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Abstract

To explore the potential effects of the toothfish fishery on the population dynamics of
Antarctic  toothfish and its main prey, grenadiers (Macrouridae) and icefish
(Channichthyidae), we develop a spatially explicit model using a predator-prey suitability
model for the Ross Sea Region. We model the age-based population dynamics of toothfish,
grenadier, and icefish, and include natural mortality (M1) and predation mortality (M2), in
addition to fishing mortality (F) on all three species. The model suggests that the predation
release caused by the fishery effect on toothfish abundance is greater than the direct fishing
mortality on both prey species and that icefish is expected to show a larger increase in
biomass through time than grenadiers. It also suggests that a prey-suitability function is more
likely than a Holling type Il function to describe the predatory relationships in the model. We
use the model to compare the predicted population changes with available abundance data for
each species to develop hypotheses of the nature of the interaction. Whilst this model is in a
development stage, it provides a useful tool for evaluating potential impacts of the fishery on
key prey species, and for assessing and designing monitoring tools for fish species associated
with the toothfish fishery. We recommend targeted sampling of toothfish for diet analysis,
and the monitoring of icefish and grenadier populations in SSRUs 88.1H and 88.1K through
the development of age frequencies (length measurements and aging).

Keywords: Ross Sea, predator, prey, spatial population model, ecosystem model, Antarctic
toothfish
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Development of a spatially-explicit dynamics model of Antarctic toothfish (Dissostichus
mawsoni) and its main prey (Macrouridae and Channichthyidae) in the Ross Sea

Introduction

Toothfish are the major finfish currently exploited in the Southern Ocean, with only krill
exceeding the catch in recent years (Secretariat 2013). In the Ross Sea sector of Antarctica,
over 99% of the catch is Antarctic toothfish (Dissostichus mawsoni, henceforth
“toothfish™)(Secretariat 2013).

The toothfish fishery in the Ross Sea region has been operating since 1997, managed under
the Convention for the Conservation of Antarctic Marine Living Resources (CCAMLR, see
SC-CAMLR-XXXII 2013). CCAMLR Article Il paragraph 3(b) requires that fishing shall be
conducted in a way that maintains the “ecological relationships between harvested, dependent
and related populations”. Current CCAMLR management of predatory finfish is predicated on
the assumption that this principle will be satisfied in a precautionary manner (i.e. irrespective
of variations between systems) if a given toothfish stock is reduced to 50% of unfished
spawning biomass.

Knowledge of the trophic relationships among species is a vital step in identifying potential
indirect effects of fishing. Changes to prey communities resulting from changes in predator
populations are predicted to be strongest where the predator is large, mobile, and has high
metabolic rate, where prey species are long-lived, functional predator diversity is low, or
predator intra-guild predation is weak or absent (Heithaus et al. 2008, Shurin et al. 2002).
Many of these factors are present in the Ross Sea ecosystem (Pinkerton & Bradford-Grieve
2014). On the Ross Sea continental slope, where the majority of the Antarctic toothfish
population is likely to feed (Hanchet et al. 2008), toothfish are likely to be the major predators
of grenadier (Macrourus whitsoni and M. caml) and icefish (Chinobathyscus dewitti) (Bury et
al. 2008, Pinkerton et al. 2010). Both species of grenadier and icefish are also the main
species taken as bycatch in the longline fishery in the Ross Sea (Hanchet et al. 2014).

