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Introduction
There are a number of characteristics that make some sea cucumber species vulnerable to
overfishing, particularly if they are relatively valuable as a traditional seafood product in Asian
markets. Some sea cucumber species have low productivity because they grow slowly, have low
natural mortality and sporadic recruitment. As a benthic and relatively sessile animal, sea
cucumbers found in in shallow water can be easily caught without much technology, while those in
mid to deep water are more difficult to harvest. Further, although some species are distributed
broadly across a range of habitats, others are restricted to patchy distributions in specific habitats,
which can lead to serial depletion of patches if not adequately controlled. Because of these
characteristics, generally, sea cucumber fisheries world-wide have suffered from overexploitation
and ‘boom and bust’ cycles.
As one of Australia’s oldest fisheries, the commercial harvesting of sea cucumbers off the east coast
of Queensland began in the early 1800s and continued at varying levels over the next century. The
fishery was interrupted during the world wars and slowly declined after WWII. The fishery increased
again during the 1980’s spurred by increasing prices and developing markets in Asia, particularly
China. Management of the current Queensland Sea Cucumber Fishery (East Coast) (QSCF-EC) began
during this period under the Queensland Fisheries Act 1994 and its subordinate legislation the
Fisheries Regulation 2008. The jurisdictional area of the fishery in Queensland waters is extensive,
running along the entire length of the State's shoreline, from NSW to the NT border, but the
commercial fishery only operates from Tin Can Bay (26oS) to Cape York (10oS).
Black Teatfish, considered to be a single stock within the area of the QSCF-EC, was the most sought
after species in the QSCF-EC during the 1980s and 90s. Uthicke and Benzie (2000) found that
densities of Black Teatfish on 16 GBR fished reefs in Zone 1 (Figure 1) were reduced by around 75%
compared to 4 unfished reefs (Zoned Marine National Park or ‘green’ reefs). At this density, there
was concern that fertilisation success may be compromised (Uthicke and Benzie 2000). Continual
declines in both catches and catch rates raised serious concerns about the status of Black Teatfish
stocks and a zero Black Teatfish TAC was introduced in 1999 due to concerns about overfishing. The
fishery retained a zero TAC for Black Teatfish for 15 years.
Since this time, the number of licences permitted to harvest sea cucumber from the Fishery has
reduced from 35 to just 18 authorities (“Authority Holders”) owned primarily by two entities. The
Queensland Sea Cucumber Association (“Association”) represents these Authority Holders. A Total
Allowable Catch (TAC) is divided among the 18 authorities using a system of individual quotas (IQs).
The main controls on the fishery are limited entry, effort restrictions, reef closures, a rotational reef
harvest strategy and TACs assigned to Black Teatfish, White Teatfish and all other species combined.
In 2020 the TAC comprised of 30 t of Black Teatfish, 53 t of White Teatfish, and 308 t of other species
(DAF, 2020). There is also a minimum legal size of between 20 and 50 cm depending on the species.
The QSCF-EC management, when combined with the considerable controls (Licence Conditions) of
Great Barrier Reef Marine Park Authority (GBRMPA) provides strict management of the harvest of
the sea cucumber resource. A study by CSIRO titled “Evaluating rotational harvest strategies for sea
cucumber fisheries” (Skewes et al. 2014), found that despite some information gaps, in general the
current management arrangements “result in a low risk to most fishery species”.
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A survey was undertaken in 2015 to estimate biomass and determine the level of recovery in of
Black Teatfish in Zone 1 (Knuckey and Koopman, 2016). That survey determined that Black Teatfish
densities in reefs open to fishing had recovered to between 92.2% and 87.2% of those in reefs that
had been closed to fishing. Under the management arrangements at the time, this recovery would
have led to the introduction of a non-zero Black Teatfish TAC, but a record coral bleaching event in
the northern regions of the GBR during 2016, suggested precaution and the TAC remained at zero
tones until 2020 when it was increase to 30t based on the results of the survey and management
strategy evaluation (MSE) of the rotational harvest strategy (Skewes et al. 2014).
On 28 March 2018 the management arrangements for the QSCF-EC were deemed to be sustainable
and the fishery was granted an exemption from requiring export approvals under the Environment
Protection and Biodiversity Conservation Act 1999 (EPBC Act) until 28 August 2025.
The Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) aims
to ensure that international trade of wild animals and plants does not threaten their survival. Every
two to three years, the member States — or Parties, of which Australia is one — meet to review the
implementation of the Convention, including to consider (and where appropriate adopt) proposals
to amend the lists of species in Appendices I and II. At the Eighteenth Meeting of the Conference
of Parties held over 17–28 August 2019 in Geneva, the Secretariat recommended the proposal to
list the following two sea cucumber species that inhabit Australian waters in Appendix II of CITES:
• Black Teatfish (Holothuria whitmaei),
• White Teatfish (H. fuscogilva).
The listing of those species came into effect on the 28th August 2020, 12 months after the proposal
was accepted. As a party to the Convention, Australia must apply all CITES provisions of the
Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act) to CITES imports and
exports. Specimens being exported from Australia for commercial purposes must come from an
approved commercial source, such as a Wildlife Trade Operation (WTO) approved fishery under the
EPBC Act. This means that the species can only be exported under a CITES export permit, issued by
the Department of Agriculture, Water and the Environment (the Department) under the EPBC Act.
This permit can only be issued if a positive non-detriment finding has been made for that species,
meaning that the level of take of that species has been found to not be detrimental to or contribute
to trade which is detrimental to the survival of the species in the wild.
Following submission of a report to inform non-detriment findings (NDF) of Australian fisheries for
Black Teatfish and White Teatfish (Koopman and Knuckey, 2020), the Queensland Department of
Agriculture and Fisheries (QDAF) applied to the Department of Agriculture, Water and the
Environment (the Department) in July 2020, for the fishery to be approved as a WTO. The
Department subsequently assessed the fishery in September 2020 (DAWE 2020) under the EPBC Act
and against the Australian Government ‘Guidelines for the Ecologically Sustainable Management of
Fisheries – 2nd Edition’. and the Delegate of the Minister for the Environment amended the
conditions of the current WTO declaration for the fishery to allow for the export of these two CITES
listed species.
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The Department recommended that the fishery be granted export a short (12 month) approval, until
30 September 2021, by declaring the fishery an approved WTO under the EPBC Act. A number of
conditions were applied to the short-term Part 13A approval, however, to ensure more information
on stocks and the ongoing sustainability of management arrangements can be considered before a
longer-term approval is considered. One of the conditions of the declaration was to design and
implement a survey to estimate population biomass and density of Black Teatfish south of 19
degrees south (Zone 2).
The Queensland Sea Cucumber Association engaged Fishwell Consulting to propose a survey design
to estimate biomass and density of Black Teatfish in Zone 2 of the QSCF-EC.

Figure 1. Map showing Zone 1 and Zone 2 areas of the Queensland Sea Cucumber Fishery (East
Coast); Source: Fisheries Queensland.
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Objectives
Conditions of the approved WTO declaration for the QSCF-EC include the need to estimate
population biomass and density of Black Teatfish south of 19 degrees. To address this, the objective
of this report is to:
•

Propose a survey design that will estimate population biomass and density of Black Teatfish (Holothuria
whitmaei) in waters within the area of Queensland Sea Cucumber Fishery (East Coast) south of 19
degrees south.

•

The proposed transect locations will be detailed in the survey design.

•

This fishery-independent design approach must be peer-reviewed by 31 January 2021.

•

The Zone 2 survey must be completed and results published by 31 July 2021.

