
1995, Colin et al. 1997, Grover et al. 1998, Heppell et
al. 2011). Colin (1995) demonstrated that mesoscale
gyres in the Exuma Sound could passively transport
Nassau grouper recruits to natal spawning sites. Sim-
ilar studies tracking the direction of surface and sub-
surface currents off the Little Cayman spawning
aggregation site have shown that eddies retain larval
Nassau grouper near spawning areas, which the
authors postulate as a mechanism for self-recruitment
(Heppell et al. 2011).

Various models have been developed to identify
patterns of larval distribution. They include biophysi-
cal models such as the Lagrangian stochastic model, a
larval tracking model of the Connectivity Modelling
System (Paris et al. 2013) and the random-walk model
(Rivera et al. 2011). With appropriate ecological (e.g.
tagging studies; C. P. Dahlgren et al. unpubl.) and ge-
netic data (e.g. parentage analysis; Almany et al.
2013), these models might usefully be applied to Nas-
sau grouper to elucidate connectivity, source-sink
dynamics and recruitment variability over broad spa-
tial scales. Better understanding of survivorship in
early life stages of Nassau grouper would provide key
insights into larval distribution pathways and recruit-
ment stochasticity, which would in turn clarify pat-
terns of population structure and connectivity in adult
fish. Addressing knowledge gaps in relation to the
underlying mechanisms that influence and/or control
the reproductive development and biology of Nassau
grouper throughout its complete life history are re-
quired to set sustainable fishery targets and inform
conservation management.

CONSERVATION STATUS AND SOCIOECONOMICS
Conservation status

Given its declining status, the Nassau grouper is
now classified as Endangered on the IUCN Red List

(IUCN 2015) and threatened under the United States
Endangered Species Act (Cornish & Eklund 2003,
Albins et al. 2009). A variety of management meas-
ures have been implemented in an attempt to coun-
teract the observed declines of Nassau grouper and
to conserve the remaining populations in The
Bahamas and throughout the Caribbean. Examples
include size limits, partial or full seasonal closures,
quotas, fishing bans, establishment of marine pro-
tected areas (MPAs) and FSA closures and FSA
MPAs. The successes of these management strate-
gies vary. For example, even after a complete mora-
torium on fishing for over 15 yr, the Nassau grouper
fishery in Florida and Bermuda has still not recov-
ered (Sadovy & Eklund 1999, Luckhurst 2001). In
contrast, permanent fishing bans on Nassau grouper
FSAs in the Cayman Islands and St. Thomas have
been effective in assisting some of those populations
to stabilise and recover from overfishing (Whaylen et
al. 2004, 2007, Kadison et al. 2010, Heppell et al.
2012).

Nassau grouper fisheries management
in The Bahamas

In the late 1980s, the Government of The Bahamas
established a minimum 3 1b size limit (=1.36 kg) for
landed grouper and in 1998 a partial seasonal closure
for Nassau grouper was imposed at the High Cay,
Andros spawning aggregation site (under the Fish-
eries Resources (Jurisdiction and Conservation)
Act CH.244-11, Part V; http://laws.bahamas.gov.bs/
cms/en). The 3 1b size limit (2480 mm TL) was based
on size at first maturation data of Nassau grouper
from the Caribbean (Sadovy & Eklund 1999). Because
the resources required to consistently enforce all re-
ported Nassau grouper FSAs in The Bahamas are
inadequate, seasonal closures were implemented to
prohibit the capture, sale and possession of Nassau
grouper. As a consequence, all Nassau grouper are
off-limits to fishing during part of the reproductive
season. However, national seasonal closures to pro-
tect fish at other spawning sites were not established
until 2004 (Table 1). The declaration of the closed
season was left to the discretion of the Minister of
Agriculture and Fisheries and this resulted in confu-
sion and inconsistencies for many years (Table 1).
During this period, the seasonal closure typically
extended for 1 to 2 mo between December and Feb-
ruary. Subsequent research has shown seasonal vari-
ation in Nassau grouper spawning, and they can
reproduce earlier during the November full moon
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Table 1. Management timeline for the Nassau grouper Epinephelus striatus fishery in The Bahamas

