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A B S T R A C T

Most fisheries for deep-water snappers, groupers and other demersal fishes in many countries and territories
throughout the Indo-Pacific are data-poor and/or resource-poor. Current and emerging methods for obtaining
important information on life history, ecological assessments, and stock assessments for these deep-water
species were discussed at an international workshop in Perth, Western Australia in July 2016. The key issues
raised included: (i) the ongoing need to adopt nascent methods for otolith sectioning and interpretation; (ii) the
need for standardised international ageing protocols to be documented; (iii) the benefits of investigating otolith
chronologies both for age validation and the influence of climate variability on fish populations; (iv) a need to
investigate the ecological niches and requirements for deep-water fishes; (v) improved understanding of genetic
stock structure/connectivity, diet and gene flow across a range of spatial scales; (vi) the need for an improved
understanding of the performance and uncertainty associated with length- and age-based catch curves and
spawning potential ratio stock assessments; and (vii) the issues and challenges in developing harvest strategies
for deep-water data, and/or resource poor resources. Many new or refined strategic directions for further
investigation were identified to resolve uncertainty in monitoring and assessment approaches to contribute
toward more rigorous fisheries management arrangements.
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1. Introduction

Snappers (Lutjanidae) and groupers (Epinephelidae) are the main
species captured in deep-water tropical demersal fisheries throughout
the Indo-Pacific region [35]. These deep-water tropical demersal
fisheries provide significant cultural and economic value, and support
commercial, recreational, customary, subsistence and artisanal fish-
eries. These fisheries supply local, domestic and export markets at
varying scales and are a valuable source of protein for indigenous
communities. The magnitude and value of catches varies among
countries and territories. For example, in Australia commercial catches
of deep-water snappers and groupers exceed 1500 t annually compared
to Hawaii (~220 t), Tonga (~230 t) and Vanuatu (~110 t), mainly as a
consequence of the available area of continental or insular shelf and/or
slope habitats. There are no reliable data on catches of deep-water
snappers in Indonesia, but FAO reports that Indonesia landed
137,000 t of snappers in 2014 (all Lutjanidae combined), which makes
Indonesia the world's largest producer of wild-caught snapper. Deep-
water snappers form an important part of this combined lutjanid catch.

Data-poor deep-water fisheries in the Indo-Pacific are typically
characterised by; limited or absent: mixed species catch and effort data,
management capacity, governance arrangements, funding, and re-
sources [33]. This has led to a dearth of robust quantitative assess-
ments of the status of deep-water fisheries stocks across the region.
Recently, Newman et al. [35] completed an extensive review of the life
history characteristics of deep-water tropical demersal fishes and
reported that the results of many studies that investigated longevity,
growth and size/age at maturity are unreliable and/or biased due to
low samples sizes, representativeness of the data, and/or the use of
methods that have not been validated or verified. As such, there is a
clear need for the reassessment and revision of species-specific life-
history information. In addition, Newman et al. [35] advise on the use
of consistent methods and protocols across studies in addition to
information sharing to facilitate the development of robust data-poor
assessments for these species.

In July 2016, an international workshop was held in Perth, Western
Australia to update standardised ageing protocols, compare quantita-
tive stock assessment methods and procedures, harvest strategies and
emerging methods and techniques that have application in the
monitoring, assessment and management of deep-water tropical
snappers and groupers. The workshop brought together fisheries
scientists, ecologists and resource managers involved in monitoring,
assessment and the provision of management advice for deep-water
demersal fisheries across the Indo-Pacific region.

The aim of this workshop was to improve our understanding of the
processes required for revising important life history parameters,
establish representative and adequate monitoring programs, provision
of qualified assessment advice and, in particular, the application of
data-limited methods for determining stock status to better inform
fisheries managers. Each of these themes involved the sharing of
learned experiences, knowledge and quantitative methods to promote
best scientific practice across key fisheries throughout the Indo-Pacific
region. The workshop discussions and conclusions are synthesised
herein.

