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Executive Summary

Sandfish (Holothuria scabra) are the primary species of sea cucumber harvested in the Northern
Territory (NT) Trepang Fishery, constituting more than 99 % of the catch. Sandfish are one of the
better studied species of sea cucumber given their high commercial value and aquaculture
possibilities. However, many aspects of their biology and population dynamics remain poorly
understood, complicating the application of stock assessment approaches. The NT fishery is
managed through a series of input and output controls including limited entry, size limits and
spatially-explicit catch limits. Evidence of overfishing has not been previously detected for the two
NT sandfish stocks comprising the fishery (East and West). However, the 2023 edition of the Status
of Australian Fish Stocks defined both stocks as “undefined” citing that there is insufficient
information available to detect changes in stock abundance.

Recently, the densities and biomass have been surveyed in three 60 nm x60 nm grids for sandfish,
providing some of the first information on stock size for consideration in management. Absolute
estimates of biomass are valuable information for stock assessment purposes as they provide an
absolute stock size at a given point in time. Although this is a snapshot of the population, it’s value
when combined with a reliable index of abundance cannot be understated as it allows stock
assessment models to be applied.

In order to provide a complementary abundance index to these recent surveys, this report presents
catch-per-unit-effort (CPUE) standardisation for the two NT sandfish stocks, developing an approach
for assessing whether localised depletion could be detected within a stock. Catch-per-unit-effort
standardisation has benefits over nominal CPUE (i.e. raw CPUE) as it accounts for the effects of
changing fleet dynamics, providing an index that can be used to assess changes in population
abundance. This can be used as an input to stock assessment models or as a proxy for assigning
stock status if the index is considered reliable enough on its own. Furthermore, this report
considered whether sufficient data and information now exists to develop stock assessment models
for NT sandfish stocks.

The CPUE standardisation analysis was performed using effort units expressed as total fisher hours,
which encompasses the entirety of a fishing event, including search time, fishing time and
processing time. A generalised mixed effects modelling approach (GLMM) was applied to each stock
which standardised for the effects of licence number, fishing grid and the number of crew. Crossed
random effects of year (financial year) within grid was used to determine grid level CPUE estimates
from a model applied to the entire stock. The benefit of this approach was that grids were treated
hierarchically within a stock, such that when limited fishing occurred within certain years for a
particular grid, information was provided from other grids to determine abundance. This allowed
for evidence of localised depletion to be examined, as each stock was effectively treated as a meta-
population within the CPUE standardisation analyses.

The CPUE analyses demonstrated that nominal CPUE at the stock level matched the standardised
CPUE across years for the East stock (grids to the East of the Wessel Islands). Similarly, nominal CPUE
closely matched standardised CPUE in most years for the West stock (grids to the West of the Wessel
Islands), except for the final few years when only one vessel was operating in the fishery. This




CPUE standardisation for NT Sandfish

demonstrates that CPUE standardisation did not meaningfully update the nominal CPUE at the stock
level and indicates that CPUE can be used to infer changes in population abundance. At the grid
level, several grids had limited catch and effort in recent years which would make detecting possible
localised depletion challenging. However, the mixed effects model structure developed in this
report overcame this, effectively borrowing information from the stock level CPUE trends to infer
what population changes may resemble for grids with limited fishing in certain years. These results
showed no evidence that localised depletion has occurred in recent years. However, these analyses
must still be treated cautiously, as they maintain the assumption that comparable levels of
recruitment occur across grids over time. The recruitment dynamics of sandfish are poorly
understood and additional research is required to determine if this assumption is appropriate. Even
so, the CPUE analyses show no evidence of localised depletion suggesting that the existing spatial
management implemented for the fishery is appropriate.

The CPUE standardisation demonstrated that population has always been stable for the East stock,
with appropriate levels of catch throughout the time period. However, for the West stock, initially
high catches led to decreases in CPUE, suggesting population declines. A period of lower but stable
catches followed which led to CPUE stabilisation and eventual recovery. This synchronicity between
catch and CPUE suggests that CPUE provides a meaningful index of population abundance. Although
overfishing may have occurred previously, the West stock has recovered, and current catches
appear sustainable.

With biomass estimates and CPUE indices available, these can be used in stock assessment models
(as applied in Queensland and West Australian sea cucumber fisheries). Approaches to stock
assessment using literature values for relevant life history parameters are presented.
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Introduction

The Northern Territory (NT) Trepang (sea cucumber) fishery is a limited entry fishery (six licences)
with logbook records dating back to 1985 (NT, 2021). Although this is a mixed species fishery, almost
all of the catch (99 %) has been sandfish (Holothuria scabra). The NT sandfish fishery supplies Asian
seafood markets where they are one of the highest value species (Purcell et al., 2018). Sandfish are
harvested through hand collection, often in shallow water, and therefore the fishery can be highly
selective. Sea cucumber fisheries can therefore operate without any by-catch or undersize
individuals being caught and without any habitat disturbances occurring through fishing. This makes
them more environmentally friendly than most other fisheries (Purcell et al. 2010). A legal minimum
length (LML) of 16 cm is implemented in NT which corresponds to the best available information on
sandfish length-at-maturity (Kinch et al. 2008). Since 2016 the fishery has been spatially managed
with a 246 t total allowable catch (TAC) distributed over 32 60 nm x 60 nm grids (NT, 2021). There
is no evidence of NT sandfish ever being overfished but their stock status currently remains
undefined (Hart, 2023). There is little information available to assess population trends or to
determine the efficacy of the fishery’s spatial management.

Catch-per-unit-effort (CPUE) is often used as a proxy for trends in population abundance and to
support stock status determinations in fisheries (Hilborn & Walters, 1992; Maunder & Punt, 2004).
CPUE (i.e. catch rates) is valuable as it is low cost, sourced from mandatory logbook data, and can
provide a long time series often extending back to commencement of the fishery. However, CPUE
can vary with factors other than stock abundance including fishing efficiency (Hoyle et al., 2024).
The goal of any successful fishing operation should be to increase CPUE, thereby reducing running
costs and maximising profit. This can confound nominal CPUE (i.e. raw CPUE) as an index of stock
abundance as fishers seek to increase fishing efficiency (Hoyle et al. 2024). Thus, standardisation of
CPUE is generally undertaken to account for factors that influence catchability (e.g. weather,
experience) to uncouple efficiency from stock abundance (Hoyle et al., 2024; Maunder & Punt,
2004). Catch-per-unit-effort standardisation can be performed through a variety of techniques but
the most common is through generalised linear models, or extended versions of these analyses
(Maunder & Punt, 2004). Standardised CPUE is a more valuable indicator of stock heath and is often
used to justify stock status assignments in the Status of Australian Fish Stocks (Roelofs et al., 2024).
Standardised CPUE is also a key data input into population dynamics modelling for fisheries and is
often one of the first steps in the stock assessment process.