Year(s) Management measure Details
1958 Establishment of the first Marine Protected Area Limitations placed on catching marine resources
(including Nassau grouper) within the 456 km?
Exuma Cays Land and Sea Park
1986 Exuma Cays Land and Sea Park designated as a no- All marine resources within the park's boundaries
take marine reserve are protected
1987-1988 Fisheries Act sets minimum size limit Landed grouper must be >3 b (=1.36 kg)
1998-1999 First partial closure of known Nassau grouper High Cay, Andros is closed during the November—
spawning aggregation site February full moons
2000 Partial closures of additional Nassau grouper Known spawning aggregation sites in Long Island
spawning aggregation sites are closed to fishing during the December full moon
2004 First national seasonal closure for Nassau grouper = Nassau grouper fishing banned during December—
February
2005-2014 National seasonal closures Annual closures set by the Minister of Agriculture
and Fisheries. The closed season during this period
varied from 1 to 3 mo
2015 Permanent annual seasonal closure established Fisheries Act amended to prohibit fishing Nassau

grouper during the months of December—-February,
which coincide with peak reproduction in The
Bahamas

(Cushion et al. 2008, C. P. Dahlgren et al. unpubl.),
suggesting that the current seasonal closure is insuf-
ficient. In 2015, the Fisheries Act was amended to
include an annual 3 mo seasonal closure of Nassau
grouper during 1 December-28 February. Addition-
ally, all species within the boundaries of no-take mar-
ine reserves, e.g. the Exuma Cays Land and Sea Park
(ECLSP), are protected from extraction activities
including fishing. Despite seasonal closures and size
restrictions, fishery-dependent data show steady de-
clines in Nassau grouper landings throughout The
Bahamas (Fig. 2).

Commercial fisheries landings

Commercial fishery landings data for The Bahamas
is collected by the Department of Marine Resources
(DMR). Historically, most Nassau grouper were
landed in The Bahamas during the spawning season
(Gascoigne 2002). Prior to 1994, Nassau grouper data
were combined with data from all other grouper spe-
cies, so figures on commercial landings for individual
grouper species are only available for the period
between 1994 and 2014. During this 20-yr period, a
total of 4716 tonnes (t) of Nassau grouper were
landed in The Bahamas, averaging 236 t yr! (Fig. 2).
Landings in The Bahamas declined to 70 t in 2012
from a peak of 514 t in 1997, with an overall decline
of 86% over the past 2 decades (i.e. between

Landings (t)

1994-2014) (Fig. 2). The DMR has acknowledged
that commercial landings data in The Bahamas is
often under-reported (see Cheung et al. 2013).
Declines in Nassau grouper landings began before
the implementation of the 2004 seasonal closure and
have persisted for 20 yr. During the months of
December-February, approximately 50 and 20% of
Nassau grouper have been landed in The Bahamas
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Fig. 2. Total commercial Nassau grouper Epinephelus stria-

tus landings (weight and value) for The Bahamas during

1994-2014 as reported to The Bahamas Department of
Marine Resources
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before and after the implementation of the closed
season. If the entire reproductive season (No-
vember—March) for the species is examined, 61 and
41% of fish have been landed in the country before
and after seasonal closures. Available catch per unit
effort (CPUE) data indicate declines over time (see
Cheung et al. 2013). While the observed declines in
CPUE may be due to a shift to other targeted species,
the overall trend, coupled with the 20 yr decline in
landings and the proportion of fish still harvested
during the closed season, provides strong evidence
to support that the Nassau grouper fishery is in
serious decline. This is of major concern for The
Bahamas, given that annual economic contributions
from the fishery range between US$ 620 thousand
and 2.8 million, with an average of US$1.5 million
yr~! (Fig. 2). It is also important to mention that these
figures provide conservative estimates of the total
fishery landings (see Cheung et al. 2013) and ex-
clude revenue from recreational and tourism-related
activities (Rudd & Tupper 2002). Economic valuation
studies for Nassau grouper are needed (Rudd & Tup-
per 2002) and would be useful to help explain the
socioeconomic benefits of conserving Nassau grouper
to a broad range of stakeholders.