2. Regional updates of significance

The status of the Hawai’i Deep 7 bottomfish complex has been
assessed using Bayesian surplus production models fitted to logbook
standardized catch-per-unit-effort (CPUE) data [12,14]. Similarly, the
United States Pacific Territories (American Samoa, Guam, and
Commonwealth of the Northern Mariana Islands) bottomfish com-
plexes of 17 species were assessed by fitting such models to creel
census nominal CPUE data [13,59]. A Center for Independent Experts
(CIE) review of the 2014 Hawai’i Deep 7 Bottomfish Complex stock
assessment concluded that the assessment had serious flaws that

compromised its utility for management primarily due to strong
reservations regarding the quality of the input catch data and the
CPUE index of abundance. Further, the 2014 CIE review supported the
intent of NMFS to move toward single species assessments, especially
for the endemic Hyporthodus quernus. A Tier 3 Western Pacific Stock
Assessment Review (WPSAR) of the 2016 US Territorial Bottomfish
Complex stock assessment found that the results and conclusions of the
assessment were reliable and sound, including the estimated popula-
tion benchmarks and management parameters. However, it recom-
mended splitting future assessments into shallow and deep-water
species complexes. Both reviews also recommended that each assess-
ment explore length-based data and life history-based approaches for
the assessment process if sufficient data are available. These assess-
ment updates were timely and contributed to directions and discus-
sions at the workshop.

Indonesia is the largest producer of tropical snappers and groupers
in the world. No detailed assessments have been completed to date,
however monitoring has been undertaken in the eastern waters since
2014 (TNC & [48,49]). Few overarching governance arrangements are
in place and there is a need to develop rapid assessment approaches.
Encouragingly, recent advancements in resource-poor techniques may
present potential options to inform management for this fishery (Hill
et al., unpublished data). Information to date indicates that formal
catch statistics do not reflect the reality at sea. There is a need for
periodic assessments that contribute data on fishing practices and
fishing grounds, as well as data on species, size, and age composition of
the commercial catch.

There has been recent progress with the development and imple-
mentation of management plans for deep-water snapper fisheries in the
Pacific Island countries of Tonga and Vanuatu. Tonga implemented a
revised management plan in 2014 that introduced an annual total
allowable catch of 200 t for all deep-water snapper and grouper species
combined, and a maximum overall vessel length of 23 m. This manage-
ment plan is under revision for the next 3 year period (2017–2019),
and will look to incorporate information from recent stock assessments
[27] and potentially a bio-economic analysis. In 2016, Vanuatu
implemented their first management plan for deep-water snappers
and groupers. The plan outlines compulsory licenses and an overall cap
on the number of licenses, a closure of coastal waters to large vessels,
the identification of three key indicator species (Etelis sp., Paracaesio
kusakarii and Epinephelus morrhua) for monitoring the fishery, and
interim harvest limit reference points including a catch limit that
triggers a reduction in licenses.

3. Ageing protocols

Discussions regarding the development of standardised ageing
protocols at this workshop progressed from those reported by
Newman et al. [33], and adopted nascent otolith sectioning and
interpretation methods as outlined by Wakefield et al. [52], that
achieved ageing results with an acceptable level of bias and precision
for deep-water snappers among multiple readers. Importantly, this
international co-operative approach to the development and ratifica-
tion of ageing protocols for deep-water tropical fishes (in particular
snappers and groupers) is providing an enhanced understanding of
their life history and estimates of mortality. These data are subse-
quently being used as the base level information required for assess-
ment purposes in Western Australia. The methods underpinning
otolith preparation (i.e. optimal section thickness, quality control in
sectioning orientation, calibration of equipment, and post section
treatments (e.g. polishing, acid dipping)) is species-specific and has
recently been refined to maximise growth zone clarity (see [52]).

As noted by Newman et al. [33], sampling strategies for otolith
collections need to consider plans that are focused on either deriving
estimates of age-based life history parameters (e.g. growth parameters,
age at maturity, by sampling across the length and age range, stratified
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by time of year); and/or focused on randomised and representative
sampling to derive an age composition of the stock (i.e. spatial,
temporal and vessel stratification). These plans are not mutually
exclusive.

A problem area in regard to determining accurate age estimates
with many species is the demarcation of the first opaque zone. Key
questions that need to be addressed include: 1) can the first opaque
zone be further enhanced in deep-water fishes? ; and 2) are there any
suitable features such as an inflection point in the subcupular mesh-
work fibre zone, an inflexion point at the sulcus acusticus margin or
scalloping on the proximal outer margin as noted in some fishes that
provides a reference point for identifying the first opaque zone [19]. It
is important in this regard to develop and use juvenile reference otolith
sections. The examination of daily growth increments in juvenile
otoliths (if visible) may assist in identifying the location of the first
opaque zone.