A common concern with sea cucumber fisheries is the potential for localised depletion to occur
(Friedman et al.,, 2011). Sea cucumbers are sedentary and spatially dispersed with densities
depleted by fishing potentially below effective reproductive thresholds (Bell et al. 2008, Anderson
et al. 2011, Eriksson and Byrne 2015). This has unfortunately been well documented in sea
cucumber fisheries as these species tend to exhibit meta-population structures. Therefore, spatially
isolated subpopulations have high degrees of self-seeding and reduced densities through
overfishing can impact the ability of isolated subpopulations to recover quickly (Anderson et al.,
2011). This forms the basis for the boom-and-bust archetype that is often used to describe sea
cucumber fisheries. Awareness of sea cucumber susceptibility to localised depletion is important,
as assessing population trends at too broad a scale can obfuscate localised population declines that
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need to be addressed. It is for this reason that several Australian sea cucumber fisheries, including
the NT sandfish fishery, have spatial management mechanisms designed to spread effort across
areas (Skewes et al., 2014; Wickens et al., 2024). Often the development of sea cucumber fisheries
and their management needs outpace the science that is required to inform them (Friedman et al.,
2011, Eriksson and Byrne 2015). As a result, the spatial management required to avoid localised
depletion for Australian fisheries has been implemented preventatively and in advance of the
science required to demonstrate its need. That science then occurs following its implementation
and is designed to determine its efficacy (Skewes et al., 2014; Wickens et al., 2024).

There are two main objectives of this report: 1) to undertake CPUE standardisation for both NT
sandfish stocks that are complementary with the recent biomass surveys undertaken, and 2) to
evaluate potential stock assessment options that incorporate these survey estimates and
abundance indices. One of the additional aims of the CPUE standardisation analysis was to examine
different spatial scales including the 60 x 60nm grids. An approach was therefore developed to
determine whether signs of localised depletion could be determined within the CPUE
standardisation analysis. Sandfish are one of the best studied species of sea cucumber given their
commercial value and their application in agquaculture (Hamel et al., 2022). However, as with other
species of sea cucumber, some aspects of their biology remain poorly understood affecting the
efficacy of stock assessment. The outputs of this report are intended to support improved stock
status determinations and to provide advice for future stock assessment work incorporating fishery-
independent surveys. The eventual development of stock assessment models would provide much
greater levels of scientific advice that can underpin fisheries management and increase confidence
that the fishery is operating sustainably.

CPUE standardisation

Methods

Fishery Dynamics

Operators in the fishery are required to complete daily catch and effort returns that provide
information on species, catch in whole weight (kg), time spent fishing (daily hours), number of crew,
fishing grid, and fishing method. Logbook data are available from 1985 onwards and were available
up to 31/07/2023. Financial year fishing seasons are used for fisheries management. Therefore, the
analyses presented in this report consider data from 1999/2000 — 2022/2023. Financial years before
this contained confidential data which cannot be presented whereas 2023/2024 was an incomplete
fishing season. Some reporting information has changed through time with logbook fields such as
date and fishing coordinates becoming available in more recent years. However, the incomplete
nature of such fields across years prevents their consideration in CPUE analyses. Species level
reporting has also changed through time. As noted in Koopman et al (2024), before 2006
“Echinoderm” was recorded in most logbook records. However, there is strong evidence that most
catches were sandfish and were therefore assigned to this species for all further analyses. Records
of other species such as black teatfish or prickly redfish were treated as different species and
omitted from sandfish analyses. Sandfish are landed as gutted and blanched product which is
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converted to whole wet weight by NT Fisheries logbook services. During an early period of the
fishery, logbooks recorded sandfish numbers rather than catch by weight. These were also
converted to whole weight by the NT Fisheries logbook services. Therefore, all catches presented in
this report are whole weight catch in kilograms or tonnes.

Fishery effort was expressed in two units: 1) effort days which referred to individual fishing days by
vessel and 2) total fisher hours which refers to the total number of hours fished by all fishers in the
fishery. This second method is calculated by multiplying the number of hours fished each day (for
each vessel) by the number of crew fishing on that day. The data were first inspected and checked
to ensure that both fields were reported correctly, removing the outliers identified in Koopman et
al. (2024). Total fisher hours represent the full fishing event which includes search time,
diving/collection, and product processing. Total fisher hours is therefore the most appropriate and
fine-scale unit of effort that can be used to describe the fishery and will support more robust CPUE
estimates. The number of licences fishing each year and their relative effort levels were examined
for the six active licences fishing between 1999/2000 and 2022/2023. This reveals annual changes
in fleet composition and how this can affect CPUE.

Fishery analyses (e.g., catch, effort and CPUE) were undertaken at the fishery, stock, and grid levels
to investigate broad and fine scale dynamics. The stocks were separated by Western and Eastern
boundary identified at the Wessel Islands and separated using grid locations. Grids 1136,1236, 1336,
1335 and 1436 were assigned to the Eastern stock, with all remaining grids assigned to the Western
stock (Figure 1). As noted in Koopman et al. (2024), some records in grid 1136 may be from the
Western stock but these include a very low number of catch records (Figure 1).
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Figure 1: A map of the north coast of Northern Territory showing the stock structure and relative effort
associated with each 60nm x 60nm fishing grid (grey lines). The number of total days fished for sandfish
(1999/2000 — 2022/2023) is shown by the size of coloured bubbles in each grid centroid (some
centroids are on land, but fishing occurs on the corresponding coastline). The colours of the bubbles
indicate the stock (West or East) that the fishing effort has been associated with, and the grid label is
displayed at the top of each grid.

CPUE standardisation

Nominal CPUE was calculated as the annual arithmetic mean (1999/2000 — 2022/2023) with 95%
confidence intervals. Anomalously high CPUE records of more than 100 kg per fisher hour
(approximately fifty fishing days) were excluded from the CPUE analysis as these values were
unrealistically high and created outliers in the data. These records were maintained in harvest
estimates presented so that overall catches were not reduced due to data filtering but were
removed from nominal and standardised CPUE analyses.

Catch-per-unit-effort standardisation was performed through a generalised linear mixed effect
modelling approach (GLMM) which is a common method for determining indices of abundance from
catch and effort information (Hoyle et al., 2024; Maunder & Punt, 2004). The purpose of this
approach is to differentiate the effect of catchability parameters (such as licence, number of crew)
on CPUE versus changes in population abundance. Any temporal changes in CPUE that are not
explained by changing catchability parameters are interpreted as changes to population density,
and therefore abundance (Hoyle et al., 2024). Therefore, catch-per-unit-effort standardisation
provides two outputs that are valuable for fisheries research. The first is a standardised index of
abundance that is predicted from the GLMM while holding all catchability parameters constant. This
index of abundance is a key input to fishery population dynamics models and can also be used as a
proxy for stock status. The second output is the relative effect sizes of the different catchability
parameters which provides valuable insight into fishing dynamics. For example, it may be possible
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to determine whether certain areas, months, or fishing methods produce higher CPUE. These effects
can be valuable for assessing fishing efficiency.