POPULATION STRUCTURE AND DYNAMICS

The Bahamas contains the largest proportion of
global Nassau grouper spawning aggregation sites,
with up to 30 located throughout the archipelago
(Sadovy & Eklund 1999, Cheung et al. 2013, Kobara
et al. 2013; Fig. 1). FSA research has been inconsis-
tent and has focused on only a few sites from 3
islands: Bimini (Smith 1972, Gascoigne 2002), Andros
(Ray 2000, Ehrhardt & Deleveaux 2007) and Long
Island (Colin 1992). In contrast, consistent monitoring
has been conducted at Nassau grouper FSAs in the
Cayman Islands over a period of 10 yr (e.g. Whaylen
et al. 2007) and in Puerto Rico for 11 yr (e.g. Scharer
et al. 2010, Scharer-Umpierre et al. 2014). Vo et al.
(2014) recently completed a stock assessment in the
Turks and Caicos Islands where there are no man-
agement measures for Nassau grouper and have
indicated that the population is relatively healthy
(biomass of 0.58 t km~2 in 2008) compared with other
parts of the Caribbean.

Attempts to evaluate the status of the Bahamian
Nassau grouper fishery have relied heavily on fish-
ery landings data, anecdotal information from fishers
and modelling (Gascoigne 2002, Ehrhardt & Dele-
veaux 2007, Cheung et al. 2013). As an example, a

previous estimate on Nassau grouper stocks by
Ehrhardt & Deleveaux (2007) was based on a single
historical spawning aggregation site off High Cay,
Andros. Their findings lacked in situ population data
and were based on fishery landings and hydroacoustic
assessments of fish abundances. Furthermore, the
hydroacoustic assessments were not validated and
there was a wide discrepancy in these data com-
pared with diver observations of Nassau grouper at
that site during the same period (Ray 2000). Divers
reported abundances of fish at High Cay to be only
4 to 5% of hydroacoustic assessments (Ray 2000).
The most recent studies from The Bahamas indicate
abundances of Nassau grouper have declined over
the past 2 decades between 70 and 90 % in several
historical locations (e.g. High Cay), and only 2 of 6
documented spawning aggregation sites in Long
Island are still active (C. P. Dahlgren et al. unpubl.
data). Visual observations estimate fish abundance at
extant Long Island sites to be between only 200 and
700 grouper, far less than the thousands of fish
reported in the past at these spawning aggregations
(Colin 1992), although Colin (1992) did report that
some of the FSAs in Long Island were fished out over
the course of 1 to 2 spawning seasons. Similar obser-
vations of the rapid decline in abundance of Nassau
grouper FSAs have also been reported from the Car-
ibbean (e.g. Sala et al. 2001, Aguilar-Perera 2006). At
present, the remaining stocks in The Bahamas expe-
rience high rates of poaching from local fishers, with
up to 25 to 35% of fish removed from spawning
aggregation sites annually (C. P. Dahlgren et al. un-
publ. data). In contrast with other countries that have
fewer spawning sites (e.g. Heyman & Requena 2002,
Heppell et al. 2012), very few reported Bahamian
spawning aggregations have been validated through
scientific methods (e.g. in situ diver surveys, teleme-
try, hydroacoustic assessments). Indeed, whether or not
many of these locations still support active aggrega-
tions is essentially unknown. This is due in part to the
logistical difficulties and financial costs associated
with conducting fieldwork, especially in the remote
areas where spawning sites often occur, and the lack
of local capacity to collect data from widely dispersed
spawning aggregation sites throughout the Bahamian
archipelago. Population genetic approaches offer the
potential to better establish population structure and
dynamics over such an expansive area (~233 000 km?
of sea) and the fin clips or tissue samples required for
these approaches could be collected with relative
ease from live or recently killed specimens.
Overfishing is commonly cited as the primary
cause for local collapses and global population