There are various ways to model trophic ecosystem dynamics. There are individual-based
models such as OSMOSE (Shin & Cury 2004) and whole ecosystem or “end-to-end models”
such as Ecopath with Ecosim (EwE, Christensen & Walters 2004) and Atlantis (Fulton 2010)
which include a representation of the entire ecosystem to various levels of detail, from
plankton to top predators and in some cases environmental influences and land uses. A carbon
balanced trophic model of the Ross Sea shelf and slope using (EwE, Christensen & Walters
2004) was developed by Pinkerton et al. (2010). Based on the model, it is likely that trophic
effects caused by a reduction in the spawning stock biomass of toothfish will be greatest for
medium sized (40-100 cm) demersal fish (predominantly grenadiers and icefish) in this
region(Pinkerton & Bradford-Grieve 2014). However, whilst such models are useful for
broader strategic decision making and examining hypothetical scenarios, they lack the spatial,
temporal resolution to provide more tactical management advice. Minimum realistic models
(MRMs) have been developed that focus on a small humber of species or groups of species
and a restricted type of interaction (e.g., Punt & Butterworth (1995), Mori & Butterworth
(2004), and (Begley 2005)).

We aim here to develop a minimum realistic representation of the system dynamics. By
“minimum realistic” we mean that the model needs to be able to capture the key factors and
processes that determine the dynamics of the components of interest. Minimum realistic
models (MRMs) restrict themselves to a small number of species or groups of species and a
restricted type of interaction. As such MRMs are distinct from individual-based models such
as OSMOSE (Shin & Cury 2004) which follow each individual fish, and whole ecosystem or
“end-to-end models” such as Ecopath with Ecosim (EwE, Christensen & Walters 2004) and
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Atlantis (Fulton 2010) which include a representation of the entire ecosystem, from plankton
to top predators and in some case environmental influences and land uses. Examples of
MRMs include those developed by Punt & Butterworth (1995), by Mori & Butterworth
(2004), and GADGET (Begley 2005)
Key dynamics that the Ross Sea Region MRM must be able to represent in order to simulate
plausible scenarios include:
e Change in biomass of Antarctic toothfish over time. This should be resolved spatially
(at least to some extent), and by size/age of toothfish (as this affects predation on
different prey groups);
e Removals of prey groups due to bycatch in the fishery under various management
scenarios;
e Intrinsic production rate of prey groups involving an estimate of biomass, recruitment
rate, and fish growth rate;
e Consumption rate of demersal fish species/groups by Antarctic toothfish;
o Diet of Antarctic toothfish, including how this may change as the relative abundances
of prey changes over time;
e Availability of demersal fish prey groups to Antarctic toothfish, including assessing
spatial overlap between species within the study region; and
e The potential influence of other prey items of Antarctic toothfish (e.g. squid) on
model results.

The purpose of this study is to develop a minimum realistic model of the interactions between
toothfish and these two main groups of demersal fish prey in the Ross Sea region (Figure 1).
The model developed is spatially-explicit because there is spatial heterogeneity within the
Ross Sea region in the distribution of toothfish, the distribution of each prey species, the
distribution of fishing effort, and in the observed diet of toothfish. We assess its performance
in representing changes observed in the fishery data. We also use the model to assess and
design monitoring plan objectives for fish species associated with the fishery.

Methods
Modelling framework

The MRM developed is a generalised Bayesian model which allows both fitting to data and
simulation, though here the model was implemented as a simulation model, i.e. with no fitting
to data. Populations of toothfish, grenadiers and icefish in the MRM were age-based (but not
differentiated by sex) with each species/group having a maturity ogive (see below) and
Beverton-Holt stock recruitment relationship with steepness of 0.75 (Punt et al. 2005).

The model was spatially-explicit and was developed using the Spatial Population Model
(SPM) software (Dunn et al. 2012). The spatial structure of the model was represented by
dividing the Ross Sea region into 60 equal area (118,300 km?) cells, with the fish populations
restricted to the 22 cells where the depth was suitable for toothfish habitat and fishing has
previously been carried out (Figure 1). The underlying distribution, abundance, and
movement patterns of Antarctic toothfish has previously been derived using the SPM
framework (Mormede et al. 2014b). The spatial distributions of grenadier and icefish were
defined by the distribution of catch per unit effort (CPUE) in space; whilst their total
abundance was derived from toothfish consumption rates. Movement between cells for the
prey species was assumed to be negligible but this movement hypothesis was tested in the
model framework.