As CPUE standardisation is intended to provide indices of population abundance of NT sandfish, it
was applied at the stock and grid level only. Exploration at the fishery level would include two
distinct stocks and therefore these outputs would not be valuable for estimating stock status, nor
inclusion in a population dynamics model. Catch-per-unit-effort standardisation at the stock and
grid level therefore provides population and sub-population level abundance indices, respectively.
Only six grids (four for the West stock and two for the East stock) had sufficient levels of effort across
years to be considered. Therefore, all remaining grids were excluded from the CPUE analysis.

One of the aims of this analysis was to identify whether localised depletion has occurred and could
be identified from CPUE data. This is not a straightforward task, as CPUE data become sparser at
increasingly fine spatial scales. This can create noisy and turbulent time series that can often be
uninformative given they are based on limited and disaggregated information. Therefore, a new
technique was developed to examine spatial depletion which considered populations at the grid
level to be deviations away from a global average (i.e., the stock level). This allowed fine scale
information in each grid to be used when sufficient data were available but supplemented these
data with information from the stock level CPUE in years where limited fishing occurred in a grid.
Therefore, this allows CPUE trends from grids that are data rich to be considered in CPUE
standardisation for grids that are data poor. This aligns with the Robin Hood paradigm where
information is taken from the data rich and used to support analyses for the data poor (Punt et al.,
2011).

A localised depletion approach used a GLMM for each stock, with grid as a random effect. Therefore,
both the stock and grid level changes in abundance were considered as part of a single model,
effectively treating each sandfish stock as a meta-population. The GLMM for each stock was applied
using the R programming environment (R Core Team, 2024) using the g1mmTMB package (Brooks
et al., 2017). The GLMM was fitted to catch in kg with financial year (henceforth year), grid, month
of fishing, number of crew and licence number treated as independent variables and total fisher
hours used as an offset. The GLMM was fitted using a Tweedie distribution with a log-link function
and no model intercept. A Tweedie distribution is an extension of the gamma distribution with a
key difference being that it can include records where zero catch occurred. This makes it an
appropriate error distribution for continuous data that is prone to being right skewed and can
include zeroes, which commonly applies to CPUE data. When the gamma distribution is applied for
CPUE standardisation, zero catch days must be removed. The Tweedie distribution does not require
this, providing a benefit over a standard gamma distribution.

The model GLMM fitting process for both stocks was as follows:

1. A full model with all variables as fixed effects was fitted to the CPUE data using the tweedie
distribution. The same model was fitted using a normal distribution and the models were
diagnostically compared for appropriate fits using the performance R package (Llidecke et al.,
2021) and ranked using Akaike’s information criterion (AIC). The tweedie distribution vastly
outperformed the normal distribution for both stocks.

10
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2. Appropriate variables were selected through an AIC ranking analysis performed using the MuMIn R
package (Barton, 2024). This process re-fit the model with different combinations independent
variables and ranked the fit of each model. The model with the lowest AIC was selected as the best
fitting model and included all independent variables that improved model fit (i.e., were informative
about CPUE catchability). Results of this initial model ranking analysis are provided in Appendix A.

3. Afurther AIC model selection analysis was performed by considering the inclusion of random effects
for specific variables that could be included in a hierarchical structure (models with random effects
do not get tested through the MuMIn package). These candidate mixed effects models (models with
fixed and random effects) considered licence and a crossed random effect of year within grid. Licence
was included as a random effect; individual fishers are considered to be random CPUE samples and
are therefore hierarchical. Grid and year as a crossed random effect treats year as a random sample
of the population within each grid level. It suggests that CPUE varies annually within a grid but is also
related to other grids. Results of this hierarchical model ranking analysis are provided in Appendix A.

4. The best fitting mixed effects models were again checked to determine if model fits are appropriate.
Collinearity was checked in particular, with collinear variables excluded from the final models.
Variable collinearity is an indication of insufficient observations across factor levels, leading to CPUE
being similarly informed by them. This confounds the model fitting process and is avoided by
removing one of a pair of collinear variables. An example of collinearity in CPUE data is licences
fishing different areas which therefore means that area and licence provide the same information on
CPUE. The diagnostics of the best fitting model for each stock are provided in Appendix A.

5. The best fitting model was used to produce a standardised index of abundance by predicting the year
coefficients of the GLMM for each stock and grid while holding all other variables constant. This index
is centred on a mean of 1 and can be compared with a nominal CPUE index that has also been
centred.

6. The best fitting model was used to determine effect sizes for the catchability variables indicating
which variables led to increased fishing efficiency. This was performed using the visreg package
(Breheny & Burchett, 2017).

Following this process, the best fitting CPUE standardisation model for each stock was:

Catch ~ 0 + Year + (1|Grid:Year) + Number of crew + (l|licence) +
offset (log(Total effort hours)

for the West stock and,

Catch ~ 0 + Year + Grid + (1|Grid:Year) + Number of crew + (1l]licence)
+ offset(log(Total effort hours)

for the East stock. Note that Month was determined to be a collinear variable for both stocks and
was excluded from the final models.

Results

Fishery Dynamics

Catch and effort at the fishery scale have had a general declining trend through time with catch
peaking at 291 t in 1999/2000 but averaging 38 t since 2007/2008 (Figure 2). This reduction in catch
corresponds with effort reduction (Figure 2). Catch-per-unit-effort had a general declining trend
until 2011/2012 when CPUE increased and stabilised (Figure 2). These results suggest that initially

11
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high catches may have decreased the population and that lower recent catches have allowed
recovery to occur (Figure 2). The average CPUE across the time series was 27 kg per fisher hour
(Figure 2).
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Figure 2: Annual catch and effort statistics at the fishery scale for NT sandfish. Nominal CPUE data

were calculated as the annual arithmetic mean. Data prior to 1999/2000 are confidential.
Similar trends in catch and effort apply to both West and East stocks, with declining catch and effort
through time (Figure 3). However, the West stock had much higher average catches between
1999/2000 and 2007/2008 at 128 t versus 45 t (Figure 3). From 2007/2008 onwards, catch and effort
have been at similar levels with catch averaging 20 t and 21 t for the West and East stocks,
respectively (Figure 3). Higher catches in the West stock led to CPUE declines between 1999/2000
and 2009/2010, with recovery occurring from 2010/2011 onwards (Figure 3). The CPUE for the East
stock has been relatively stable throughout the time series averaging 25.0 kg per fisher hour from
2000 to 2023, rising to 26.9 kg per fisher hour from 2010/2011 onwards (Figure 3). This is similar to
recent CPUE for the West stock which averaged 26.5 kg per fisher hour since 2010/2011 (Figure 3).
These results suggest that catches have always remained at appropriate levels for the East stock
and have not caused population declines. Conversely, high initial catches for the West stock caused
population declines which then recovered and stabilised following catch reductions (Figure 3).