Methods
Previous surveys
Benzie and Uthicke (2003) undertook comprehensive sampling of sea cucumbers (particularly Black
Teatfish) across most of the Great Barrier Reef (GBR). These surveys provide a valuable baseline of
information about survey methods relevant to Black Teatfish abundance estimation.
The reef flat area is considered the main habitat of Black Teatfish (Benzie and Uthicke 2003) and
their surveys concentrated on this habitat. They state, however, that within this habitat, areas with
> 60% sand cover were avoided because Black Teatfish was generally not found.
Due to the relatively low densities of Black Teatfish, they found manta tows along a 250 m x 2 m
transects were the best method to cover enough area to adequately sample this species in shallow
waters. They established that the mid- and outer-shelf reef habitat are preferred by Black Teatfish
and that the species is more common in the northern zone (north of Townsville) than the southern
zone (Benzie and Uthicke 2003). In fact, they detected no Black Teatfish on closed reefs in the
Swains region.
Northern Zone 1 surveys
Previous studies have surveyed reefs in the northern region to estimate Black Teatfish population
densities and biomass (1999, 2000, 2001; Benzie and Uthicke, 2003; Uthicke et al., 2004) (Figure 2).
Of the previous surveys, 23 reefs were re-sampled and therefore there is multiple years of data
(Table 1) for these reefs. These include 12 reefs currently zoned open to fishing, 9 closed to fishing,
and 2 reefs with dual zoning (½ open and ½ closed to fishing).
Knuckey and Koopman (2016) undertook a survey to estimate the biomass and recovery of Black
Teatfish in Zone 1. They randomly chose open and closed reefs within the Outer Barrier and Exposed
Mid Shelf bioregions (Figure 3), undertaking random transects within the strip of “reef top buffer”.
Overall, 283 survey transects were undertaken on a total of 26 (of the 110 reefs available that met
the criteria in the two strata sampled) reefs comprising areas that were historically both open and
closed to fishing: 160 in the Exposed Mid Shelf bioregional stratum of the GBR and 123 in the Outer
Barrier stratum. The number of transects undertaken on each reef was relative to the size of the
reef and ranged between 5–19 transects.
Mean density of Black Teatfish varied greatly between reefs following a general trend of relatively
high density on the northern reefs to lower density on the southern reefs. Mean (and 95% CI) Black
Teatfish densities on closed and open reefs in the Exposed Mid Shelf stratum were 13.51 per ha
(6.82-20.20 per ha) and 12.45 per ha (7.93-16.98 per ha) respectively, and 27.03 per ha (13.266
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40.79 per ha) and 23.57 per ha (16.99-30.15 per ha) in the Outer Barrier stratum. This equates to
the open reefs in the Exposed Mid Shelf and Exposed Mid Shelf strata having densities that were
92.2% and 87.2% of the densities in the closed reefs. Overall, total gutted biomass estimated from
the 2015 survey was 379 t (232–525 t 95% CI), which is 28 t (or about 7%) less than the “pre-fishing”
biomass estimate of 407 t (202–612 t). Based on these results, the biomass of Black Teatfish in the
Exposed Mid Shelf and Outer Barrier strata of the QSCF-EC appeared most likely to have recovered
to above 70% of the unfished population density, thereby achieving Performance Management
System (PMS) operational objective, achieving the BRE-OPEN level required to re-open the fishery.

Figure 2. Reefs sampled in the northern zone by previous surveys (Benzie and Uthicke, 2003).
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Figure 3. Zone 1 strata used in the design of 2015 Black Teatfish survey (Knuckey and Koopman,
2015).
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Southern Zone 2 surveys
Previous surveys conducted in the southern region sampled 25 reefs including 18 open to fishing
and 7 closed to fishing. These reefs were sampled only once (Figure 2; Benzie and Uthicke, 2003).
Densities were highest on reefs open to fishing, and were particularly high on Little Broadhurst Reef,
Stucco Reef, Reef 19-156 and Reef 21-149.

Figure 4. Reefs sampled in the southern zone by previous surveys (Benzie and Uthicke, 2003).

Survey rationale and principles
An important aspect about the surveys and analyses by Benzie and Uthicke (2003) was that they
mainly focused on comparing population densities between fished and unfished reefs. Basically,
they provided a comprehensive set of reef-based patterns of abundance (counts, density and
biomass) for fished and unfished reefs across the GBR.
This information was used in conjunction with geographical information systems (GIS) coverage to
estimate total biomass of the region before and after fishing based on the assumption that across
mid-shelf and outer-shelf reefs between 12oS and 19oS, the “dry reef area” shapefile was a
reasonable estimate of the size of the habitat of Black Teatfish at each reef. It is not clear how reefs
were selected across the GBR, but it appears that they were not selected randomly within the
broader zones, but were selected to cover the spatial extent of the GBR and to ensure that open
and closed reefs in similar areas were chosen. Whilst this survey design was appropriate for
between-reef comparison of fished and unfished reefs required at the time, it does not meet the
statistical requirements needed to provide a robust estimate of biomass for the region.
We have designed a random stratified survey that can estimate population biomass and density of
Black Teatfish (Holothuria whitmaei) within Zone 2 (south of 19oS) of the Queensland Sea Cucumber
Fishery (East Coast) south of 19 degrees south.
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Random stratified surveys are a proven and statistically robust method to estimate sea cucumber
populations (e.g. Skewes et al. 2003). The value of a random stratified survey design is that the
sampling region is divided into specific zones (strata) based on known or perceived differences in
how the animal is distributed among those different strata. Each stratum is treated independently
and the location of sampling sites within those strata needs to be random to minimise bias in site
selection.
The more sampling sites that are used (replicates), the more precise an
abundance/biomass estimate is likely to be and, generally, regions with higher variability in catches
require more sampling. The total amount of sampling conducted (i.e. number of sites within each
strata) is usually a balance between trying to achieve greater precision and limited resources (time
and money). There will be a minimum number of sites to be sampled to achieve ‘robust’ population
estimates. Murphy et al. (2009) suggest 800–1000 sites for sea cucumbers but it is very dependent
on the strata chosen and the density variation within and between strata. The sampling unit is also
important and relates to the sampling method used. Based on previous surveys of Black Teatfish,
manta tows and diver transects are an appropriate method of sampling and the optimum size of
transects for each method has been established for this species (Benzie and Uthicke, 2003; Skewes
et al., 2010). Once the appropriate strata, replication and sampling methods are determined, the
use of industry vessels and crew can optimise the cost-effectiveness of these surveys as an ongoing
survey of abundance (eg. Knuckey et al. 2006; 2009; 2013).