Sherman et al.: Integrative fisheries management 271

declines of Nassau grouper (Colin 1996, Aguilar-
Perera 2006, Sadovy de Mitcheson et al. 2008, Albins
et al. 2009, Cheung et al. 2013). Typically, larger indi-
vidual groupers are removed from the population
before they reproduce, which means that stocks are
not being replenished. Removing the majority of large,
highly fecund groupers over time is likely to reduce
reproductive success and impact further on popula-
tion sustainability (Heppell & Sullivan 1999, Sadovy
& Domeier 2005) via decreasing genetic variability
and thus population adaptability.

The use of molecular techniques to investigate
genetic diversity, population structure and connec-
tivity in marine ecosystems has increased substan-
tially over the last 2 decades (Shulman & Berming-
ham 1995, Palumbi 2004, Cowen et al. 2006, Craig &
Hastings 2007, Harrison et al. 2012, Beldade et al.
2014, Jackson et al. 2015). Molecular methods are
now being applied in the assessments of population
structure and genetic diversity (Silva-Oliveira et al.
2008), investigating evolutionary processes and local
adaptation to natural or anthropogenic stressors
(Paris et al. 2015), exploring genes controlling or reg-
ulating diseases (Teng et al. 2008), understanding
sexual development (Luo et al. 2010), informing con-
servation management plans (Reiss et al. 2009) and
in predicting the impacts of climate change (Nielsen
et al. 2009, Davey et al. 2011, Horreo et al. 2011,
Narum et al. 2013, Hemmer-Hansen et al. 2014).
However, use of these approaches to understand the
breeding biology and population dynamics of
groupers is still in its infancy. Population structure in
marine fish is influenced by interacting biological,
ecological, environmental and anthropogenic pro-
cesses and vary over spatial and temporal scales (see
reviews by Nielsen et al. 2009, Reiss et al. 2009,
Takemura et al. 2010, Hemmer-Hansen et al. 2014).
Barriers to gene flow appear to be more subtle in the
ocean, where larvae are dispersed with ocean cur-
rents and fish can migrate over vast distances (Linde-
man et al. 2000, Palumbi 2004). This makes it chal-
lenging to assess population structure, dynamics and
genetic differentiation in marine fish.

Polymorphic markers, such as DNA microsatellites
or simple sequence repeats (SSR) and single nucleo-
tide polymorphisms (SNPs), are now commonly used
to more accurately assess genetic population struc-
ture and diversity among wild fish populations (Sun-
nucks 2000, Hutchinson et al. 2001, Zatcoff et al.
2004, Hauser & Carvalho 2008, Griffiths et al. 2010,
Hohenlohe et al. 2010, Wang et al. 2013, Paris et al.
2015). Although evidence of population structuring
has been documented in coral reef fish (e.g. Shulman

& Bermingham 1995, Bay et al. 2008), only a few
studies have assessed population structure in Epi-
nephelinae groupers (Rivera et al. 2004, 2011, Zatcoff
et al. 2004, Maggio et al. 2006, Silva-Oliveira et al.
2008, Beldade et al. 2014, Jackson et al. 2014, 2015)
and there is a paucity of information regarding
genotypic variation within and among spawning
aggregations generally.