13
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Figure 3: Annual catch and effort statistics at the stock scale for NT sandfish. Nominal CPUE data
calculated as the annual arithmetic mean are presented. Data prior to 1999/2000 are confidential. The
same y-axis scales are used to allow comparisons.
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Grid level CPUE was more variable than fishery and stock level CPUE (Figure 4). Grids 1236 and 1336
from the East stock had an average CPUE of 19.0 and 24.5 kg per fisher hour from 1999/2000 —
2022/2023, respectively (Figure 4). Neither of these Eastern stock grids had notable increases nor
decreases to CPUE throughout the time period, indicating stable population levels from 1999/2000
—2022/2023 (Figure 4). The CPUE for the West stock grids had different trends to one another with
grids 1131 and 1134 having a general declining trend through time. However, grid 1134 had an
anomalously high CPUE in 2016/2017 (Figure 4). Grids 1132 and 1133 had trends that were similar
to the Western stock level CPUE, characterised by declining CPUE until approximately 2009/2010,
followed by an increase and stabilisation in CPUE (Figure 4). Given these results are based on
nominal CPUE, reasons for different population trends are best considered with standardised CPUE.

1131 1132 ‘

Stock

® EAST

H WEST

N

CPUE £ 95% CI
(kg per fisher hour)

Financial Year

Figure 4: Annual nominal CPUE at the grid scale for NT sandfish. Only grids with catch and effort
throughout the time series (i.e., did not incur sporadic fishing) are included. The stock each grid belongs
to is indicated by the dark and light blue shading. Data prior to 1999/2000 are confidential.
Fleet changes have occurred through time as different licences have had varying participation rates
among years (Figure 5). Between 1999/2000 and 2009/2010 more than three licences fished in all
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but one year with most fishing for more than 50 days each (Figure 5). However, fewer licences
generally were fishing from 2009/2010 onwards with far fewer days being fished by each licence
(Figure 5). From 2018/2019 — 2021/2022, only one licence was active in the fishery (Figure 5).
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Figure 5: Licence participation for the NT sandfish Fishery from 1999/2000 — 2022/2023. Individual
licences are shown on the left-hand y axis and licence numbers are obscured to maintain
confidentiality. The size of the blue bubbles indicates the number of annual fishing days for each
licence through time. The black line and right-hand y axis represent the number of licences that fished
in each year.

CPUE standardisation

West stock

The standardised index of abundance (i.e., standardised CPUE) at the stock level closely follows the
nominal CPUE up until 2018/2019 (Figure 6). Following 2018/2019, the nominal and standardised
index deviate with the standardised index being higher than the nominal (Figure 6). The timing of
this deviation may be related to a single licence fishing in those years, demonstrating an effect of
licence on CPUE (Figure 5). Although the standardised and nominal CPUE indices differ slightly in
recent years, this analysis shows that CPUE was not substantially changed through standardisation
and that nominal CPUE reflects population of abundance for the West stock.
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CPUE standardisation for NT Sandfish

The changes in standardised index strongly align with changes in catch, suggesting that population
changes are evident in this index (Figure 6). Catches were initially high, causing declining CPUE, but
then substantially reduced by almost 90% from 2007/2008 onwards (Figure 6). Thereafter, the
standardised index stabilises before increasing substantially in 2011/2012 (Figure 6). During this
period catches remained low and stable, producing a generally increasing trend in the standardised
CPUE index (Figure 6). Given this synchronicity with catch, this standardised index could be used for
stock assessments performed at the stock scale (i.e., all grids amalgamated), given that it provides
plausible indications of the stock’s response to different levels of fishing pressure.
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Figure 6: Standardised CPUE index for the West NT sandfish stock (top panel). The black line and grey
shaded area show the predicted index of abundance + standard error from the GLMM. The blue line is
nominal CPUE presented in the previous section. Both indices have been centred on a mean of 1 to
allow their comparison. The total catch of the West stock is shown by the grey bars in the bottom
panel. The values at the top of the bottom panel show the annual number of fishing days.

Grid level standardised indices provided finer scale estimates using the same model to estimate a
standardised index at the stock level (Figure 7). Although standardised indices of abundance are
presented for each grid, these have been estimated from CPUE data across the stock. Therefore,
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grids with lower levels of effort have their standardised index of abundance informed by indices
from other grids in those same years. This is valuable as some grids have low catch and effort in
particular years, leading to nominal CPUE that was highly variable. Grid 1134 is a good example of
this, where limited catch and effort occurs in years following 2003/04 (Figure 7). For this grid, the
nominal index of abundance was very low in most years with a pronounced increase in 2017/18
(Figure 7). Conversely, the standardised index for grid 1134 shows an increase following 2011/2012
which is higher and more stable (Figure 7). This more closely matches the global standardised index
seen at the stock level (Figure 6, Figure 7) which occurs as the predicted abundance in this grid is
being informed by the stock level trend when there are limited data in particular years. Examining
the catch for grid 1134 shows the plausibility of this standardised index as an extreme level of catch
occurs in 2000 which is not repeated. Catches remain low from this point onwards, as does the
nominal index but this is based on limited records, whereas the standardised index is reflecting
CPUE trends from other grids where fishing is occurring (Figure 7).

Grid 1132 has complementary results, with nominal and standardised indices similar and matching
the results of the stock level indices (Figure 6, Figure 7). This occurs as most of the stocks catch and
effort comes from this grid. Therefore, the grid is providing the most information to global
abundance index estimated at the stock level. A similar result occurs for grid 1133 which has the
second highest levels of catch, whereas grid 1131 has a deviation between the standardised and
nominal indices following 2012/2013 when minimal fishing effort occurs (Figure 7). The result for
grid 1133 is therefore similar to that of grid 1132, and grid 1131 is most similar to 1134 (Figure 7).
These results could therefore be used in stock assessments at the grid level, although caution is
required given underlying assumptions regarding trends in grid-level recruitment.