General sampling methods and quality control
This survey was undertaken in accordance with permit G19/43039.1 and the sampling and analysis
approved on 2nd March 2021 (file number P009929).
Manta tows
Based on techniques adopted in previous surveys for sea cucumbers, and specifically Black Teatfish
(Uthicke and Benzie, 2000; Skewes et al., 2010), manta tows will be conducted along transects of
250 m at a speed of 2 knots (measured via GPS). This requires about a 4-minute period but distance
will over-ride time in determining duration of tow. A 2 m long pole will be attached to the front
edge of the manta board to facilitate the counting of animals within a 2 m wide transect. The
resulting area covered will be about 500 m2. Start and end positions will be recorded using GPS,
and this will be used to calculate the actual distance of each tow. During each tow, a diver will
record the depth, visibility, substrate type, percent cover of major benthos (corals, sponge etc),
relief and abundance of the target sea cucumbers (data sheets for diver, vessel and weights will be
based on those of Purcell et. al., 2009). Manta boards will be equipped with a dive slate for
recording observations. Consideration should also be made into recording counts for other species
of sea cucumber, preferably all species, however commercially valuable species may be prioritised
for counting based on consultation with industry members (e.g. Burrowing Blackfish, Actinopyga
spinea and White Teatfish, Holothuria fuscogilva based on recommendations of Skewes et al.,
2014). Five specimens of Black Teatfish will be collected along each transect, placed in a catch bag
and brought back to the tender vessel for weighing and measuring.
Hookah transects
All diving will be conducted in accordance with the standards set out buy the companies employing
the divers. Transects undertaken on Hookah will use the hip-chain device described by Leeworthy
and Skewes (2007) to measure 200 m long transect, using a 2 m wide bar to facilitate the counting
of animals within a 2 m wide transect and resulting in a 400 m2 area covered Skewes et al. (2010).
The hip-chain device and dive slate will be attached to the bar, and data recorded on dive slates.
Depending on the sample numbers required, transects will either be conducted by a single diver or
pair of divers (running parallel transects about 5 m apart). Successive transects may be undertaken
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by a diver(s) in one dive if there is sufficient space. If that is the case, the diver(s) will advance 3050 m past the end of the first transect, and randomly select a new start position (Purcell et al., 2009).
Crevices and ledges will be searched along these transects. GPS positions will be recorded at points
of entry and exit. Transect positions will be extrapolated from those GPS positions, and distances of
transects and advancements recorded by the diver. Data collection for hookah dives will follow that
of manta tows, with the addition of recording advancement distance. Five specimens of Black
Teatfish will be collected along each transect, placed in a catch bag and brought back to the tender
vessel for weighing and measuring.
Video verification and validation of transect data
It is important to ensure the data collected during a survey is of high quality. In dive surveys, issues
of lack of detection, misidentification, and simple counting errors can compromise the quality of the
data and may be influenced by differing diver experience, water clarity, light level, time of day,
benthic habitat etc. Purcell et al. (2009) note that Black Teatfish “is sometimes difficult to sight on
transects in deeper water in habitats with boulders because it is usually covered with fine sand and
can resemble small boulders to inexperienced workers. It also can rest beside rocks or structures
during the morning”. Every manta tow and diver transect will be recorded by video for verification
and validation of survey data. Video footage of transects will be regularly reviewed and compared
to diver data sheets to assist in diver survey techniques and verify the accuracy of sea cucumber
counts and identification. For application to wildlife surveys the following definitions are suitable.
Verification: ensuring the accuracy of the counts and identification of the things
being recorded.
Validation: carrying out standardised, often automated checks on the
“completeness” and accuracy of the content of a record.
In addition to verification, the video footage will be archived as a validation tool for the survey. Use
of experienced commercial divers for the survey is cost-effective and efficient because of their skills
and experience in operational aspects of fishing and the harvesting of sea cucumbers. There is a
concern, however, that industry divers may not be “independent”, which may lead to potential bias
in the survey results. The use of video footage to record each transect enables an independent
means of validating survey data should this be required. For example, a random selection of 5% of
transects will be reviewed independently for validation. Experience obtained during the Burrowing
Blackfish survey by Koopman et al. (2019) found value in the divers pointing to animals counted,
which helps with the accuracy and speed at which transect footage can be reviewed. Tenders will
be coordinated from a main vessel with separate dive teams operating from two tender vessels. The
dive team on each tender vessel will depend on the planned sampling method used for that vessel
(see below). Generally, the main vessel will anchor at a survey reef and the dive teams will operate
independently in accordance with the dive plan agreed at the start of the day to maximise safety
and sampling efficiency, and may involve sampling two different reefs in a single day. The ability to
survey two reefs each day will depend on the proximity of survey reefs to one another, and local
tides with some areas (particularly in the southern region) having large tides and extended daily
periods of reef flats being too shallow to conduct surveys. Consultation with local BDM divers will
help in determining the optimum sampling approach with respect to tides and lunar phases.
At the beginning of each survey trip, a survey plan will be developed in consultation with the skipper
to determine the most efficient order in which to sample reefs. Depending on the size of the reef,
number of tows to be conducted at each reef and the proximity of other reefs to be sampled, the
teams may operate on the same or different reefs on any one day.
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On the first dive day of each trip, calibration / training mantas tows will be undertaken by all divers
in each team. A second manta board will be attached 4 m behind the first by two lengths of rope
and a bridle. The number of sea cucumbers of each target species will be recorded independently
during a four-minute tow. At the end of each tow, divers will compare results and discuss
discrepancies. If required, tows will be repeated to reduce discrepancies between divers. Video
footage can be used in this respect. This calibration at the start of each trip is the preferred method
of quality control, as it is not as time consuming as, for example, ongoing, random double tows to
estimate precision between divers (Miller et al. 2009), and allows for a greater number of survey
replicates to be conducted
Measuring and weighing
To enable calculation of biomass from survey counts, a maximum of 5 specimens of Black Teatfish
will be temporarily collected from each transect (with 300 transects, that means that the maximum
number of Black Teatfish that will be weighed during the survey will be 1,500). Each animal will be
taken to the tender at the end of each transect, and measured and weighed using the methods of
Uthicke and Benzie (2000) and (Purcell et al., 2009). Animals will be allowed to drain on the deck
for at least 2 minutes being weighed to the nearest 5 g. If the readout of the balance is inconstant
due to wave action, a median weight will be inferred from the range in readouts over a 5–10 second
period. Length and width along the ventral surface will also be measured to the nearest 0.5 cm.
Body width will be taken at the middle of the animals. This will take a maximum of 5 minutes per
animal (all animals will be returned to the water after a maximum of 25 minutes total). Animals will
be returned to the site of collection within 25 minutes.
Although Black Teatfish can be found on fore- and back-reef slopes they are generally in very low
densities, and they are mainly found on shallow reef flat habitat (Uthicke and Benzie, 2000; Skewes
et al. 2003). Skewes at al. (2010) describe this preferred habitat as the Reef top buffer – a 200 m
buffer that runs inside the outer reef margin (reef edge line). Observations by industry members,
however, suggest large populations of Black Teatfish in deeper water (15-20 m) in the southern
zone.
If we are to sample both the “Reef top buffer” and the deeper slope waters, then two sampling
techniques are required. Previous studies have found that in relatively shallow waters, the manta
tow survey technique is well suited to sampling Black Teatfish populations due to their relatively
low densities, enabling rapid assessments to be conducted over large areas. Sampling of the deeper
waters of the “Reef Slope” requires hip-chain transects to be undertaken using Hookah. These two
sampling methods are described below.

Survey Design
Our approach to the 2021 survey has been influenced by one fundamental assertion by industry —
that due to the greater tidal range (vertical difference between high tide and low tide) in the
southern region (Zone 2) of the GBR compared to the northern zone, Black Teatfish in shallow
waters experience longer exposure across a greater amount of reef at low tide, particularly during
spring tides. It is industry’s contention that this increased level of exposure leads to a preference
of Black Teatfish for deeper reef slopes than the reef top habitat preferred in the northern zone
(Benzie and Uthicke, 2003) and Torres Straits (Skewes et al. 2010).
Stratification
Bioregional
Tropical coral reefs contain a broad range of habitats in which sea cucumber populations can be
found. In the western and central Pacific Ocean, Black Teatfish can be found on reef flats, slopes
12
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and shallow seagrass beds between 0 and 20 m (Kinch et al. 2008). Often, hydro-dynamics factors
and sediment type are key habitat characteristic for defining the niches of holothurians.
Kerrigan et al. (2010) classified the 2900 reefs of the GBR into 30 reef bioregions based on the spatial
patterns and composition of reef fish, soft corals, hard corals, reef biota and macroalgae and
information on reef geomorphology, bathymetry, mean tidal range, broad-scale currents and
existing regionalisations. These reef bioregions (Table 1) were used to define the highest-level
strata used in the survey design. Obviously, within these high-level bio-regional strata there are
particular habitat types that are preferred by Black Teatfish. Generally, the deep, sandy non-reef
habitat is not considered a preferred habitat of Black Teatfish and has not been included in the
current survey design. Whilst Black Teatfish can be found in coastal and inshore reefs, Benzie and
Uthicke (2003) detected none on locations closer to the shore. They noted a preference for outer
and mid-shelf reefs and particularly the Ribbon Reefs.
Discussions with industry members indicated particular areas of interest with in Zone 2 as outlined
in Figure 5. They roughly corresponded the following six bioregional classification of reefs which we
propose form the six strata for this survey:
•
•
•
•
•
•

Strong Tidal Mid Shelf Reefs (West) (RHW)
RA4 Strong Tidal Outer-Shelf Reefs
Hardline reefs bioregion (RHL)
Swains Mid Reefs (RSW-M)
Swains Outer Reefs (RSW-O)
N Swains-Northern Reefs (RSW-N)

These reef bioregions are highlighted in Table 1 and described in Table 2.
Changes were made to three of the reef bioregions to focus the survey on Black Teatfish:
•
•

•

Strong Tidal Mid Shelf Reefs (West) (RHW) – reefs south of Hydrographers Passage were removed
because of a lack of Black Teatfish;
RA4 Strong Tidal Outer-Shelf Reefs – Reefs south of Hydrographers Passage were removed because
they are largely green zones, and those north of Joist Reef (longitude 149.632˚, latitude -19.460˚)
because of a lack of Black Teatfish; and,
Swains Mid Reefs (RSW-M) – the inner reefs were removed because of a lack of Black Teatfish.