Measurements of increment distance for the first few annuli may
also be an area of development interest, whereby incremental width of
those otolith sections with clear early growth zones could be used to
inform those that are not as clear to interpret. Consistency in the
incremental width from the primordium to the first opaque zone may
be used as a reference (where individuals do not recruit throughout the
year); and variations in characteristics between pre- and post-matura-
tion growth zones. Newman et al. [33] recognised that studies of
similar or related species need to be undertaken in a standardised
manner with similar methodologies and protocols in order to facilitate
direct inter and intra species comparisons. Difficulties in the estimation
of fish age may arise when basic laboratory facilities exist, but limited
technical support is available (a primary limitation in most data-poor
and resource-poor fisheries). However, proxies for age, such as otolith
morphometrics, can provide reasonable estimates of age composition
for deep-water snapper when age estimates from otolith increment
counts are not possible [58].

4. Otolith biochronologies and age validation

High resolution otolith growth chronologies have utility and
application in the assessment of age-based life history traits of fish
species, the interactions of these species with their community and
ecosystem, and the effects of climate across the individual, population
and ecosystem scale. The rigorous process of cross-dating and the
assessment of the quality of the chronology results in highly accurate
and precisely dated increment widths that have multiple applications.

Biochronologies constructed from otolith growth zones have a
range of applications including: (1) validation of age in long-lived fish;
this can be achieved if reliable cross-dating results are obtained and the
chronology is strongly correlated with environmental variables (e.g.
[10]); (2) identification of the important environmental drivers for
growth and condition in fishes (e.g. [37,38]); (3) construction of
multiple growth chronologies for various taxa facilitates an examina-
tion of climate-driven synchrony at the intra-species level [8], inter-
species level [20,32] or ecosystem level [39,40,7]; (4) identification of
movement patterns between fish populations based on the synchrony
of the growth patterns [9]; and (5) the combination of suitably dated
growth chronologies of long-lived fish with other chronologies such as
trees, bivalves and corals to provide multi-proxy reconstructions of
climate such as surface temperature (e.g. [7,39]) or indices of upwelling
(e.g. [11]).

While age validation can be achieved through the use of otolith
biochronologies, recent technological advances have led to a coupling
of laser ablation with accelerator mass spectrometry for the continuous
and rapid measurement of radiocarbon from carbonates [56]. In a
parallel study, an otolith section from a red snapper (Lutjanus
campechanus) was scanned across all growth increments to locate
the bomb radiocarbon rise within the otolith, as opposed to a single
core extraction with pre-bomb levels and a minimum birth year of

approximately 1956 (year of first rise). This approach enabled age to be
estimated for earlier years of growth (validated through other means)
and added to the known date for the radiocarbon rise at 1956 for a
validated longevity beyond the usual limit (A.H. Andrews, unpublished
data).

Recently, Wakefield et al. [52] demonstrated that annuli counts
derived using nascent methods in otolith preparation and interpreta-
tion provide comparable estimates of longevity to those derived from
radiocarbon dating of deep-water snapper otoliths (e.g. [1,2]).
Radiochemical dating has played a vital role in validating the long-
evities of deep-water teleosts and the annual periodicity of primary
opaque and translucent growth zones in sectioned otoliths [2,29].
However, currently there is uncertainty in absolute age estimates from
radiochemical dating for deep-water fish due to the delayed penetration
of radiochemical markers (bomb radiocarbon) into deeper water,
resulting in time-lags of 5–15 years for depths of 200–600 m from
reference chronologies based on shallow water records (e.g. hermatypic
coral cores) [15,16,23,28].

Furthermore, costs associated with radiochemical dating and/or
representative sampling programs are often prohibitive because large
sample sizes are usually required, resources are unlikely to be available
in many situations, and age-based assessments for fisheries based on
resulting information (i.e. validated ages) may be impractical in less-
developed, resource-poor countries.

5. Non-extractive techniques – baited remote underwater
video

Advancements in video technology have enabled the development
of non-extractive tools that can generate a wealth of ecological
information and fishery independent data. Baited remote underwater
stereo-video systems (stereo-BRUVs) are an established cost-effective
means of gathering abundance and diversity indices, length estimates,
and species distribution information for marine fishes along with
collecting fine-scale habitat data in situ [17,18]. Biomass estimates of
target and non-target fishes can also be derived from length measure-
ments across a range of depths and in association with benthic
habitats. These data are contributing to the assessment of the status
of species, particularly key indicator species in fisheries and those
vulnerable to exploitation.