The model fitting process determined that ‘month’ was a collinear variable and was excluded from
the CPUE standardisation analysis for the West stock. However, all other remaining catchability
variables were included in the analysis, indicating that they have an effect on CPUE. The effect sizes
for the West stock indicated that CPUE is most influenced by ‘year’ (Figure 8) which is why the
nominal index was often similar to the standardised index (Figure 6). Grid 1134 had the greatest
effect on CPUE, indicating that sandfish densities could be highest in that grid (Figure 8). The CPUE
decreased with the number of crew onboard, although there is no clear explanation for this result
from the data available. This could possibly be a reporting effect, where a number of non-fishing
crew are listed on logbook returns. If so, then the CPUE standardisation has provided a valuable
function by identifying this effect. Licence “1” had the lowest effect size for CPUE (indicated by lower
CPUE than other licences) but was the only licence fishing between 2018/2019 and 2021/2022
(Figure 5). This provides further explanation as to why the standardised index was higher than the
nominal index in recent years.
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Figure 7: Standardised index of abundance from CPUE for the NT sandfish at four grids from the West
stock (top panels). The black lines and grey shaded areas show the predicted index of abundance *
standard error from the GLMM. The blue line is nominal CPUE presented in the previous section for
each grid in years where fishing occurred. Both indices have been centred on a mean of 1 to allow their
comparison. The total catch of each grid is shown by the grey bars in the panels below each grids
standardised index of abundance panels. The values at the top of the catch panels show the number
of annual fishing days in each grid.
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Figure 8: The effect sizes of ‘year’ (Panel A) and the catchability parameters (Panels B — D) from the
West stock CPUE standardisation model. Financial years are labelled as integers with ‘2000’
representing ‘1999/2000’. The blue line indicates the mean effect size, and the grey shaded area is the
model parameter standard error. Panels with cross bars (A, C, and D) represent variables treated as
factors in the model. The ‘number of crew’ variable (Panel B) was treated as a continuous variable. All
variables are centred on a mean of 1, allowing their comparability.

East stock

The standardised CPUE for the East stock was more similar to the nominal CPUE than the results
shown for the West stock (Figure 9). The CPUE remained stable throughout the time series,
suggesting that the sandfish population also remained stable and that catch levels were sustainable
through time. Similar to the West stock, this analysis shows that the CPUE index is not substantially
updated through a standardisation analysis and that a nominal CPUE reflects population abundance.
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Figure 9: Standardised index of abundance from CPUE for the East NT sandfish stock (top panel). The
black line and grey shaded area show the predicted index of abundance + standard error from the
GLMM. The blue line is nominal CPUE presented in the previous section. Both indices have been
centred on a mean of 1 to allow their comparison. The total catch of the East stock is shown by the
grey bars in the bottom panel. The values at the top of the panel show the annual number of fishing
days.
Only two grids were included for the East stock as catch and effort did not occur across sufficient
years for the remaining grids. Of the two grids included, grid 1336 had much higher levels of catch
(Figure 10). Despite this, stable nominal and standardised CPUE indices were maintained for this
grid (Figure 10). Grid 1236 had lower levels of catch with one large year of catch occurring in
2018/2019 (Figure 10). However, nominal and standardised CPUE again remained stable despite
some nominal CPUE volatility caused by low numbers of fishing effort in some years (Figure 10).
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Figure 10: Standardised index of abundance from CPUE for the NT sandfish at two grids from the East
stock (top panels). The black lines and grey shaded areas show the predicted index of abundance *
standard error from the GLMM. The blue line is nominal CPUE presented in the previous section for
each grid. Both indices have been centred on a mean of 1 to allow their comparison. The total catch of
each grid is shown by the grey bars in the panels below each grids standardised index of abundance
panels. The values at the top of the catch panels show the number of annual fishing days in each grid.

The model fitting process determined that ‘month’ was a collinear variable and was excluded from

the CPUE standardisation analysis for the East stock. However, all other remaining catchability

variables were included in the analysis, indicating that they have an effect on CPUE. ‘Year’ also had

the highest effect size for the East stock, and an increased number of crew had a declining effect

(Figure 11). The CPUE of the two grids were more similar than the West stock, as was the licence

with the exception of licence “3” which had a lower CPUE for this stock (Figure 11).
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Figure 11: The effect sizes of ‘year’ (Panel A) and the catchability parameters (Panels B — D) from the
East stock CPUE standardisation model. Financial years are labelled as integers with 2000’
representing ‘1999/2000’. The blue line indicates the mean effect size, and the grey shaded area is the
model parameter standard error. Panels with cross bars (A, C and D) represent variables treated as
factors in the model. The ‘number of crew’ variable (Panel B) was treated as a continuous variable. All
variables are centred on a mean of 1, allowing their comparability.

Stock assessment scoping

Species biology

Growth

Little growth information is available for wild sandfish populations (Hamel et al., 2022) or for sea
cucumbers more generally (Kinch et al. 2008). This is because, sea cucumbers cannot be reliably
tagged and recaptured and age determination is difficult (Purcell et al. 2016). Some limited growth
estimates have been produced through analysis of length frequency distribution. (Dissanayake &
Wijeyaratne, 2010) estimated growth of sandfish equivalent to k =0.8 but this estimate may be
unreliable as detailed methods were not provided. Long et al (1996) estimated that sandfish in the
Torres Strait reached 18 cm in two years of age, based on size frequency data collected during
surveys. This suggests that their growth is fast given this is 45 % of their maximum size (~ 40 cm
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(Purcell et al., 2023)Maximum age is poorly understood for sandfish but they are thought to be fast-
growing and therefore short-lived (Skewes et al., 2014). As no von Bertalanffy (VB) growth estimates
are available for sandfish, they must be approximated for stock assessment purposes. A reasonable
approximation would be L. = 35 cm based on their maximum length with k=0.35 yr! (Table 1; Figure
13). This corresponds to a length of approximately 18 cm at two years of age, matching the estimate
of Long et al (1996).

Maturity

Length-at-maturity for sandfish has a degree of plasticity that has been related to region and levels
of fishing pressure (Hamel et al., 2022; Yanti et al., 2020). Regional variation in length-at-maturity
has been demonstrated across the Pacific Ocean, Indian Ocean and Red Sea and ranges between
13.6 — 23.0 cm (Hamel et al., 2022). The legal minimum length (LML) for NT sandfish is mid-way
between this range at 16 cm and corresponds with estimates of length at maturity for sandfish from
the Torres Strait and New Caledonia (Conand, 1989; Long et al., 1996). Therefore, a length-at-
maturity of 16 cm has the most support for NT populations. Given this, a length-at-maturity is
reported, the shape of a maturity ogive has not been described in the literature. Therefore, the
length-at-50%-mature (Lso) should be treated as 16 cm whereas the length-at-95%-mature (Lgs)
should assigned reasonable values that are sensitivity tested when applied in any stock assessment
analysis (Table 1; Figure 13).