For practical reasons, only reefs with a BIOREG_REEF area of >1km2 will be considered for sampling.
Reefs to be surveyed will be selected randomly within these main bioregional strata.
Once a random reef is selected based on the above criteria, random transects will be undertaken
on the reef top for sampling with manta tows and on the deep reef for sampling with diver hip-chain
transects. The emphasis of sampling in Zone 2 will be towards the latter.
Historical commercial fishing for Black Teatfish has been limited in Zone 2, but there has been fishing
in the past two years. Benzie and Uthicke (2003) found no significant difference in Black Teatfish
abundance between open and closed reefs in the southern zone. Based on this, we consider there
is no reason to use a zoning (open / closed) stratum for this survey.
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Table 1. List of GBR reef bioregions defined by Kerrigan et al. (2010). Those bioregions used as a
basis for stratification during the 2015 survey of Black Teatfish are highlighted with light shade,
and those considered for the 2021 survey are in bold and shaded darker grey.
RA1 Deltaic Reefs

RE6 Incipient Reefs

RA2 Outer Barrier Reefs

RE7 Tidal Mud Flat Reefs

RA3 Outer Shelf Reefs

RE8 Coastal Southern Fringing Reefs

RA4 Strong Tidal Outer Shelf Reefs

RF1 Northern Open Lagoon Reefs

RB1 Far Northern Outer Mid Shelf Reefs

RF2 Central Open Lagoon Reefs

RC1 Torres Strait influenced Mid Shelf Reefs

RG1 Sheltered Mid Shelf Reefs

RC2 Far Nth Protected Mid Shelf Reefs

RG2 Exposed Mid Shelf Reefs

RCB1 Capricorn Bunker Outer Reefs

RHC High Continental Island Reefs

RCB2 Capricorn Bunker Mid Shelf Reefs

RHE Strong Tidal Mid Shelf Reefs (East)

RD Far Northern Open Lagoon Reefs

RHL Hard Line Reefs

RE1 Coastal Far Northern Reefs

RHW Strong Tidal Mid Shelf Reefs (West)

RE2 Coastal Northern Reefs

RK Strong Tidal Inner Mid Shelf Reefs

RE3 Coastal Central Reefs

RSW-M Swains Mid Reefs

RE4 Coastal Southern Reefs

RSW-N Swains-Northern Reefs

RE5 High Tidal Fringing Reefs

RSW-O Swains Outer Reefs

Table 2. GBR reef bioregions and descriptions (Kerrigan et al. 2010) used as a basis for
stratification during the 2021 survey of Black Teatfish.
Reef Bioregion

Description

RHW
Strong Tidal MidShelf Reefs (West):

High energy/high tidal movement. Turbid water.
High water-column productivity. Biologically distinct (fish). Leeward parts of reefs
dominated by filter-feeders.

RA4
Strong Tidal OuterShelf Reefs:

Continental shelf protrudes widely but slopes gently. Small outer reefs set back
from the edge. Strong tidal movement, high-energy area, biologically distinct.

RHL
Hard Line Reefs:

Geomorphologically distinct. Extensive outer barrier, set well back from edge of
continental slope. Fish communities less diverse, but similar to Swain Reefs and
Whitsundays. Strong influence from Broad Sound, high tidal energy. Current-swept
channels with steep walls, sheltered leeward-reef communities with low diversity
but high abundances of selected species.

RSWM
Swains Mid Reefs:

Very sheltered. Biologically distinct communities from Swains Outer Reefs
(RSWO). Many cays. Fuzzy boundary with RHE.

RSWO
Swains Outer Reefs:

Set back from shelf edge. Easterly aspect. Lower influence of Coral Sea fauna than
RSWN. Biologically distinct from Mid Swains (RSWM), more similar to Capricorn
Bunker Outer Reefs (RCB1). Communities on flanks and leeward sides dominated
by xeniids, a large and very characteristic group of soft corals, unique in their
ecology and biology.

RSWN
N Swains-Northern
Reefs:

Near edge of continental slope. Northerly aspect. Biologically distinct with strong
influence of Coral Sea fauna and some similarities to northern outer-shelf reefs, but
lower diversity of hard and soft coral species.
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Figure 5. Zone 2 survey strata based on bioregional classification of the reef types.
Reef habitat
Within tropical reefs there are a range of fine scale habitats for which Black Teatfish have different
preference. The reef top area is considered the main habitat of Black Teatfish in the GBR (Benzie
and Uthicke 2003) and Torres Strait. Skewes (2010) identified three reef habitat strata: the reef
edge, the reef top and a reef top buffer stratum, being a 200 m wide buffer around the inside of the
reef margin. The latter was identified as an area likely to contain higher quantities of Black Teatfish
(Skewes et al. 2003). In survey off New Caledonia, Purcell et al. (2009) divided the reef habitat used
for stratified sampling into: Crest; Front slope; Reef flat; Lagoon; and Passes or deep substrata (Table
3).
Both the Skewes (2010) and Purcell et al. (2009) stratum classifications were considered for the
2021 GBR survey of Black Teatfish. Our choice of reef habitat stratification was significantly
influenced by the available GIS resources and the implication this had on our ability to extrapolate
the strata from surveyed reefs to all reefs within each bioregional stratum (to estimate biomass).
In many cases, each of the bioregional stratum contained 300–400 reefs, and we did not have the
resources to apply specific GIS algorithms to each individual reef within a bioregion. Based on the
GBR GIS data available, we used “reef top” and “reef slope” as the strata for each reef within each
bioregion. How each of these is defined is provided in the next section.
Benzie and Uthicke (2003) have noted that Black Teatfish were observed in deeper habitats around
the reef. Martin Cunningham (Pers. Comm.) also stated that there are significant quantities of Black
Teatfish in the slope zone around the reefs, particularly in the southern Zone (Zone 2). As stated
previously, industry contends that due to the greater tidal range (vertical difference between high
tide and low tide) in Zone 2, reefs experience longer exposure of a greater amount of reef at low
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tide ― particularly during spring tides ― making the deeper reef slope habitat more preferable for
Black Teatfish than in the more northern reefs.
In New Caledonia (20oS – 23oS), Purcell et al. (2009) found that Black Teatfish was most dense within
the pass and deep-water habitat at lagoon sites but at barrier reef sites, it was slightly denser on
the reef flat habitat than in the passes. They suggested that this variation in habitat specificity may
result from differing sediment types and currents on reef flats between the two reef types.
Based on these observations, reef slope habitat was included as a stratum in Zone 2, but in the
southern zone there should be relatively greater sampling of this stratum than the dry reef stratum
compared to Zone 1 in the north.
Table 3. Within reef habitat described by Purcell et al. (2009).
Habitat

Description

Crest

Exposed to predominant swell or waves. Zone where the waves break on the reef.

Front slope

The fore-reef substrata, descending 3-8 m on the wave-exposed side of the reef
crest.