Two predator-prey relationships were investigated: the Holling type Il function and a prey
suitability predation function (both described below). Only the prey suitability predation
option was implemented spatially as this gave more plausible results.

We assumed that mortality of grenadier and icefish was solely due to toothfish predation.
Whilst Rassweiler & Rassweiler (2011) suggested that predation is the principal cause of
adult fish mortality, others have suggested a residual non-predation mortality of up to 20%
(e.g., Alaska Fisheries Science Center 2012). Assuming no residual non-predation mortality
will provide the most extreme of responses of the prey species to a change in toothfish
biomass.

Figure 1: The Ross Sea region and CCAMLR SSRUs. Each equal area cell represents a cell in the
spatial model, then restricted to the 22 cells colours yellow where fishing has been previously
carried out. The blue dots represent fishing effort, and the grey line the 1000m depth contour.

Toothfish diet

The diet of Antarctic toothfish has been studied based on stomach content samples collected
from the fishery (e.g., Stevens et al. 2012). In particular, the eastern part of SSRU 88.1H
(Figure 1) has been the subject of extensive sampling to investigate potential changes in the
diet of toothfish as an ecosystem indicator(Stevens et al. 2012). Although diet through time
was characterised from this targeted sampling, there was no statistically significant change
(Stevens et al. 2012). Grenadier and icefish each represented 25% by weight of toothfish diet
in that area in 2003. The next most important prey group (Muraenolepididae) represented
14% of the diet, with cephalopods representing 12%, notothenioids 5%, and other species
groups less than 5% each. Some of these species could be incorporated in future models, but
are not taken as bycatch of the fishery. At this stage the model was confined to the top two
prey species groups, representing ~50% by weight of toothfish diet, and also species caught as
bycatch in the fishery.



Toothfish are likely to account for most of the natural mortality of grenadier and icefish
(Pinkerton et al. 2010). Other potential top predators of grenadiers and icefish were ignored as
insignificant sources of additional mortality (Pinkerton et al. 2010).

The consumption rates of fish reported in the literature vary largely depending on a number of
factors such as fish species, water temperature and prey species. For example, Palomares &
Pauly (1998) suggested a value of 1.8 year™ but the multi-species program OSMOSE uses a
value of 3.5 year” based on the work of Longhurst & Pauly (1987) on fish on coral reefs.
Therefore an alternative choice of this parameter could halve or double the impact of changes
in toothfish population on the prey species. An initial estimate specific to Antarctic toothfish
in the Ross Sea region based on growth was calculated at 1.4 y* (Pinkerton, pers. comm.).
Therefore the published value of 1.8 year" was used until a published value specific to
Antarctic toothfish is available.

Grenadier and icefish biomass

We assume that before the start of the fishery, all three species were in equilibrium whereby
the biomass of each was stable in time. In order to achieve this, predation mortality due to
toothfish was assumed to be equal to the natural mortality for both grenadier and icefish. For
example, for grenadier, the predation mortality (Uy) by toothfish would equal the biomass of
grenadier lost to natural mortality (Bw) as described by equation 1.

u,, =B, e (1)

Predator-prey functions

The Holling type 11 function (Holling 1959) removes the biomass of grenadier and icefish (Uy
or U, respectively) according to their local biomass (By and B, respectively) and the local
biomass of toothfish (Br), but constrained by a maximum exploitation rate (a). The slope of
the relationship is controlled by a parameter (b) which allows a range of responses from a
hungry predator to a satiated predator. For example, in the case of grenadier, the removals are
as follows.

)

Two scenarios were carried out: parameter b was defined as either equal to the prey biomass
for a satiated predator, or equal to a tenth of the prey biomass for a hungry predator.
Parameter a was then calculated so that the mortality due to predation before the start of the
fishery was equal to natural mortality, using equation 1.