Weight-at-length relationships

Weight-at-length relationships were estimated from data collected during recent surveys
conducted in grids 1132 (West stock), 1236 (East stock) and 1336 (East stock) (Koopman & Knuckey,
in prep). This was performed according to the methods presented in Ogle (2015) where a linear
model was fitted to length (cm) and weight (kg) in log10 space, and a bias correction was applied to
the intercept parameter (WL,) when converted back to natural space. This provides the weight-at-
length parameters (WL, and WLp) which can be used to convert length in cm (L) to weight in kg (W):

W = WL, * LWk

Reasonable sample sizes of more 70 individuals across a large size range were collected for each
grid (Figure 12). Grids 1132 and 1336 had similar weight length relationships despite coming from
separate stocks (Figure 12). Conversely, grid 1236 had a flatter weight-at-length relationship than
the other grids, despite coming from the same stock as grid 1336. This may be caused by smaller
individuals being collected from 1236 as no sandfish larger than 1kg were measured from this grid
(Figure 12). However, a difference in weight-at-length between grids is not apparent until sandfish
reach a length of 20cm (Figure 12). These results suggest that weight-at-length relationships can
vary regionally, but without evidence of this occurring in specific areas a default relationship using
WLy =0.00092 and WL = 2.11439 would be suitable (Table 1).
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Figure 12: Weight-at-length relationships for NT sandfish surveyed in different grids. The relationships
for each grid are shown in the left-hand panels (A). The relationship for all grids combined is shown in
the upper right-hand panel (B). The individual relationships and the combined relationships are
compared in the bottom right-hand panel (C). Shaded areas represent the 95% confidence intervals of
the respective weight-at-length relationship. The parameters relating to each relationship are
displayed on the panels, along with the sample size (n) for each grid.

Natural mortality

Natural mortality (M) is poorly understood for sea cucumbers. Natural mortality is usually
determined from life history correlates such as growth, maturity or longevity through a variety of
methods (Hamel & Cope, 2022; Maunder et al., 2023). However, longevity is best considered when
determining appropriate M values for stock assessment purposes, as a species lifespan will be
directly related to its survival rates (Cope & Hamel, 2022). Although M may be poorly understood
for sandfish, this species is thought to be relatively short lived in comparison with other species
(Skewes et al., 2014). Therefore, it is likely to have a higher value of M in comparison with less
productive species of sea cucumber. An M of 0.65yr! corresponds to a maximum age of 9 (Figure
13) which is a relatively short lifespan for a sea cucumber species, matching assumptions on sandfish
biology (Hart, 2023; Skewes et al., 2014). This maximum age also corresponds to the age at which
95% of maximum length (based on L~ = 35 cm) according to the VB growth estimates; another
accepted proxy for longevity. Therefore, this value produces a coherent life history narrative that
suits the known biology of the species. This value of M (as well as other approximated) life history
estimates should be thoroughly tested within a stock assessment framework given their uncertainty
(Smart et al., 2024b).
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Recruitment

Two parameters generally apply to Beverton-Holt stock recruitment relationships in stock
assessments: steepness (h) which corresponds to the proportion of unfished recruitment (Ry) that
occurs at 20% of unfished spawning stock biomass (55B20), and recruitment variability (or) which is
the variability about the stock recruitment relationship in log space. Steepness is essentially a
measure of recruitment compensation, indicating the degree of increased recruitment that occurs
when stock size is reduced, whereas or is a measure of how much recruitment variability occurs
according to environmental drivers, rather than stock size. Both of these parameters tend to be
poorly understood for sea cucumbers. Recent stock assessments used h =0.3 and or < 0.5 for several
species of sea cucumbers from Queensland (Smart et al., 2024b, 2024a). The justification of these
values was that sea cucumber populations are typically slow to recover following over depletion
(hence a low h) and that or was restricted in a model fitting process to reduce over-fitting to CPUE
data (Smart et al., 2024b, 2024a). Similar reasoning and justification can be applied to NT sandfish
for stock assessment purposes. Again, these parameters should be sensitivity tested within a stock
assessment framework.

Summary

From the information presented for each life history characteristic, a base-case description of
species biology can be assembled for stock assessment purposes. Figure 13 shows the growth curve
which approximates the known information of sandfish, along with an M estimate that aligns with
this. These parameters are summarised in Table 1 and variability around growth, mortality, maturity,
and recruitment parameters should be explored through sensitivity testing in a stock assessment
framework.

Table 1. Summary and justification of best available or approximated life history information for NT sandfish.

Parameter Value Reference or justification
Growth Approximated based on published biological
Lo 35cm information. Matches maximum size (Purcell et al.,
k 0.35 yr-? 2023). Length-at-age at age two matches (Long et al.,
ao 0yr 1996)
Maturity
! 16 em (Conand, 1989)
50
Los 18 cm Approximated based on fast growth
Natural Mortality 0.65 yr? Produces a longevity that aligns with maximum age
from growth parameters used.
Weight-at-length
a 0.00092 Estimated from data collected by Koopman & Knuckey
b 2.11439 (in prep)
Recruitment
Steepness (h) 03 Conservative values used for other sea cucumber
Variability (o) 0'5 assessments (Smart et al., 2024b)
ariability (or <0.
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Figure 13: Life history summary of NT sandfish from available information. Note that some values are
based on strong assumptions and designed to match best available information on species biology.

Biomass surveys

Three sandfish surveys have been conducted in grids 1132 (West stock), 1236 (East stock) and 1336
(East stock) (Koopman & Knuckey, in prep). These provide density estimates for the areas surveyed
together with length and weight compositions of sandfish. The combination of these data allows
absolute biomass to be calculated by scaling density by the average weight of individuals applicable
to each area (Koopman & Knuckey, in prep). Error estimates for biomass estimates can be produced
through bootstrapping procedures. Therefore, absolute estimates of biomass and associated
uncertainties are available for the two main grids of the East stock and the main grid of the West
stock where the most catch and effort occur. The data from these surveys provide two useful inputs
to stock assessment models: 1) Absolute estimates of biomass with uncertainty, and 2) length-
compositions that can be used to determine selectivity in age structured models.

Discussion

Current determination of stock status

Both nominal and standardised CPUE indices for the West and East stocks indicate that both stocks
are healthy and that recent catch levels have been sustainable. Historical catch and CPUE from
1999/2000 to 2006/2007 indicates that overfishing probably occurred during this period for the
West stock. Catches were markedly higher than recent catches during this period and CPUE had a
strong declining trend, indicating that stock declines were probable. However, since 2006/2007
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catches have been consistently below 50 t whole weight and CPUE has recovered and stabilised
over this period.

Catches for the East stock have only exceeded 50 t whole weight in three fishing seasons and have
been below 20 t in most years. Both nominal and standardised CPUE have been relatively stable
over this period, indicating that these catch levels have been appropriate for the stocks size.

Both stocks were recently classified as ‘undefined’ in the Status of Australian Fish Stocks (Hart, 2023)
based on insufficient information being available to assess changes in abundance. However, stocks
in Western Australia were assigned stock status definitions given the availability of survey estimates
and standardised CPUE. Given that this information is now available for NT stocks, it is likely that a
stock status could be assigned in future editions of the Status of Australian Fish Stocks. Based on
the evidence provided by the CPUE standardisation here, there is evidence to support a sustainable
status for both stocks in 2022/2023. Upcoming publication of biomass estimates from surveys will
provide further information that can be used to inform these stock statuses (Koopman & Knuckey,
2025).