Reef flat

Mostly shallow, hard reef substrata leeward of the crest, but not dominated by sand

Lagoon

Mostly sand substrata, leeward of the reef flat. Often with patch-reefs or bommies

Passes or deep substrata

Deep substrata from 8-25 m, hard or soft, just within barrier reef passes.
Alternatively, deep substrata at the base of lagoon reefs.

GIS Data Preparation
One of the requirements of conducting a random stratified survey is that the area of each stratum
is known so that the information collected by sampling each transect of known swept area can be
weighted-up, obtain population estimates for the entire stratum. Geographic Information Systems
(GIS) is an appropriate tool for this type of analysis.
All GIS analyses were performed using QGIS 3.10.10. GIS layers were obtained for the entire survey
area. Primary among these were the shape files obtained from the Great Barrier Reef Marine Park
authority (GBRMPA). These shapefiles are described in Table 4.
An example of a few reefs in the Swains bioregion and satellite imagery is used to illustrate the
different shapefiles and explain how they were used in the GIS analysis (Figure 6). The
GBR_DRY_REEF shapefile shows the areas of reefs and provides a good match to the edge of the
reef shown in the satellite image (Figure 6). Most times the GBR_DRY_REEF polygon does not
include the lagoons within reefs (e.g. Reef 2) but there are some instances where this polygon
includes lagoons within the reef top (e.g. Reef 1). This layer is useful for defining the reef top. Based
on surveys in the GBR, the GBR_DRY_REEF polygon was used by Benzie and Uthicke (2003) as “a
reasonable estimate for the size of the habitat of Holothuria nobilis at each reef” noting that it may
include sandy back reef areas in some instances (e.g. Reef 1). Although other studies have made
further stratification of the reef top, we will treat GBR_DRY_REEF as one strata termed “reef top”
and sample randomly from within this strata.
As mentioned above, we believe that the reef slope should be included as a survey stratum if a
robust population estimate of Black Teatfish is to be obtained. Definition of this stratum based on
GIS information is not as straight forward as defining the reef top habitat. One of the considerations
is that while Black Teatfish extend below 20 m, this depth is about the limit that can be practically
sampled by divers on hookah in multiple survey transects.
16

Biomass Survey of Black Teatfish in QSCF-EC Zone 2

We defined the area of reef slope as follows. The BIOREG_REEF shapefile encompasses an area of
each reef within the GBR. By overlaying the GBR BIOREG_REEF shapefile on the satellite imagery
(Figure 7), it is evident that the BIOREG_REEF polygon covers more area than the reef top habitat,
and includes some of the deeper waters around each reef. The reef slope area could be
approximated by the area of the BIOREG_REEF minus the GBR_DRY_REEF. The advantage with
this option is that the REEF shapefile has been well validated and is reliable over the extent of the
GBR. The disadvantage with this option is that it may encompass areas deeper than 20 m that will
not be able to be surveyed.
An alternative method could be to use the 20 m depth contour instead of BIOREG_REEF to define
the deep slope. We could address the uncertainty about 20 m depth limit by providing “backup”
transects to be done in the event of a transect that is too deep, or a rule whereby the deep transect
is moved shallower towards the reef to a depth that can be dived. Ultimately, however, we consider
this as the less preferred option given the lack of validation of the 20m contour GIS shapefile in
many areas (outside of main shipping / boating routes).
Table 4. GBRMPA shapefiles used in the survey design.
Custodian
Agency

Dataset Name

Detail

Name of Datasets

GBRMPA

GBR Features
(Islands, Cays,
Reefs and
Rocks)

Major coral reef structures, rocks, islands and coastline within
the Great Barrier Reef World Heritage Area as defined by the
Great Barrier Reef Marine Park Authority.

GBR_FEATURES

GBRMPA

GBR Marine
Park Zoning
(GBRMP) (poly)

Boundaries of Zoned areas within the Great Barrier Reef Marine
Park proclaimed under Section 32 of the Great Barrier Reef
Marine Park Act 1975 (CTH) and described in Schedule 1 of the
Great Barrier Reef Marine Park Zoning Plan 2003.

ZONING

GBRMPA

GBR Marine
Park
Management
Areas and
boundary.

Boundaries of the Great Barrier Reef Marine Park proclaimed
under Subsection 31(1) of the Great Barrier Reef Marine Park
Act 1975 (CTH). For administrative purposes, the Amalgamated
Great Barrier Reef Section is divided into four management
areas.

MGMT_AREAS

GBRMPA

Reef Flat

Tidal, Drying or Emergent reef areas of major coral reef
structures within the Great Barrier Reef World Heritage Area as
defined by the Great Barrier Reef Mairine Park Authority. This
dataset details those reef areas which may be submerged or
exposed during tidal fluctuations from HAT to LAT.

GBR_DRY_REEF

GBRMPA

Marine
Bioregion

Boundaries of the Bioregions within the Great Barrier Reef
Marine Park. NON-REEFALS: Derived from IUCN descriptions
and definitions, and partly from datasets produced by the
Division of National Mapping and RAN Hydrographic Service.
See Technical Report on the Classification Phase of the
Representative Areas Program by Kerrigan, Breen et al, 1999.
REEFALS: See Technical Report on the Classification Phase of
the Representative Areas Program by Kerrigan, Breen et al,
1999.

BIOREG_NONREEF

GBR 100 grid

The new grid utilised the latest data sourced from ship-based
multibeam and singlebeam echosounder surveys, airborne
LiDAR bathymetry surveys, and satellite data.

GBR100_CONTOUR

JCU
Robin
Beaman
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Dry leaves out
lagoon

Dry encompasses
lagoon

Reef 1
Reef 2

Figure 6. Example GBR reef with GIS DRY_REEF overlay.

Figure 7. Example GBR reef with GIS BIOREG_REEF overlay.
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Zone

Bioregion

Reef

Depth / Method

Manta 1
Top

Manta 2
Manta ...

Random
Reef 1

Hip Chain 1

Random
Reef 2

Hip Chain 2

Random
Reef 3

Tidal

Slope

Hip Chain 3

Random
Reef 4

Hip Chain ...

Random
Reef ....

Hip Chain N
Manta 2
Top

Manta ...
Manta 12

Random
Reef N

Hip Chain 1
Hip Chain 2
Slope

Zone 2

Hip Chain 3
Hip Chain ...
Hip Chain N

Manta ....
Top

Random
Reef 1
Stratum 2

Manta ....
Slope

Random
Reef 2

Manta 1

Random
Reef N

Stratum N

Top

Random
Reef 1

Manta ...

Random
Reef N

Hip Chain 1
Hip Chain 2
Slope

Hip Chain 3

Hip Chain ..
Hip Chain N

Figure 8. Schematic diagram of survey design for Zone 2.
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Selection of Reefs and Allocation of Transects
Original approach
Discussions with industry revealed that there was about 10 days of survey time available, during
which we expect to be able to survey two different reefs per days and 15 transects at each of those
reefs. This would result in 20 reefs sampled and a total of 300 transects. It was agreed to survey
more in deep waters (reef slopes) as opposed to reef tops — the agreed split was 180 transects on
reef slopes and 120 transects on the reef tops.
Reefs were randomly selected form all reefs in each stratum excluding that with an area of >1km2.
The number of reefs selected in each stratum was relative to the proportions of total reef area in
each stratum (Table 5). Based on these proportions, and the target of 20 reefs to be sampled, the
actual number of reefs selected was adjusted so that there was a minimum of two reefs in any one
stratum, and two backup reefs were also added as contingencies (Table 5).
The number of transects were allocated to each reef based on the relative size of either reef slopes
or reef tops in each of the primary sampling reefs. Because of the large difference in size of reefs,
this allocation overwhelmingly allocated transects to large reefs, significantly reducing the efficiency
of surveying small reefs. As such, a cap of 20 transects was put on any one reef for reef slope sites,
while a minimum of 7 transects was allocated to small reefs. Likewise, a cap of 14 transects and a
minimum of 5 transects was allocated to the reef top areas at any one reef. In addition, five backup transects were allocated to each reef slopes and reef top from each reef.
Transects were allocated randomly using the QGIS (v 3.10.10) Random points inside polygons tool
with no minimum distance between transects.
Table 5. Area or reef in each strata, percent ot total reef area, calculated number of sites, adjusted
number of sites and adjusted number of sites plus two backups. Note that these areas include
reefs <1 km2.
Reef area
(km2)