The predator-prey suitability function was based on MSVPA functions described by Jurado-
Molina et al (2005). The aim was to allow a greater ability of the predator to modify its diet
when one species became more dominant. As icefish is far more productive than grenadier,
this constraint did arise when using the Holling functions. With a predator-prey suitability
function, the local mortality of grenadier and icefish (Uy or U, respectively) is a function of
the toothfish diet fraction of each prey (DFy and DF, for grenadier and icefish respectively),
its assumed consumption rate from the literature (CR=1.8, and the local biomass of toothfish
(B+) as determined by the spatial model of that species (Mormede et al. 2014a). For example,
for grenadier, the removals are described by equation 3 below.

U,, =B, xCRxDF, 3)



The diet fraction of each prey is a function of the electivity of the predator for its prey (Ey and
E, respectively) and the availability of the prey species (Ay and A, respectively) relative to the
availability of the other prey species. Diet fraction for grenadier is expressed in equation 4,
and electivity in equation 5. Electivities are nominally defined as summing to 1.
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The values of electivity for grenadier and icefish were calculated assuming equilibrium prior
to fishing as per equation 1, and assuming the diet fractions of 0.25 for each species, as
described by toothfish diet data. Electivities of grenadier and icefish were calculated as 0.17
and 0.83 respectively, reflecting the lower productivity and hence higher biomass of grenadier
compared with icefish to achieve the same diet fraction at equilibrium.

Species biology

Toothfish biology and life cycle in the Ross Sea region has been extensively described (e.g.,
Hanchet et al. 2008, Hanchet et al. 2010, Horn et al. 2003, Parker & Grimes 2010). The
biological characteristics of species caught as bycatch in the toothfish fishery in the Ross Sea
region have also been described (e.g., Francis & Gallagher 2009, Pinkerton et al. 2013,
Stevenson et al. 2012, Sutton et al. 2008), with abundance of grenadiers and icefish on the
slope of the Ross Sea Region estimated by Hanchet et al (2009). Estimates for life history
parameters for toothfish are summarised in Table 1.

The life history characteristics of Macrourus whitsoni are used to represent all grenadier in
the model although recent studies have shown grenadier in the Ross Sea region are comprised
of at least 2 species which have different life history characteristics (Pinkerton et al. 2013).
The life history characteristics of Chionobathyscus dewitti are used to represent all icefish as
this species is expected to represent the majority of icefish present on the slope of the Ross
Sea region (Sutton et al. 2008). Grenadier and icefish have very different life histories.
Whitson’s rattail (Macrourus whitsoni) has a natural mortality rate of 0.084 y™ (i.e., a
maximum age of about 55 years) (Pinkerton et al. 2013), whilst icefish (Chionobathyscus
dewitti) has a natural mortality rate of 0.485 y™ (i.e., maximum age of about 10 years) (Sutton
et al. 2008). Estimates for life history parameters for each species are summarised in Table 1.
Fishery selectivity at age was derived from reported length frequency and von Bertalanffy age
length relationships as detailed in Table 1.

Grenadier and icefish are both taken as fishery bycatch, with grenadiers the largest bycatch of
the fishery at about 180 t per year compared with 5 t per year for icefish) (Stevenson et al.
2012).



Table 1: Biological parameters assumed for the modelling.

Relationship Parameter toothfish grenadier icefish
Natural mortality M (y?h 0.130 0.084 0.485
Von Bertalanffy age-length relationship t, (y) -0.117 0.000 -5.590
k(y?) 0.091 0.060 0.100
L. (cm) 174.5 84.1 57.67
Length-weight relationship a 1.05e-8 1.75e-9 1.01e-9
b 3.036 3.232 3.720
Maturity Asp (£A05) 122 (£2.8) 12.0(x10.0) 3.5(x2.6)
Fishing selectivity Asg (ZAross) 6.9 (x2.7) 26.0 (£8.0) 2.6 (x1.3)