Using polymorphic DNA microsatellite loci, Zatcoff
et al. (2004) found populations of red grouper E.
morio, the most closely related species to Nassau
grouper, and scamp Mycteroperca phenax, another
aggregating marine fish, to be genetically similar.
Both species are heavily fished, but no discernable
effects on genetic diversity and population structure
were detected from samples across the Atlantic and
Gulf of Mexico (Zatcoff et al. 2004). Silva-Oliveira et
al. (2008) also found no evidence of subpopulation
structure in goliath grouper E. itajara from Brazil. In
contrast, restriction fragment length polymorphism
of NADH dehydrogenase (ND2) revealed that
Atlantic and Mediterranean dusky grouper E. mar-
ginatus populations were genetically distinct (Mag-
gio et al. 2006). Cytochrome sequence analysis pro-
vided further evidence for genetic variation and a
growing population within the Mediterranean (Mag-
gio et al. 2006). Similarly, Rivera et al. (2011) also
found distinct populations of Hawaiian grouper E.
quernus. Comparisons of microsatellite and mito-
chondrial DNA (mtDNA) data with pelagic larval dis-
persal models were used to demonstrate high con-
nectivity between Hawaiian grouper populations
and to identify important source-sink areas. This
information was used to recommend protection of
Hawaiian groupers in the mid-archipelago, an area
where the highest levels of genetic diversity were
observed (Rivera et al. 2011). Jackson et al. (2015)
used a similar approach for leopard grouper M.
rosacea in the Gulf of California to inform marine
reserve design that would protect areas with the
greatest genetic diversity and support connectivity
between subpopulations.

Information on the genetic population structure
and dynamics of Nassau grouper populations is
scarce (Hateley 1995, Stevenson et al. 1998, Jackson
et al. 2014; Table 2). Earlier assessments on Nassau
grouper populations using enzyme electrophoresis
and mtDNA showed low to moderate genetic varia-
tion, suggesting the existence of a single population
comprised of randomly mating individuals in the
northern Caribbean (Hateley 1995). Given that sta-
tistical measures used in population genetics (e.g.
heterozygosity and Fst) are based on frequencies of
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Table 2. Chronological summary of available genetic data on Nassau grouper. The number of microsatellite loci used in each
study is reported in square brackets

Year Location (no. of sites) No. of DNA samples Techniques used Purpose Source

1998 Belize (4) 396 Microsatellites [2] Population Stevenson et al. (1998)
USA (1) 97 structure
Cuba (1) 21
The Bahamas (1) 23

2005 Cayman Islands (2) Total: 264 Protein electro- Population Hateley (1995)
Turks and Caicos (1) phoresis [20] structure
Belize (1)
The Bahamas (1)

2012 Belize (1) 50 Microsatellites [10] Microsatellite Abell6 et al. (2012) and
Cayman Islands (1) 50 primer development Jackson et al. (2012)
US Virgin Islands (1) 50

2012 Cayman Islands (2) 20 Microsatellites [15] Microsatellite Bernard et al. (2012)
US Virgin Islands (1) 20 primer development

2014 Mexico (1) Total: 620 Mitochondrial DNA, Population structure Jackson et al. (2014)

The Bahamas (3)

Turks and Caicos (1)
Puerto Rico (1)

US Virgin Islands (1)
British Virgin Islands (1)
Antigua (1)

Belize (4) microsatellites [9]
Cuba (2) and single nucleo-
Cayman Islands (3) tide polymorphisms
USA (1)

alleles, highly polymorphic microsatellite loci spread
throughout the genome considerably increase the
resolution and replication required to differentiate
between populations when compared with mater-
nally inherited mtDNA (see reviews by Sunnucks
2000 and Selkoe & Toonen 2006). More recently,
Jackson et al. (2014) used a suite of molecular mark-
ers, including microsatellites, mtDNA and SNPs, to
investigate genetic connectivity and variability of
Nassau grouper populations throughout the Carib-
bean and The Bahamas. They found considerable
regional variation in the genetic composition of
Nassau grouper with evidence of subpopulations and
suggested that these differences may be attributed
to oceanographic variability, which restricts larval
dispersal (Jackson et al. 2014).

Spawning migrations observed through the tag-
ging of Nassau grouper in the central Bahamas are
an order of magnitude greater in distance compared
with other parts of the Caribbean region (C. P.
Dahlgren et al. unpubl.) and appear to be consistent
with genetic evidence of population structure in The
Bahamas. Differences in the elemental composition
of otoliths from fish from The Bahamas and Belize
also provide evidence in support of regional and

within-country population substructuring (Patterson
etal. 1999). Bahamian populations of Nassau grouper
may be self-sustaining and genetically distinct com-
pared with other populations (Patterson et al. 1999,
Cowen et al. 2006, Jackson et al. 2014). Yet, the
genetic diversity, structure and effective population
sizes (N.) of Nassau grouper populations remain
poorly understood and unquantified for most of
The Bahamas. Currently, microsatellites and SNPs
appear to provide the best resolution for understand-
ing the genetic architecture and current demograph-
ics of these fish and detecting whether any recent
changes have occurred to their population structure
(Jackson et al. 2014).