Prop total
area

Number of
sites

Adjusted
no. of sites

Adjusted plus
backup

Coral Sea Swains-Northern Reefs

179

4%

0.7

2.0

4.0

Hard Line Reefs

1606

32%

6.5

5.0

7.0

Strong Tidal Mid Shelf Reefs
(West)

2215

45%

8.9

7.0

9.0

Strong Tidal Outer Shelf Reefs

214

4%

0.9

2.0

4.0

Swains Mid Reefs

562

11%

2.3

2.0

4.0

Swains Outer Reefs

193

4%

0.8

2.0

4.0

Total

4970

100%

20

20.0

32.0

Strata Name

Revised approach
An independent peer-review of the above proposed sampling approach was conducted by Dr
Anthony Hart (Appendix 1). With regard to formal stratification of the survey, he raised the issue
of how the protected Green Zones/Reefs should be dealt with in estimating “exploitable biomass”,
questioning whether the survey just considered the area available to the fishery (excluding Green
reefs) or whether the intent was to gain a biomass estimate from the entire population of black
teatfish south of 19oS.
In consultation with QDAF managers, it was recognised that the intent of the Sea Cucumber Harvest
Strategy (and many other fisheries harvest strategies) to keep the stock at a target precautionary
depletion level (e.g. 60% of virgin biomass), and decided that from a fisheries management
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perspective, the stock within Green Zones should not be ignored as part of the total biomass,
particularly as the Green Zone protection forms a significant part of the fishery management
approach. Thus, based on Dr Hart’s recommendation, we explored the option that “If however, the
intent is to gain a biomass estimate from the entire population of black teatfish south of 19oS, the
current design is valid if the choice of 9 “green” reefs, from a total of 32 reefs, represents the overall
proportion of open to protected areas, south of 19oS”.
We calculated the survey’s coverage of Open Reefs (Blue) and Closed Reefs (Green) and readjusted
the random selection of primary and backup reefs so that they achieved a similar coverage to the
percent of actual Open Reef and Closed Reef in each stratum (Table 6). In that process, some new
randomly selected reefs were added, and reefs originally selected were retained as additional
backup reefs. The final list of reefs that we planned to survey is shown in , and a list of reefs actually
surveyed is shown in Table 8. Primary and secondary transect positions on primary and secondary
reefs are shown in Appendix 2.
Table 6. Areas and percent composition of open and closed reefs in each stratum (actual reefs)
and the areas and percent composition of open and closed reefs selected for the survey (survey
reefs) in each stratum.
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Table 7. Final list of primary and secondary (grey text) reefs that we planned to sample.
Reef name
Edgell Reefs (No 2) (20-111)
Tideway Reef (No 1) (19-205)
Stucco Reef (19-141)
Howse Reef (19-179)
U/N Reef (19-302)
Hyde Reef (19-207)
U/N Reef (20-573)
U/N Reef (21-143)
Patricia Mather Reef (21-148)
U/N Reef (20-166)
U/N Reef (20-392)
U/N Reef (21-097)
U/N Reef (21-560)
Blu-Lion Reef (21-566)
U/N Reef (21-198)
U/N Reef (19-178)
U/N Reef (19-288)
U/N Reef (21-221)
U/N Reef (21-239)
U/N Reef (19-286)
Ferris Shoal (19-232)
Conder Reef (19-219)
U/N Reef (20-389)
U/N Reef (20-194a)
Robertson Reefs (No 1) (20-135)
Net Reef (19-097)
U/N Reef (22-112)
U/N Reef (21-496)
U/N Reef (21-242a)
U/N Reef (21-200)
U/N Reef (20-398)
Sunray Reef (22-131)
Heart Reef (21-575)
Sinker Reef (22-121)
Follett Reef (21-586)

Number of reef slope transects

Number of reef top transects

12
20
8
7
7
7
7
7
7
7
8
7
7
8
7
7
7
7
12
8
7
7
20
20
20
7
7
7
7
7
7
7
7
7
7

5
11
6
5
8
5
8
5
5
5
5
6
5
5
5
7

5
14
14
14
5
5
5
5
5
5
5
5
5
5

Reefs sampled
Very strong winds (25–35 knots) occurred during the first week of the survey. This significantly
hampered the survey in several ways:
• It slowed travel time between reefs;
• Finding a safe haven for the mother boat within range of the survey reef was a strong
consideration; and,
• Sampling of the reef tops of some reefs was too dangerous to undertake (e.g. U/N Reef
(20-166)).
In addition, some reefs that appeared to be shallower than 20 m on the available GIS layers were
much deeper, and were either unable to be surveyed (e.g. U/N Reef (20-573)), or the number of
transects were reduced. At some reefs, the current was too strong to safely dive the deep sites
(e.g. U/N Reef (21-143)).
Because of these factors, not all primary reefs were surveyed, but were replaced by either backup
reefs or other reefs that were not limited by the constraints listed above. The one reef added was
U/N Reef (19-064) in the Strong Tidal Mid Shelf Reefs (West) stratum, which is a Green Reef that
replaced the Green Reef U/N Reef (19-064) which was found to be in water much deeper than
20 m.
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Biomass estimation
In the initial survey design, we planned to use the method of Knuckey and Koopman (2016) (Zone
1) to estimate biomass, but based on a recommendation of Anthony Hart (pers. com.), we used the
method of Hart et al. (2018) to better account for the zero-inflated distribution of Black Teatfish
counts in the transects . Parametric resampling analysis (n = 10,000 resamples; see Manly 1997)
was undertaken to estimate biomass and uncertainty using Black Teatfish densities for each
transect, the area each stratum and average weights of Black Teatfish measuring during the survey.
Biomass was estimated treating the data in two different ways, and results of both are reported:
1. All transects within each stratum combined regardless of whether they came from Deep Reef or
Reef Top (this assumes that there is no difference in preference Deep Reef or Reef Top habitat);
2. Transects from Deep Reef and Reef Top treated separately.

Results
Reefs surveyed
A total of 26 reefs (Table 8, Figure 9, Figure 10, Figure 11) were surveyed (U/N Reef (20-166)
straddles the boundary of green/blue zones and so was treated as two separate reefs in this report
— U/N Reef (20-166) Green and U/N Reef (20-166) Blue). In accordance with the survey design,
sampling was focussed on the strata with the largest reef areas, Hard Line Reefs and Strong Tidal
Mid Shelf Reefs (West), while the least sampling occurred at Strong Tidal Outer Shelf Reefs. Seven
of the 26 reefs were green reefs. A total of 297 transects were undertaken on those reefs.
Table 8. Reefs surveyed, the strata they are within and zoning classification. Note that U/N Reef
(20-166) falls within both green and blue zones, and so sampling occurring in each were assigned
to either U/N Reef (20-166) Green or U/N Reef (20-166) Blue.
Reef name
U/N Reef (21-200)
U/N Reef (21-198)
U/N Reef (20-392)
U/N Reef (20-398)
U/N Reef (20-166) Green
U/N Reef (20-166) Blue
U/N Reef (20-194a)
U/N Reef (21-097)
U/N Reef (21-143)
Patricia Mather Reef (21-148)
U/N Reef (20-389)
U/N Reef (20-573)
Net Reef (19-097)
U/N Reef (19-302)
U/N Reef (19-286)
Howse Reef (19-179)
Edgell Reefs (No 2) (20-111)
U/N Reef (19-064)
Tideway Reef (No 1) (19-205a)
Conder Reef (19-219)
U/N Reef (21-239)
U/N Reef (21-242a)
U/N Reef (21-221)
Blu-Lion Reef (21-566)
U/N Reef (21-560)
Heart Reef (21-575)

Stratum
Coral Sea Swains-Northern Reefs
Coral Sea Swains-Northern Reefs
Coral Sea Swains-Northern Reefs
Coral Sea Swains-Northern Reefs
Hard Line Reefs
Hard Line Reefs
Hard Line Reefs
Hard Line Reefs
Hard Line Reefs
Hard Line Reefs
Hard Line Reefs
Hard Line Reefs
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Outer Shelf Reefs
Swains Mid Reefs
Swains Mid Reefs
Swains Mid Reefs
Swains Outer Reefs
Swains Outer Reefs
Swains Outer Reefs
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Classification
Green
Green
Blue
Blue
Green
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Green
Green
Blue
Blue
Blue
Blue
Green
Blue
Green
Blue
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Figure 9. Reefs sampled in the Strong Mid Shelf and Strong Tidal Outer Shelf strata.