Species distribution and biomass

The distribution of toothfish is characterised by ontogenetic movement to deeper habitats as
they grow older, with spawning migrations to northern hills and seamount regions(Hanchet et
al. 2008). The spatial distribution of toothfish was based on the spatial age-based population
model developed by Mormede et al. (2014b) using the SPM framework (Dunn et al. 2012).
This model allowed for the movement of toothfish during different various reproductive
stages (e.g., immature, mature and spawning) based on depth, temperature, the presence of
hill features based on depth data, and distance travelled, and was optimised using fishery
observations catch rate, age and tag recoveries. The total biomass at the start of the fishery
was derived from the single-area stock assessment of toothfish currently used for management
purposes (Mormede et al. 2014a). As a result, the number of toothfish and their age
distribution and biomass was estimated for each spatial cell in each year within the model.

Two options for prey movement were investigated: either grenadiers and icefish did not move
between cells (consistent with an observed lack ontogenetic movement, for example there was
no evidence of changes in mean length of fish with depth or area), or they redistributed
themselves proportionally to their original distribution as their biomass increased.

The biomass of grenadier and icefish in the model cell equivalent to SSRU 88.1H was
calculated based on the diet fraction of each species in this area, toothfish consumption rate
(see toothfish diet section) and the biomass of toothfish in this model cell, by applying
equations 1 and 3 for each species independently. The biomass of both species in space was
then obtained through scaling the toothfish fishery catch per unit effort (CPUE) for each
species by the biomass obtained in the model cell equivalent to SSRU 88.1H. The CPUE for
each prey species was standardised for effort (number of hooks) and gear type (only data from
vessels using autoline systems was used).

We assumed that before the start of the fishery all three species were in equilibrium. An initial
model was run with natural mortality for both grenadier and icefish and no predation. The
consumption rates of toothfish in each cell which removed all of the icefish required was then
calculated (equation 1). The distributions of grenadier and icefish only partly overlap, and do
not cover the entire toothfish distribution range (Clark et al. 2010) (Stevenson et al. 2012),
hence an extra mortality term per cell was added in order to remove the additional grenadier
mortality required (in cells where no icefish were present). In the final run, the natural
mortality term was replaced by the predation parameters. Both grenadier and icefish present
in each spatial cell at the start of the fishery were assumed consist of their full age-frequency
distribution since there was very weak evidence of any changes in their length distribution
with space in the fishery data. The biomass distributions of toothfish, grenadiers and icefish
are presented in Figure 2.






Figure 2: Biomass distribution in space of toothfish (top), grenadier (middle) and icefish (bottom)
in 1995. The CCAMLR Small Scale Research Units (SSRUs) are showed in black and the 1000m
depth contour line in grey.

Results
Predator-prey relationships

The Holling type Il relationship resulted in a four to nine-fold increase in icefish total
biomass, whilst grenadier biomass increased very little. Using prey suitability equations
allowing a change in the diet composition of toothfish as prey proportions changed resulted in
an icefish biomass of 230% of pre-fishery biomass and grenadier biomass of 115% of pre-
fishery levels

Balancing the spatial model

The consumption rate in the various cells of the model varied between 0.12 and 1.85 year™
(Figure 3).

Once the consumption rates were calculated, the only cells requiring additional grenadier
mortality were those where icefish were present in very small quantities, and therefore the
consumption rate of toothfish was near zero for both species, requiring additional natural
mortality for grenadiers.



Figure 3: Consumption rate in space, with CCAMLR SSRUs overlaid in black.

The estimated biomass for each prey species on the slope area of the Ross Sea were compared
with the estimates from the trawl survey (Hanchet et al. 2009). The biomasses calculated
based on toothfish consumption rate were consistent with a catchability of 0.07 for icefish and
0.14 for grenadier. Although these are localised estimates of biomass for these two species
based on a research survey, these assumed trawl catchability of 1 and therefore represent an
estimate of biomass likely biased low.