Previous research has shown that reduced genetic
diversity and variation in wild fish populations is
often linked to drastic declines in effective popula-
tion size, which can occur because of overfishing or
historical bottlenecks (Smith et al. 1991). Under-
standing whether Nassau grouper populations in The
Bahamas are comprised of single or multiple popula-
tions as well as the intraspecific differences and cur-
rent demographics (i.e. abundance, age, sex ratios
and size) of remaining populations is key to develop-
ing a robust conservation management strategy for
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the fishery. Although Nassau grouper aquaculture
may be promising, it is unclear how successful re-
stocking initiatives would be without knowledge of
genetic diversity and population structure of wild
stocks (Roberts et al. 1995, Benetti 2014), which have
adapted to survive and reproduce under environ-
mental conditions that vary spatially.

Future research should be directed to expand
knowledge regarding spatiotemporal patterns of
genetic connectivity, population structure, differenti-
ation, larval dispersal and recruitment using high-
resolution genome-wide molecular markers, such as
microsatellites and SNPs. These assessments will be
greatly improved by using recently developed species-
specific microsatellite primers for Nassau grouper
(Bernard et al. 2012, Jackson et al. 2012) that have
already been used in population genetic studies in
parts of the Caribbean (e.g. Jackson et al. 2014).

ADDRESSING FUTURE RESEARCH NEEDS

The efficacy of various management measures for
conserving the species is under evaluation (C. P.
Dahlgren et al. unpubl. data), but fishery-dependent
and independent data suggest inadequacies in the
current approaches. For example, the size limit of fish
landed needs to be amended from =3 1b (=1.36 kg) to
>51b (=22.27 kg) to ensure that the species is allowed
to reproduce at least once prior to capture. Although
Nassau grouper may attain sexual maturity from
~31b (2480 mm TL), first time migrators in The Baha-
mas are 540 mm TL or greater (C. P. Dahlgren et al.
unpubl.). This differs from observations in the Carib-
bean, where size at first migration is 2440 mm TL
(e.g. Semmens et al. 2007). An improved data collec-
tion system is needed to more accurately capture
landings data for the country to include sizes of fish,
capture sites, dates, etc. Such information is impor-
tant to understand national trends in abundance, size
distribution of harvested specimens and CPUE.

Of the threats known to negatively impact Nassau
grouper, overfishing—most notably at aggregation
areas—is particularly detrimental. Failure to stem
the decline in populations of Nassau grouper in The
Bahamas is likely due to a number of factors includ-
ing: (1) high market demand and non-compliance
with established fishery regulations; (2) inadequate
enforcement; and (3) limited understanding of repro-
ductive biology, population structure and dynamics
to inform fishery regulations. While increased fund-
ing may help to tackle issues relating to the capacity
to enforce regulations and increase education and

outreach efforts, from an ecological or biological per-
spective, the following questions need to be addressed
to assist with improving conservation management
for the species:

(1) How genetically diverse and connected are
Nassau grouper populations within The Bahamas?

(2) What are the demographics, spawning stock
sizes and predominant migration patterns of remain-
ing Nassau grouper FSAs?

(3) What are the impacts of overfishing on the
reproductive potential or success of the species?

(4) How should future no-take MPAs be designed
to account for genetic connectivity and promote
population recovery?