Potential for localised depletion

A novel approach was developed in this report to ascertain whether signs of localised depletion
could be identified from grid level CPUE. This approach used crossed random effects within a GLMM
to share information across grids. The advantage of this approach is that grids with limited fishing
effort in certain years receive information on the global (i.e. stock level) CPUE trend to infer
abundance. Certain grids for the West stock had low levels of catch and effort in recent years,
producing low and often volatile nominal CPUE estimates. However, shared information from other
grids with higher levels of fishing activity provided supplementary information that produced
standardised CPUE estimates that were higher and less volatile than the nominal values. This
represents the greatest level of information that can be provided from a CPUE standardisation
analysis on sparse spatial data, but it must also be carefully caveated. An increasing CPUE trend in
grids with greater levels of catch and effort indicates that recruitment is outpacing removals (i.e.
catch) and therefore the population is increasing. Given low levels of catch in grids with limited
fishing effort, one would also expect CPUE to increase at a rate that approximates that of other grids
if recruitment rates were spatially comparable. Yet there is currently limited information to verify
this as recruitment dynamics remain poorly understood for sandfish and sea cucumbers more
generally (Wolfe and Byrne 2022).

The genetic structure of sandfish populations in northern Australia and Papua New Guinea were
recently studied and the level of genetic sub-structuring was low (Nowland et al., 2017). However,
genetic analyses from Papua New Guinea and Fiji have indicated limited connectivity between
subpopulations leading to high rates of self-seeding (Brown et al.,, 2022; Waldie et al., 2024).
Localised depletion of sandfish has been detected on the east coast of Australia where overfishing
occurred in Tin Can Bay. There has been restricted gene-flow detected along the east coast,
suggesting a low dispersal rate that could have led to this localised depletion (Hamel et al., 2022;
Uthicke & Benzie, 2001). This mixture of information indicates that the level of recruitment
connectivity for NT sandfish sub-populations is uncertain. Therefore, for the results of this CPUE
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standardisation to be accepted with confidence, evidence of comparable levels of recruitment
between grids needs to be further evaluated.

The standardised CPUE results presented in this report indicate that no localised depletion has
occurred for individual grids. However, the contrasting information on sandfish subpopulation
connectivity means that this result must still be treated cautiously. Rather than concluding that
localised depletion has not occurred, this report concludes that no evidence of localised depletion
has been detected. Therefore, the cautious spatial management that is in place for the fishery
remains justified but there can be some reassurance that localised depletion is not apparent in the
available information and results.

Future stock assessment research

Potential stock assessment approaches

There are two feasible stock assessment modelling options that can be applied to each NT sandfish
stock: 1) an age structured population model performed via Stock Synthesis (Methot & Wetzel,
2013), or 2) a biomass dynamics model such as surplus production or delay difference model.
Biomass dynamics models are a simpler model framework as they do not consider population
structure, instead focusing on the population as a single pool of biomass. Surplus production models
are the simplest application of biomass dynamics models, estimating two key parameters: carrying
capacity (K) and rate of population increase (r). These models are commonly applied to sea
cucumber stocks and have been used in Western Australian sandfish stock assessments (Hart et al.,
2022). Delay difference models are an extension of surplus production models which extend beyond
estimating K and r by considering limited information on species biology, such that they can better
consider recruitment (Hilborn & Walters, 1992). Both surplus production and delay difference
models have been applied to sea cucumbers and can be tailored to include estimates of absolute
biomass from surveys (Hart et al., 2022; Smart et al., 2024a, 2024b). However, one compromise
with biomass dynamics models is that only the legal-sized component of the population can be
considered, as this is the only information provided to the models through catch and effort data.
Absolute biomass estimates must therefore be truncated to the legal sized component of the
surveys for inclusion in these models, making less use of the available data (Smart et al., 2024a,
2024b).

Age structured population models are a more complex model framework than biomass dynamics
models as they consider the underlying population structure. Populations can then be summarised
according to different biomass definitions such as total, legal-sized, and spawning biomass. These
models are able to consider the sub-legal component of the stock which can be valuable when size
limits are in place as they consider the component of the population protected from fishing. Both
age structured (i.e., Stock Synthesis) and delay different models were recently applied and
compared for four sea cucumber species in Queensland which had similar data availability to the NT
sandfish fishery (Smart et al., 2024a, 2024b). These comparisons determined that both models could
both be effectively applied for sea cucumber stock assessments and produced the same conclusions
regarding stock status. However, the age structured models were determined to perform best as
they had improved stability, made better use of available data (biomass did not need to be
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truncated and survey length compositions could be incorporated) and provided more detailed
model outputs for consideration in fishery management (Smart et al., 2024a, 2024b). The similarity
between recent work undertaken in Queensland and NT means that the same age structured
approach would likely be successful. However, the surplus production model applied by Hart et al
(2022) could also be successfully applied. The delay difference model applied by Smart et al (20243,
2024b) remains proprietary software of Fisheries Queensland and is unlikely to be available for use
in the NT in the near future. The surplus production model of Hart et al (2022) and age structured
model of Smart et al (2024a, 2024b) are therefore the best stock assessment options available for
the NT sandfish fishery.

Ideally population models for sea cucumbers should be conducted at the finest spatial scale
possible, as meta-population structures exist for many species. However, the finer the spatial scale
used in stock assessments, the more data is required, producing an unfortunate trade-off between
model specification and data availability. Given that survey estimates are available for the two main
grids in the East stock, which also had sufficient levels of catch and effort data to support CPUE
standardisation, it may be possible to consider a three-area spatial model for this stock. This would
include each surveyed grid and the amalgamation of remaining areas. However, the spatial scale of
the West stock makes this less feasible, and it is likely this stock cannot be considered in a spatial
stock assessment model. Instead a stock level assessment model could be undertaken with the
biomass of grid 1132 scaled to be representative of the remaining grids (Smart et al., 2024b). Full
exploration of these options is best considered during the stock assessment process when model
stability can be considered as data availability is balanced with spatial structure.

Value of additional research

Standardised CPUE and estimates of absolute biomass are significant steps towards providing
sufficient data for stock assessment purposes. Further surveys of grids for the West stock would
provide improved spatial coverage, further increasing the level of valuable information for stock
assessments. However, additional information on species biology would be particularly valuable for
stock assessment purposes. As identified in this report, information on growth is poorly understood,
as well as longevity and natural mortality. These are common data limitations for sea cucumber
species and have been overcome in stock assessments by careful and judicious decision making by
stock assessors, and extensive sensitivity testing of biological assumptions. Nonetheless targeted
research into species biology would be particularly valuable and would complement the existing
information on biomass estimates and standardised CPUE already available.

Currently, harvest estimates are only available from 1999/2000 onwards as data prior to this are
confidential. All available data from logbooks will need to be included in stock assessment
modelling. There would also be opportunity to extend the CPUE series back to the commencement
of catches.
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Appendix A
CPUE GLM diagnostics - West Stock

AIC ranking analysis for model variables

Table Al: AIC ranking analysis of models with different fixed effect combinations for the West stock.
The model with the lowest AIC value (AAIC = 0) is the best fitting model, although models with an AAIC
less than 2 are equally appropriate. The top ten models according to AIC are shown.