Movement of prey

There was no strong indication of ontogenetic movement of icefish or grenadiers between
cells, as length frequencies are similar in different areas. In contrast, larger toothfish were
found in cells presenting deeper depths, and in the north where they are assumed to spawn.

The two movement options for prey species (redistribution or no movement) were tested by
comparing the predicted change in icefish total biomass in SSRUs 88.1K and 88.1H (where
the largest predicted changes occurred) with the documented changes in catch per unit effort
(CPUE) from the fishery, standardised for gear type, number of hooks, and nation (Figure 4).
Although the CPUE indices of icefish were variable, they presented a general increase in the
biomass which was consistent with limited movement of icefish between cells in the spatial
model (Table 2), at least in the timescale considered. The consistency in patterns between the
two areas but also in the estimated change in icefish biomass would suggest that the model
key parameters are similar those assumed here. As icefish is not a target species, CPUE is
potentially a relatively useful metric of biomass change.
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Figure 4: Standardised CPUE for icefish in 88.1H (left) and 88.1K (right), with LOWESS
smoothed rate of change in blue and associated 80% confidence interval in grey.

Table 2: Changes in the icefish total biomass in SSRUs 88.1H and 88.1K between 2000 and 2013
as estimated by standardised CPUE or the models assuming either no movement or movement of
prey species between model cells. Values in parenthesis are the 80% confidence intervals of the
increase.

Bois (%82000) In SSRU 88.1H In SSRU 88.1K
Based on CPUE 350% (150 — 825) 280% (130 —590)
Model with no prey movement between cells 340% 215%

Model with prey movement between cells 200% 200%

Population changes

Aggregated at the level of the Ross Sea region, the total biomass of toothfish in the model was
reduced to 77% of the initial biomass since the start of the fishery which resulted in an
increase in grenadier total biomass to 115% of initial biomass, and icefish to 215% of initial
biomass in the models. By cell, the increase in grenadier biomass ranged from 100% to 150%
of initial biomass, and icefish from 100% to 350%. The largest changes were predicted in
SSRU 88.1H, where almost 30% of the toothfish catches have occurred. The relative spatial
distributions of grenadier and icefish in 1995 and 2013 are showed in Figure 5.
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Figure 5: Biomass of grenadier and icefish in 1995 (prior to fishing) and 2013, and percentage
biomass change between 1995 and 2013 (bottom figures).

Model validation and discussion

The models developed here describe potential trophic interactions between toothfish and its
main prey in the Ross Sea region. The predation function was assumed as either a Holling
type Il or a prey-suitability function with an assumed consumption rate of toothfish. The
biomass changes using a prey-suitability function were more likely than that obtained using
Holling functions as they predicted population changes which were more in agreement with
the observed data. Models where prey species did not move between cells were also more
consistent with CPUE data than models which assumed prey species redistributed to their
preferred habitats each year. In SSRU 88.1H where most of the biomass change is expected in

12



the model, toothfish diet in the model shifted from a 50/50 proportion of grenadier to icefish,
to a 30/70 proportion of grenadier to icefish, showing a clear shift towards icefish as the
population of icefish increased faster than that of grenadier consistent with a more productive
life history.

A single electivity per prey species for the entire model and a consumption rate per cell for
toothfish accounted for the exact required removals of each prey species for the two prey
species populations to be stable in each cell of the model despite the differing distribution of
the two species in space. The lowest consumption rates were found in the northern hills. This
is in agreement with isotope work which concluded that toothfish were likely to eat little
while in the northern hills, where they migrate to spawn (Pinkerton et al. 2014a). The
calculated consumption rates were also significantly negatively correlated with the proportion
of empty stomach in each of the cells, based on fishery data collected in 2012-13. The upper
consumption rate value of 1.85 year™ in SSRU 88.11 seems high, particularly since grenadier
and icefish only represent 50% of toothfish diet in adjacent SSRU 88.1H. However it would
be consistent with either a higher proportion of the toothfish diet in this SSRU, or with a
higher consumption rate as used in OSMOSE.