Spawning seasonality and migration patterns

Smith (1972) hypothesized that Nassau grouper
migrate along continental shelf edges to FSAs. Exter-
nal tagging for mark-recapture studies and acoustic
telemetry (e.g. Bolden 2000, Sala et al. 2001, Sem-
mens et al. 2007, Starr et al. 2007), which involves the
surgical implantation of acoustic tags to track fish
movement, has proven useful in elucidating spa-
tiotemporal patterns of Nassau grouper migrations.
Investigations of Nassau grouper migratory behaviour
have shown intraspecific differences with respect to
movements both within home ranges (0.1-0.2 km)
and along migratory pathways during the spawning
season, where fish travel distances of 25 to >300 km
(Carter et al. 1991, Colin 1992, Bolden 2000, Aguilar-
Perera 2006, Semmens et al. 2007, Starr et al. 2007,
Stevens-McGeever et al. 2013, C. P. Dahlgren et
al. unpubl., K. L. Stump et al. unpubl.). However, in
The Bahamas, migratory corridors, demographics (i.e.
sex composition, size and age structure) of aggregat-
ing fish, and their origins remain largely unknown,
and evidence suggests that they may be different
from other parts of the Caribbean, and even within
the country (C. P. Dahlgren et al. unpubl., K. L. Stump
et al. unpubl.). Tagging and acoustic telemetry can
be used to determine the origins of aggregators,
reveal potential locations of FSAs, migratory path-
ways, migration frequency, FSA site fidelity, and con-
nectivity between home reefs and Nassau grouper
FSAs over various spatial scales (e.g. Bolden 2000,
Semmens et al. 2007, Starr et al. 2007, Heppell et al.
2009, C. P. Dahlgren et al. unpubl., K. L. Stump et al.
unpubl.). This type of information is critical to under-
stand patterns of connectivity, inform marine spatial
planning and prioritize enforcement efforts for active
FSAs.
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Genetic diversity and population connectivity

An important component of biodiversity conserva-
tion is genetic diversity (Moritz 2002). Yet, the extent
to which gene flow is exchanged and migratory path-
ways occur among Nassau grouper FSAs and home
reefs, in addition to source—sink dynamics of the spe-
cies throughout the country's protected area system,
is unknown. This is because little attention has been
paid to migration patterns of adult fish species and
the links between larval connectivity and genetic
population structuring in the spatial design of
existing MPAs in The Bahamas. Instead MPAs have
been established based on opportunism and basic
principles of marine reserve design, and socioeco-
nomic, cultural and political considerations (Ray
1998, Moultrie 2012). Some Bahamian MPAs were
created to conserve ecologically and economically
valuable species and diverse marine habitats and to
replenish important fishery species (e.g. Nassau
grouper) through spillover effects (Sluka et al. 1996,
Brumbaugh 2014). Indeed, several of the habitats
required by Nassau grouper, including nearshore
areas and deeper coral reef systems, are protected
within parts of The Bahamas National Protected Area
System (BNPAS).

For example, the oldest of the country's MPAs,
the ECLSP, has some of the highest densities of
Nassau grouper in The Bahamas and in the Carib-
bean region (Sluka et al. 1996, 1997, Dahlgren
2004, Stallings 2009, Dahlgren et al. 2016). This
456 km? no-take marine reserve encompasses both
terrestrial and marine habitats, including seagrasses,
mangroves, hard bottom areas, patch, fringing and
forereefs (Sherman et al. 2013), supporting diverse
fish and benthic communities. However, studies by
Bolden (2000) and C. P. Dahlgren et al. (unpubl.)
show that Nassau grouper migrate outside the
ECLSP to spawn. These findings underscore the
critical importance of integrating knowledge of
reproductive biology and population dynamics into
marine spatial planning. More recently, principles
of MPA design have been refined to integrate con-
nectivity at ecologically relevant scales (Botsford et
al. 2009, White 2015). The Bahamas is working
towards incorporating genetic structure and popu-
lation connectivity into its MPA network for Carib-
bean spiny lobster Panulirus argus, staghorn coral
Acropora cervicornis, elkhorn coral Acropora
palmata and Nassau grouper through coupled bio-
physical larval dispersal models and genetic analy-
sis (Kough et al. 2013, C. Paris pers. comm., K. D.
Sherman et al. unpubl. data).