This technique provides a standardised sampling method that can
be deployed in a number of difficult to sample habitats such as
protected areas, high value ecosystems or areas of steep, irregular
bathymetry, high relief and large depth ranges including continental or
insular slopes [50,55]. It is an effective technique for collecting large
replicates of samples that can be adapted for deployments to depths of
hundreds of metres ([60], Wellington et al. unpublished data), as well
as assess both demersal and pelagic fish assemblages [26,42]. Stereo-
BRUVs sample both carnivorous and omnivorous fish, whilst not
decreasing the presence of herbivorous fish [25]. Linking fish assem-
blages to their environmental parameters facilitates an understanding
of some of the processes driving the assemblage structure of key
fisheries as well as CPUE standardization, both of which further
develop principles for management of deep-water fisheries.

Stereo-BRUVs can support an ecosystem based approach to gather-
ing associated ecological data that supplements other traditional stock
assessment techniques for fisheries management. Sampling over large
depth ranges and latitudes enables assessment of the influence of such
factors along with appreciation of localised spatial and habitat effects
that can elucidate temporal and spatial shifts in species compositions
across depth and latitude.

6. Genetic approaches to study stock assessment,
connectivity and diet

A key component of population connectivity is spawning and
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dispersal of marine animals via a planktonic life history stage prior to
settling back to benthic habitat several days to months later, but it has
been notoriously difficult to quantify [30]. Population genetic variation
serves as a proxy for larval transport by ocean currents and the success
of subsequent recruitment events [22]; as well as a “yardstick” for the
spatial scale of management [24]. Moreover, advancements in genomic
technologies now enable us to track and trace the movement [43,46]
and ancestries [6,41] of marine populations, respectively, with un-
precedented levels of precision. Single Nucleotide Polymorphism (SNP)
discovery and genotyping [3] via next-generation sequencing (NGS)
provides high genomic coverage and a means to quantify connectivity
within managed ecosystems by characterising processes such as genetic
drift, differential natural selection, sources of larval recruitment [5,44],
and shared barriers to dispersal between species (e.g. [36]).

This developing genomics approach will be particularly useful to
identify source-sink dynamics in the data-poor, deep-water snappers
and groupers, provided sufficient tissue samples can be obtained
(~N=10–20 per site). As one example, the widespread eightbar grouper
(Hyporthodus octofasciatus Griffin 1926) is one of the largest epine-
phelids targeted on continental and insular slopes and seamounts
[51,53], with a marked increase in commercial catches in Western
Australia from 0.8 t in 1997 to 82.6 t in 2004 (unpub. data,
Department of Fisheries Government of Western Australia). Genetic
approaches using traditional mitochondrial DNA markers have identi-
fied two independently evolving lineages (Western Australia versus the
rest of the Indo-Pacific; DiBattista et al. in prep.), which is consistent
with differences in the phenotypic appearance of putative cryptic
species (e.g. [4,54]). Also in Western Australia, this protogynous
hermaphrodite only exhibits spawning activity in tropical latitudes,
despite a continuous distribution across 23° of latitude [53]. This deep-
water species and its spawning omission in temperate latitudes there-
fore provides an unique opportunity to test the utility of high-
throughput next generation sequencing approaches to identify the
exact sources of larvae that recruit to potential sink populations under
a fisheries management framework.

Lastly, environmental DNA (eDNA) approaches to detect the
presence of species in the water column and the diet of target species
(via gut-content analysis) are emerging technologies that may benefit
our understanding of the biology of deep-water snappers and groupers.
Preliminary reports that the eDNA signature obtained from water
correlate with fish abundance measures [31,47] could be explored in
the context of snapper/grouper stock levels.

7. Harvest strategies

Despite substantial progress in the collection of data and the types
of analysis available for data-poor fisheries, there is still a need for the
application of harvest strategies within a resource-poor context. Large-
scale efforts in recent years to undertake detailed life history research
on fishery important deep-water species (e.g. [51,53,57]), enables the
potential for knowledge transfer and the use of this information to
improve the management of numerous resource-poor fisheries re-
sources throughout the Indo-Pacific. This workshop began to explore
the use of a range of common assessment techniques and their
application to a range of recently collected life history data. This
application of assessment techniques aims to investigate the viability
and/or accuracy of different age- and length-based catch curve assess-
ments to derive mortality estimates. The completion of this work will
enable resource-poor fisheries to be informed in regard to the applica-
tion of robust assessment techniques and concomitantly the appro-
priate monitoring programs and data requirements that will need to be
implemented to underpin these techniques. For example, by investi-
gating the robustness of length- vs age-based catch curves for species
with different life history characteristics, managers can make an
informed decision about how an indicator species can be efficiently
and effectively monitored, and assessed, and those that are most

appropriate to inform fishery managers of stock status. The informa-
tion generated by this work will contribute directly to the recent
reinvigoration of deep-water fisheries throughout the Indo-Pacific, as
evidenced by the development and updating of fisheries management
frameworks for numerous nations (e.g. Tonga, Kiribati, Vanuatu, PNG,
Solomon Islands).