Biomass changes predicted by the model were compared with various observed data. The
CPUE pattern for icefish was consistent with the biomass changes expected by the model.
Stomach content data collected by the fishery over time were highly variable, and although a
change with time was recorded, that change was not statistically significant because of low
sample size (Stevens et al. 2012). The changes in length frequencies of the prey species were
inconclusive due to the low sample sizes for these species. To resolve a spatial pattern in size
of prey species with time, more intensive sampling of prey species length frequencies and
predator diet are needed (potentially at a number of years’ interval).

The population dynamics modelled here are conditional on the assumptions made. For
example, if we assumed only 80% of mortality of each group was due to toothfish (e.g.,
Alaska Fisheries Science Center 2012), the biomasses of the prey species would be 20%
lower. On the other hand, if toothfish consumption rate was doubled, as suggested by
Longhurst & Pauly (1987), these values would double although this is unlikely as such a large
change has not been detected (in CPUE for example). Adding additional species to the model
or interactions between icefish and grenadier would also potentially influence model results.

Conclusions

We have developed a spatially-resolved Minimum Realistic Model framework of the trophic
interactions between toothfish and its two main prey species (grenadier and icefish) for the
Ross Sea region. This model is resolved in space in cells of 118 300km?, which is similar to
the scale of the management units (SSRUs).

Observed CPUE changes for icefish are consistent with the biomass changes expected by the
model. This model captured the change in biomass of toothfish and its two main prey species
in space, and accounted for biological parameters such as growth and recruitment of all
species. The model also predicted changes in the diet of toothfish over time, due to the change
in biomass of the prey species. Diet data and length frequency data did not show a statistically
significant trend in the expected diet of toothfish or biomass of prey species with time due to
the paucity of data available.

This model has proven useful in in terms of framing predation hypotheses, with a Holling
function being less likely than a predator-prey switch mechanism. It also provides an
indication of potential changes in grenadier and icefish populations in the Ross Sea region.
Such models can be developed in complexity, with the gradual addition of species of
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importance to the toothfish diet, and their potential influence on the model results. However,
in order to add other species, estimates of species distributions and ecological relationships
are required. For example, grenadiers could be divided into M. whitsoni and M. caml, but this
requires distribution data for both species, their relative biomass and the relative consumption
of each by toothfish (Pinkerton et al. 2013). As a start towards this, observers should be asked
to identify a number of grenadier bycatch per set to determine relative spatial distributions of
the two grenadier species. Pinkerton et al. (Pinkerton et al. 2013) showed that
CCAMLR/scientific observers are able to discriminate M. whitsoni and M. caml at sea using
simple morphometric characteristics. Stomach sampling of toothfish should also continue,
with grenadier in toothfish stomachs identified to species level where possible. Otoliths can
be used for this purpose (Pinkerton et al. 2014b). Squid is another potential important prey
species of toothfish, but its distribution, biomass or productivities are not known.

Models such as that developed here can be useful in assessing and designing monitoring tools
for prey species, and for informing management decisions once models are validated. Results
suggest that in order to be successful in monitoring prey species changes in time and therefore
insure informed management decisions, length frequencies and diet composition studies
should be carried out every few years with large sample sizes rather than yearly with low
sample sizes. We recommend SSRUs 88.1H and 88.1K of the Ross Sea region are chosen as
study areas with targeted sampling, as these are where the largest changes are expected to
occur. Documenting the diet of toothfish along with length and otolith sampling of grenadiers
and icefish should be carried out, with the aim to develop detailed diet composition estimates
for toothfish through time and age frequency distributions of macrourid and icefish. This
study could be carried out with high sampling intensity every 3-5 years.
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