The Bahamas has entered into an agreement to im-
plement the Program of Work on Protected Areas and,
as part of the United Nations Convention on Biological
Diversity and Caribbean Challenge Initiative, de-
clared to protect 20 % of its nearshore marine habitats
by 2020 (Moultrie 2012). The designation of future
MPAs that are to become a part of the BNPAS should
not only be based on core principles of marine reserve
design, but also take into account genetic diversity,
population structure and connectivity, along with so-
cioeconomic and cultural considerations. This type of
MPA network would likely increase ecological and
socioeconomic benefits to the country's populace and
promote ecosystem resiliency.

Monitoring and stock assessments of FSAs

Available data suggest that spawning aggrega-
tions evolved to provide a suite of biological and eco-
logical advantages to promote the survival of both
adults and offspring by optimizing reproductive suc-
cess and mediating interacting effects of predators
and prey (Nielsen et al. 2009, Choat 2012, Domeier
2012, Molloy et al. 2012). However, very few studies
have tested this and the evolutionary mechanisms
associated with spawning aggregations remain unclear
(Choat 2012), representing an important area for
future research. Consistent monitoring of the status
of Nassau grouper in home reefs and nearshore nurs-
ery habitats should be conducted to investigate
trends or habitat-associated shifts in abundance and
size distribution. Similarly, continued monitoring of
Nassau grouper FSAs is also required to understand
temporal variability in spawning behaviour and
dynamics, and document recovery and/or declines of
spawning stock biomass. Traditional ecological mon-
itoring during the spawning and non-spawning peri-
ods will provide a better understanding of the health
and population structure of Nassau grouper, which is
fundamental to creating appropriate stock-recruit-
ment management models. Such a model does not
exist for The Bahamas and its development will help
to ensure that sustainable exploitation rates are set to
maintain a healthy fishery and the livelihoods of local
fishers.

ADDRESSING BARRIERS TO IMPLEMENTATION

Although precautionary approaches (e.g. marine
reserves) have been implemented to conserve Nas-
sau grouper, these strategies have not necessarily
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been effective at preventing further fishery declines
(Fig. 2; Cheung et al. 2013, K. D. Sherman et al.
unpubl. data). Marine protected area design, there-
fore, needs to include all aspects of a species’ life his-
tory as well as spatial and temporal variability in pop-
ulation structure and dynamics, habitat connectivity,
and spawning migration corridors, for optimal effec-
tiveness (Chiappone et al. 2000, Griiss et al. 2014,
Pittman et al. 2014, Rowell et al. 2015, C. P. Dahlgren
et al. unpubl.).

The socioeconomic gaps that need to be addressed
to improve compliance for fishery regulations are
beyond the scope of this review. However, research
has shown that recognising and assessing stake-
holder perspectives is an important aspect of this pro-
cess (Hilborn et al. 2005, Robinson et al. 2014, Wilson
et al. 2016). These types of analyses are necessary
to capture local knowledge, incentivise support,
address misconceptions and change attitudes re-
garding the Nassau grouper fishery. Co-manage-
ment approaches (e.g. Hilborn et al. 2005) should be
integrated into management strategies to strengthen
compliance for fisheries regulations and to reduce
costs associated with enforcement. A combined
approach, integrating tagging studies with genetic
analysis, stock assessment modelling and FSA moni-
toring would yield insights into ecologically signifi-
cant migratory corridors, reproductively successful
and genetically diverse and/or distinct FSAs, and
population structure of Nassau groupers throughout
the archipelago. This information could be used to
reveal areas where increased enforcement is war-
ranted or new management measures need to be
implemented. In doing so, the maximum benefits can
be reaped from the limited resources available for
monitoring and enforcement. Therefore, we strongly
recommend a holistic approach that combines popu-
lation genetics, acoustic telemetry, biophysical mod-
elling and in situ ecological monitoring to provide a
more rigorous and adaptive framework, to better
inform conservation management strategies. This
would vastly improve our understanding and lead to
strengthened protection for remaining endangered
Nassau grouper populations.
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