Recent successes in the management of data-poor fisheries (e.g.
[34,45]) have been largely restricted to relatively resource-rich fisheries
in terms of science capacity and expertise. There is a need for the focus
of research on such fisheries to extend to resource-poor fisheries, which
lack the tools and/or planning frameworks required to appropriately
assess and manage fisheries. One of the key challenges for resource-
poor fisheries is the development and implementation of a resource
appropriate harvest strategy. These fisheries are limited at each major
step required for harvest strategy development, including the data
which can be collected (monitoring program), analytical capacity to
assess fisheries (assessment techniques), and the number and type of
management tools that can be enforced as a result of stock assessment
outcomes. Although some progress has been made for certain data-
poor fisheries [21,34], these harvest strategies fail to reconcile with the
resource limitations of many deep-water fisheries throughout the Indo-
Pacific. In order to address some of these limitations, this workshop
consolidated recent work on the development of a resource-poor
appropriate harvest strategy framework (Hill et al., unpublished data).
This framework will outline key considerations resource-poor fishery
managers must make to improve the sustainability and long term
viability of their fisheries. By explicitly addressing inherent resource
limitations, involvement of stakeholders and appropriate consideration
of uncertainty within available data and assessment outcomes, man-
agers can reduce the likelihood of overexploitation and improve the
long term success of fisheries management.

8. Conclusions

There is still much that is required within the data-poor and
resource-poor context of fisheries science and management.
However, it is noted herein that one of the remaining fundamental
requirements for deep-water fisheries is knowledge of the appropriate
spatial scale or units for monitoring, assessment and management. The
linkages and connectivity between slopes, shelves and seamounts are a
priority (i.e. what are the linkages across small countries and terri-
tories, and what is the nature and form of gene flow and fish move-
ment?). Ongoing knowledge transfer and the development of interna-
tional ageing protocols will seek to resolve many of the issues under-
pinning the life history knowledge requirements for these fisheries.

Furthermore, there is a need to examine what assessment ap-
proaches can be used and in what context for data and resource-poor
fisheries. Due to data limitations, single species assessment methods
are recommended, and for a number of fisheries, where catch and effort
data are unreliable, catch curve-based assessments are recommended,
particularly as they enable assessment of fisheries with respect to
internationally accepted reference points. For some jurisdictions, a
limitation may be sourcing reliable age data. In these circumstances the
applicability of length-based approaches needs to be assessed. Simple
equilibrium age-based models (per recruit models, using all available
biological data, extended to incorporate a stock recruitment relation-
ship – to account for potential fishing impacts on recruitment) are
recommended. The proposed comparison of length- and age-based
approaches as well as the length and age-based hybrids (i.e. reliant on
an age-length relationship to derive ages from length measurements)
will contribute to many harvest strategy approaches into the future.

Representative and adequate sampling programs are required to
underpin studies of the life history attributes and age structures of
deep-water snappers and groupers. This life history information and
knowledge base forms the first principle requirements for a long-term
monitoring and assessment program. This first principle information
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strengthens any resultant harvest strategy, enabling an improved
fundamental understanding of the vulnerability of deep-water species
to fishing pressure.

Improvements to fisheries resource monitoring, assessment and
management are often incremental and variable in a resource-poor
context. By addressing the first principle requirements described and
detailed in sections above, strategies for the successful development of
harvest strategies can be enabled. The end process is to develop
transparent and detailed harvest strategies that encompass fisheries
monitoring, assessment and management frameworks and thus enable
the sustainable development of deep-water tropical fisheries resources.

The promotion of knowledge-sharing combined with the develop-
ment, adoption and increased rigour associated with monitoring
programs arising from these workshops has enhanced their significance
to management agencies in the wider Indo-Pacific. As such, it is
recommended that a Standing Committee for Indo-Pacific Deep-water
Fishes be formed. This Standing Committee will be used to further
progress monitoring, assessment and management of deep-water
demersal fishes and promote knowledge sharing and transfer among
states and territories.
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