Model formula df AIC AAIC
Catch_Kg ~ GRID_CODE + LICENCE_NO + MONTH + 46 @ 27298.99 0
NUMBER_OF_CREW + Year + offset(log(Total_hours))

Catch_Kg ~ LICENCE_NO + MONTH + NUMBER_OF_CREW + Year + 43 2731255 13.56

offset(log(Total_hours))
Catch_Kg ~ GRID_CODE + LICENCE_NO + NUMBER_OF_CREW + Year + 35 | 27317.41 18.43
offset(log(Total_hours))

Catch_Kg ~ LICENCE_NO + NUMBER_OF_CREW + Year + 32 27329.53  30.54
offset(log(Total_hours))
Catch_Kg ~ GRID_CODE + LICENCE_NO + MONTH + Year + 45 | 27334.68 35.69
offset(log(Total_hours))
Catch_Kg ~ LICENCE_NO + MONTH + Year + offset(log(Total_hours)) 42 | 27348.58 @ 49.59
Catch_Kg ~ GRID_CODE + LICENCE_NO + Year + 34 27355.27 56.28
offset(log(Total_hours))
Catch_Kg ~ LICENCE_NO + Year + offset(log(Total_hours)) 31 27369.82 | 70.83
Catch_Kg ~ GRID_CODE + MONTH + NUMBER_OF_CREW + Year + 41 27371.64 72.66
offset(log(Total_hours))
Catch_Kg ~ GRID_CODE + NUMBER_OF_CREW + Year + 30 27394.44 95.45

offset(log(Total_hours))

AIC ranking analysis for hierachical structure

Table A2: AIC ranking analysis for models with differing hierarchical structures for the West stock. The
model with the lowest AIC value (AAIC = 0) is the best fitting model, although models with an AAIC less
than 2 are equally appropriate.

Model formula df AIC AAIC
Catch_Kg ~ 0 + Year + (1 | GRID_CODE:Year) + MONTH + 40  27183.17 0
NUMBER_OF_CREW + offset(log(Total_hours)) + (1 | LICENCE_NO)

Catch_Kg ~ 0 + Year + (1 | GRID_CODE/Year) + MONTH + 41 27185.25  2.09
NUMBER_OF_CREW + offset(log(Total_hours)) + (1 | LICENCE_NO)

Catch_Kg ~ 0 + Year + GRID_CODE + (1 | GRID_CODE:Year) + MONTH + 43 27187.67 4.5
NUMBER_OF_CREW + offset(log(Total_hours)) + (1 | LICENCE_NO)

Catch_Kg~0+ (1| Year) + (1 | GRID_CODE) + (1 | GRID_CODE:Year) + 19 27196.61 13.44
MONTH + NUMBER_OF_CREW + offset(log(Total_hours)) + (1 |

LICENCE_NO)
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Diagnostics of the best fitting model.
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Figure Al: Diagnostic plots for the besting fitting GLMM used in the CPUE standardisation for the West
stock. Each panel demonstrates the model performance according to the posterior predictive check,
homogeneity of variance, presence of collinearity, and normality of random effects. A description of
how each diagnostic plot should look is presented in each panel’s subheading. These plots were
produced using the performance R package (Lidecke et al., 2021).
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CPUE GLM diagnostics - East Stock

AIC ranking analysis for model variables

Table A3: AIC ranking analysis of models with different fixed effect combinations for the East stock.
The model with the lowest AIC value (AAIC = 0) is the best fitting model, although models with an AAIC

less than 2 are equally appropriate. The top ten models according to AIC are shown.

Model df AIC AAIC

Catch_Kg ~ GRID_CODE + LICENCE_NO + MONTH + NUMBER_OF_CREW + 41 11523.64 0

Year + offset(log(Total_hours))

Catch_Kg ~ LICENCE_NO + MONTH + NUMBER_OF_CREW + Year + 40 | 11528.34 4.7

offset(log(Total_hours))
Catch_Kg ~ GRID_CODE + LICENCE_NO + MONTH + Year + 40
offset(log(Total_hours))

11528.7 5.06

Catch_Kg ~ LICENCE_NO + MONTH + Year + offset(log(Total_hours)) 39 | 11536.35 | 12.71
Catch_Kg ~ GRID_CODE + LICENCE_NO + NUMBER_OF_CREW + Year + 30 11548.9 | 25.26
offset(log(Total_hours))

Catch_Kg ~ LICENCE_NO + NUMBER_OF_CREW + Year + 29 11550.28 26.64
offset(log(Total_hours))

Catch_Kg ~ GRID_CODE + LICENCE_NO + Year + offset(log(Total_hours)) ‘ 29 11550.68 27.03
Catch_Kg ~ LICENCE_NO + Year + offset(log(Total_hours)) 28 | 11554.08 @ 30.44
Catch_Kg ~ GRID_CODE + MONTH + NUMBER_OF_CREW + Year + 36 11555.82 | 32.18

offset(log(Total_hours))

Catch_Kg ~ GRID_CODE + MONTH + Year + offset(log(Total_hours)) 35| 11561.56 37.92

AIC ranking analysis for hierachical structure

Table A4: AIC ranking analysis for models with differing hierarchical structures for the East stock. The
model with the lowest AIC value (AAIC = 0) is the best fitting model, although models with an AAIC less

than 2 are equally appropriate.

Model formula df AIC AAIC
Catch_Kg ~ 0 + Year + GRID_CODE + (1 | GRID_CODE:Year) + 27 11568.33 0
offset(log(Total_hours)) + (1 | LICENCE_NO) + NUMBER_OF_CREW

Catch_Kg ~ 0 + Year + (1 | GRID_CODE:Year) + offset(log(Total_hours)) + (1 | 26 = 11570.17 1.84
LICENCE_NO) + NUMBER_OF_CREW

Catch_Kg ~ 0 + Year + (1 | GRID_CODE/Year) + offset(log(Total_hours)) + (1 | 27 1157124 291
LICENCE_NO) + NUMBER_OF_CREW

Catch_Kg~0+ (1] Year) + (1 | GRID_CODE) + (1 | GRID_CODE:Year) + 7 | 11605.53 | 37.2

offset(log(Total_hours)) + (1 | LICENCE_NO) + NUMBER_OF_CREW
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Diagnostics of the best fitting model.
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Figure A2: Diagnostic plots for the besting fitting GLMM used in the CPUE standardisation for the East
stock. Each panel demonstrates the model performance according to the posterior predictive check,
homogeneity of variance, presence of collinearity, and normality of random effects. A description of
how each diagnostic plot should look is presented in each panel’s subheading. These plots were
produced using the performance R package (Lidecke et al., 2021).
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