Figure 10. Reefs sampled in the Hard Line stratum.
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Figure 11. Reefs sampled in the Swains Mid, Swains Outer and Swains Northern strata.
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Sea Cucumber densities
No BTF were observed in transects on the Reef Top in the Strong Tidal Mid Shelf and Deep Reef
Strong Tidal Outer Shelf strata (Table 9). Where observed, BTF densities ranged 3.73–19.04
individuals per hectare. Densities of BTF are not consistently higher or lower in either the Reef Top
or Deep Reef across strata (Figure 12).
Table 9. Number of reefs and transects sampled in each stratum x habitat, and mean number of
Black Teatfish per hectare (standard deviation). Note that on some reefs, we were unable to
sample Reef Top due to tide and weather conditions, or because no Dry Reef GIS feature existed.
Strata
n
reefs

n
sites

CS Swains-Northern

4

27

Hard Line

8

49

Strong Tidal Mid Shelf

7

48

Strong Tidal Outer Shelf

1

12

Swains Mid

3

19

Swains Outer

3

20

Total

26

175

Deep reef
Mean No. of Black
Teatfish per hectare
19.04
(18.49)
12.91
(38.94)
3.26
(10.85)
0
(0)
9.17
(17.02)
3.73
(9.1)

n
reefs

n
sites

4

18

4

32

4

29

1

10

3

17

3

16

19

122

Reef top
Mean No. of Black
Teatfish per hectare
11.92
(15.62)
10
(21.55)
0
(0)
6
(13.5)
9.71
(14.63)
7.5
(14.38)

Figure 12. Mean (+ SE) BTF density (individuals per hectare) by strata for Reef Top and Deep Reef
habitats.
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Length and weight
Whole weight of BTF were measured at the end of transects. Frequency distribution of whole
weights of 109 BTF measured is shown in Figure 13. Weights ranged 900–2900 g. Mean weights
were highest at Hard Line Reefs (2084 g) and Strong Tidal Mid Shelf Reefs (West) (2263 g), and
ANVOA (Table 11) and Tukey’s post hoc test (Figure 14) revealed that mean weights at those two
strata were significantly different to those from the other four strata (ranged in mean weight from
1427 g to 1540 g). For biomass calculations, mean weights were calculated for each of the two
significantly different groups: mean weights used were 2103 g for Hard Line Reefs and Strong Tidal
Mid Shelf Reefs (West) and 1469 g for the other four strata.

Figure 13. Histogram of BTF weights (g) measured during survey.

Table 10. Number of BTF measured, mean, minimum and maximum live weight and mean,
minimum and maximum gutted weight (assuming a conversion ratio of 0.633). Superscripts
denote strata with mean weights that we not significantly different (based on Tukey’s HSD test),
and so were grouped for biomass calculations.

Stratum
Coral Sea Swains-Northern Reefs
Hard Line Reefs
Strong Tidal Mid Shelf Reefs (West)
Strong Tidal Outer Shelf Reefs
Swains Mid Reefs
Swains Outer Reefs

n
24
49
6
5
14
11

Total

109

Mean (sd)
1427a (358)
2084b (415)
2263b (392)
1540a (410)
1525a (241)
1457a (287)

27

Weight (g)
Mean gutted
Min / Max
(sd)
900 / 2280
903 (227)
800 / 2970
1319 (263)
1690 / 2900
1433 (248)
940 / 1950
975 (259)
1100 / 1940
965 (152)
1150 / 2060
922 (182)

Min / Max
gutted
570 / 1443
506 / 1880
1070 / 1836
595 / 1234
696 / 1228
728 / 1304
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Table 11. Results of ANOVA comparing mean weights of BTF between strata.
Source of Variation

df

Mean Sq

F value

Pr(>F)

Stratum
Residuals

5
103

2248914
138211

16.27

<0.0001

a

b

a

b

a

a

Figure 14. Boxplot of BTF weight (g) by strata. Letters indicate where mean weights were not
statistically different.

Biomass estimate
Biomass was estimated treating the data in two different ways:
• All transects within each stratum were combined regardless of whether they came from
Deep Reef or Reef Top;
• Transects from Deep Reef and Reef Top were treated separately.
In both calculations, biomass estimates for each stratum were calculated separately, and combined
for the final biomass estimate. An example of this is shown in Table 12. Estimated biomass is highest
in the Hard Line Reefs stratum (3,878 t 95%CI 2,079–6,605 t) because of the highest densities and
large reef area. Biomass estimates range 83 t to 770 t in other strata.
Combined across all six survey strata, the median biomass estimate was 6,327 t (95%CI 4,235–
9,237 t) (Table 13). Treating Reef Top and Deep Reef as sperate strata, the habitat area included in
the calculation is less than for the combined calculations because no BTF were observed in the
Strong Tidal Mid Shelf Reef Top and Strong Tidal Outer Shelf Deep Reef strata. Median biomass
estimate across all strata in that calculation was 6,573 t (95%CI 4,384–9,570 t).
Probability distributions of biomass estimates for both calculations are shown in Figure 15 and
Figure 16.
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Table 12. Estimated biomass and 95% CI for each strata with transects combined regardless of
whether they came from Deep Reef or Reef Top. Note that results are refreshed with any change
to spreadsheets, so the sum of biomass estimates in this table may differ from the total biomass
shown in Table 13.
Strata
(km2)

Area
Coral Sea Swains-Northern Reefs
179
Hard Line Reefs
1,606
Strong Tidal Mid Shelf Reefs
2,215
Strong Tidal Outer Shelf Reefs
214
Swains Mid Reefs
562
Swains Outer Reefs
193

Biomass (t)
Median Upper 95%CI Lower 95%CI
424
300
563
3,878
2,079
6,605
917
202
2,084
83
0
285
770
400
1,243
150
58
272

Table 13. Summary of estimated biomass and 95% CI.
Calculation type
Area (km2) Median
Habitats combined

4,969

6,327

Habitats treated separately

4,237

6,573
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Biomass (t)
Lower
95% CI
4,235
4,384

Upper
95% CI
9,237
9,570
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Figure 15. Probability estimates of the biomass of Black Teatfish within the six survey strata
sampled in Zone 2, based on analysis of Reef Top and Deep Reef data combined.

Figure 16. Probability estimates of the biomass of Black Teatfish within the six survey strata
sampled in Zone 2, based on analysis of Reef Top and Deep Reef data as separate strata.
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Appendix 1 – Independent Review of Proposed Zone 2 Black
Teatfish Survey
(Koopman and Knuckey, 2021)
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Appendix 2 - Maps and tables of primary and backup reefs
Each figure below has a heading with the stratum name, reef name and number, open or closed to
fishing, longitude and latitude of the centre of the reef and reef type (priority or backup). Each map
shows areas of deep reef (orange hashed polygon), dry reef (orange dotted polygon), primary deep
reef transects (green squares), secondary deep reef transects (white squares), primary dry reef
transects (green dots), secondary dry reef transects (white dots).
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RA4 Strong Tidal Outer Shelf Reefs

Hyde Reef (19-207) - Open

41

150.0855103

-19.7562

Primary
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RA4 Strong Tidal Outer Shelf Reefs

U/N Reef (19-178) - closed

42

149.9611

19.7367

Primary
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RA4 Strong Tidal Outer Shelf Reefs

Ferris Shoal (19-232) - Open

43

150.3700714

19.8596

Backup
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RA4 Strong Tidal Outer Shelf Reefs

Conder Reef (19-219) - Open

44

150.1998596

-19.921390

Backup
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RHL Hard Line Reefs

U/N Reef (20-166) - Closed

150.5478821

45

-20.2248

Primary
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RHL Hard Line Reefs

U/N Reef (21-097) - Open

151.4808807

46

-21.03940

Primary
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RHL Hard Line Reefs

U/N Reef (21-143) - Open

151.5632935

47

-21.0423

Primary
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RHL Hard Line Reefs

U/N Reef (20-573) - Open

151.4535675

48

-20.9146

Primary
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RHL Hard Line Reefs

Patricia Mather Reef (21-148) - Open

49

151.6878967

-21.0822

Primary
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RHL Hard Line Reefs

U/N Reef (20-389) - Open

151.4033661

50

-20.9661

Backup
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RHL Hard Line Reefs

U/N Reef (20-194a) - Open

150.6852722

51

-20.41614

Backup
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RHW Strong Tidal Mid Shelf Reefs (West)

Howse Reef (19-179) - Open

52

149.7865753

-19.7426

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

Edgell Reefs (No 2) (20-111) - Closed

53

149.992157

-20.0546

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

Tideway Reef (No 2) (19-205) - Open

54

149.7550049

-19.9975

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

Stucco Reef (19-141) - Open

55

149.5975189

-19.5579

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

U/N Reef (19-302) - Open

56

149.2391663

-19.5457

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

U/N Reef (19-286) - Open

57

148.7470551

-19.296367

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

U/N Reef (19-288) - Closed

58

148.9626617

-19.28400

Primary
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RHW Strong Tidal Mid Shelf Reefs (West)

Robertson Reefs (No 1) (20-135) Open

59

150.1325531

-20.3428

Backup
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RHW Strong Tidal Mid Shelf Reefs (West)

Net Reef (19-097) - Open

60

149.053772

-19.4988

Backup
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RSW-M Swains Mid Reefs

U/N Reef (21-221) - Closed

152.4300537

61

-21.144115

Primary
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RSW-M Swains Mid Reefs

U/N Reef (21-239) - Open

152.2692413

62

-21.264123

Primary
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RSW-M Swains Mid Reefs

U/N Reef (22-112) - Open

63

152.595871

-22.084543

Backup
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RSW-M Swains Mid Reefs

U/N Reef (21-496) - Closed

152.475769

64

-21.6459

Backup
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RSW-M Swains Mid Reefs

U/N Reef (21-242a) - Open

152.2311554

65

-21.3033

Backup
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RSW-N Coral Sea Swains-Northern Reefs

U/N Reef (20-392) - Open

66

151.9689941

-20.8886

Primary
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RSW-N Coral Sea Swains-Northern Reefs

U/N Reef (21-198) - closed

67

152.2024689

-21.051532

Primary
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RSW-N Coral Sea Swains-Northern Reefs

U/N Reef (21-200) - closed

68

152.231369

-21.062740

Backup
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U/N Reef (20-398) - Open

69

152.064209

-20.9854

Backup
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RSW-O Swains Outer Reefs

Blu-Lion Reef (21-566) - Open

70

152.6274567

-21.82133

Primary
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U/N Reef (21-560) - Closed

71

152.5397949

-21.662065

Primary
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Sunray Reef (22-131) - Open

152.7613

72

-22.1834

Backup
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Heart Reef (21-575) - Open

73

152.6571

-21.8944

Backup
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Sinker Reef (22-121) - Open

152.7461548

74

-22.117

Backup
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RSW-O Swains Outer Reefs

Follett Reef (21-586) - Open
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152.701416

-21.9672

Backup
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Appendix 3 – Scientific Permit
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Appendix 4 - Equipment list
Diving
All diving and snorkelling

Hookah diving

Exposure protection with hood
Mask
Fins
Snorkel
Dive knife
Weight belt
Safety sausage

Air hose with non-return valve
Full face mask or half mask and demand valve
Hookah with inlet and exhaust valves or free
flow gas device
Hose secured to harness using lockable clip
Emergency gas supply set up on distribution
block and with pressure gauge
Bail-out bottles
Depth gauge, timing device
Dive slates
Stand by diver air supply

Sampling equipment
GPS

Waterproof data sheets
Pencils
Rubbers
Sharpeners
Permanent marker
Rubber bands
Sea cucumber ID guides
Callipers / rulers
Clipboards
UW Video camera – (Go-Pro)
5 m measuring tape
Wire cutter
Fencing wire
First aid kit
FISHERIES RESEARCH signs

Catch bags
Sampling site list
Chainman device with compass, spare cotton
and anchors
Dive slates
Jiffy
Counters

Manta boards and rope
2m aluminium poles
Electronic scales and small drainage basket
Spare batteries
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Appendix 5 - Field Sheets

89

Measurement sheet
Date:

Transect #

/

/

Species

Reef name:

Length

Reef No.:

Width

Wt

Length

Width

Tender vessel:

Wt

Length

Wt = weight (grams)
Measure to nearest half cm. Report length and width in cm.
Indicate injured / dead animals with * next to its length measurement
90

Width

Diver names:

Wt

Length

Width

Wt

Length

Width

Wt

Length

Width

Wt

Boat data sheet
Date:

/

/

Reef name:

Wind speed and dir:

Transect #

Diver

Reef No.:

Tender vessel:

Cloud cover (%)

Time
(24 hr)

Habitat
C/FS/R
F/L/P

Comments

Begin position
Latitude

Crew name:

Longitude

End position
Latitude

Longitude

Transect
length
(m)

Tow
speed
(kts)

Habitats: C = crest; FS = Front Slope; RF = Reef Flat; L = Lagoon; P = Passes or deep substrate.
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Ave
depth
(m)

Comments (note if double manta tow or multiple SSBA
transects)
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Appendix 6 – ID Guide
Black Teatfish - Holothuria whitmaei
Large, solid, always black in colour and often has a thin

Deepwater (chunky) blackfish - Actinopyga palauensis
Brownish-black over entire body. Bumpy dorsal surface,

coating of sand clinging to the upper surface. Often

with sand covering. Relatively long, sub-cylindrical body.

several protrusions around the edge of the body where

Buccal cavity (mouth) often projected, and noticeably

the flat underside meets the steeply-rising sides

trunk-like. Anus terminal with serrated or nodular teeth.
Small papillae. Commonly to 30 cm; max. 35 cm.

Greenfish - Stichopus chloronotus

Curryfish - Stichopus herrmanni

Easily distinguished from all other slugs by its colour

Large, solid, yellow/brown holothurian with spaced dark

and body shape. It is dark green/black, square in cross-

spots. It has been referred to in the literature as S.

section with rows of papillae delineating the sides from

variegatus. On average, it is 27cm long.

the upper and lower surfaces. Papillae usually with small
patches of orange at the tips.

Curryfish - Stichopus vastus

Prickly redfish - Thelenota ananas

Description: A large, solid, yellow/brown holothurian

Description: A large, slug covered in large papillae.

with low rounded papillae and large indentations in the

Orange to brown in color.

body wall with radiating creases.

Max size 80 cm.

Leopardfish – Bohadschia argus

Brown sandfish - Bohadschia vitiensis

Description:

Sausage shaped with smooth skin.

Greyish-brown with dark eye spots surrounded by white
halos.
Max size 60 cm

The Brown Sandfish is a species that inhabits protected
deeper lagoon environs
of sites with soft fine sand.
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