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ABSTRACT

This paper is presented to the 6" meeting of SPRFMO Scientific Committee (SC-06) in the
expectation that it will contribute to the fulfiiment of relevant squid tasks and objectives of
the 2018 Work Plan for the Scientific Committee.

Jumbo flying squid are an incredibly productive species which appear to have adapted to
enable them to thrive whatever the environmental conditions. Stock structure is not known
for the Southeast Pacific and the squid within any countries jurisdiction at any time are
probably only part of a larger more widely distributed stock or stock sub-units. A traditional
stock assessment, using data from all of the major fisheries over an extended history is very
unlikely to be successful because of the difficulties of modelling the spatial distribution of the
squid and the response to environmental change.

In this paper we present and illustrate a method that can be applied to part of a biological
stock within a given area over a time period during which the distribution of the stock is
reasonably stable. The method requires length frequency and maturity data from the fisheries
in the area and also acoustic biomass estimates to provide information on the scale of the
biomass present. With multiple time segments assessed within a given area (e.g., the Peruvian
jurisdictional waters) a picture of the carrying capacity of that area can be developed. If the
areas associated with all of the major fisheries in the Southeast Pacific were assessed in this
way then a picture of the carrying capacity of the Southeast Pacific could also be developed.

The proposed method was developed during a stock assessment workshop for jumbo flying
squid which was held at the Instituto del Mar del Peru (IMARPE), Callao, Peru, from 11 to 22
June 2018. The main purpose of the workshop was to explore stock assessment methods for
jumbo flying squid in Peruvian waters, with the awareness that those squids could be part of
a larger stock or stock sub-units.
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EXECUTIVE SUMMARY

This paper presents a stock assessment method developed for the assessment of the jumbo
flying squid (Dosidicus gigas) in Peruvian waters, which, due to its flexibility, is proposed to
the Scientific Committee (SC) of the South Pacific Regional Fisheries Management
Organisation (SPRFMO) for its possible application and extension for the assessment of jumbo
flying squid in the SPRFMO Convention area and other nearby national jurisdictional waters
where regular fisheries for jumbo flying squid occurs. The method is developed and illustrated
using data from the Peruvian jumbo flying squid fishery from 2001 to 2004. The method can
be applied to individual or multiple fisheries both historically and currently. If the method
were applied to all fisheries during a given time frame then an assessment of the whole
resource would be obtained for that time period (be it historical or current).

The proposed method was developed during a stock assessment workshop for jumbo flying
squid which was held at the Instituto del Mar del Peru (IMARPE), Callao, Peru, from 11 to 22
June 2018. The main purpose of the workshop was to explore stock assessment methods for
jumbo flying squid in Peruvian waters, with the awareness that those squids could be part of
a larger stock or stock sub-units.

The first step in developing and applying the proposed method is to acknowledge that the
stock structure is uncertain and it is inappropriate to assess part of a stock as if it were a single
biological stock. At least three phenotypic groups are present in the Peruvian fishery, and
these groups may be part of one or more stocks or stock sub-units in the wider Southeast
Pacific. The suggested approach is to assess the squid biomass available within an area
associated with one or more fisheries over a timeframe when the distribution of the squid is
relatively stable. This can be done for multiple time segments and so an historical biomass
trajectory can be developed for the area concerned. Importantly, during each time segment,
biological parameters and fishery selectivities can be estimated. Thus a series of alternative,
but (hopefully) closely related biological and selection parameters become available for the
areas where this species is mainly caught in the Peruvian and Chilean national jurisdictional
waters and in the adjacent high seas, in the Southeast Pacific.

This approach can be applied to different areas/fisheries. If all of the major fisheries are
assessed in this way then a picture of the whole “stock or groups of stocks” emerges.
Biological parameters can be compared across areas/fisheries as well as across time segments
within an area.

The importance of the biological parameters and selectivities is that they are drivers of
reference points (e.g., Usoxso — the exploitation rate that drives the biomass to deterministic
equilibrium at 40% of the virgin level). Each alternative set of biological parameters and
selectivities delivers alternative reference points. It is important to understand what range of
exploitation rates are appropriate for this species.
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The model used to assess each time segment in each area must be based on the biology of
the species. An annual time cycle is not sensible for jumbo flying squid. A monthly model cycle
is appropriate.

Data to be fitted by the model must met a high quality threshold. Length frequencies must be
appropriately scaled. Biomass indices must be defensible. Acoustic surveys are needed to
provide some information on the scale of the biomass within an area. However, target
strength is very uncertain so at least three model runs should be performed for each
assessment covering the potential range of uncertainty (e.g., runs at half and double the
acoustic estimates as well as a run using the original estimates).

The method can be applied to a “current time segment” to estimate the current status of the
biomass within an area and current exploitation rates. If applied simultaneously to all of the
major jumbo flying squid fisheries in the Southeast Pacific it would provide a basis for
management of the whole “stock or group of stocks” (within the SPRFMO Convention area
and within adjacent areas under national jurisdiction).
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1. Purpose of paper

This paper provides the SPRFMO Scientific Committee with a proposed stock assessment
method for jumbo flying squid fisheries and by extension to the jumbo flying squid stock(s) in
the SPRFMO Convention area. The method is developed and illustrated using data from the
Peruvian jumbo flying squid fishery from 2001 to 2004. The method can be applied to
individual fisheries both historically and currently. If the method were applied to all fisheries
during a given time frame then an assessment of the whole resource would be obtained for
that time period (be it historical or current).

This paper is presented to the 6™ meeting of SPRFMO Scientific Committee (SC-06) in the
expectation that it will contribute to the fulfiiment of relevant squid tasks and objectives of
the 2018 Work Plan for the Scientific Committee, approved by the SPRFMO Commission at its
6" meeting in Lima, Peru, 30 January — 3 February 2018, and included as Annex 3 of its
meeting final report (SPRFMO 2018). It is hoped that this paper will contribute, in particular,
to the discussions, in this and following SC meetings, of those issues regarding the
development and illustration of alternative jumbo flying squid assessment approaches, the
development of a plan for more detailed within-season fishery monitoring, the early
consideration of possible management approaches within the SPRFMO Convention area, the
identification of data needs and the recovering of historical data, and the need and
justification for sampling biological information year-round in the entire jumbo flying squid
distribution area in the Southeast Pacific.

2. Introduction

A stock assessment workshop for jumbo flying squid (Dosidicus gigas) was held at IMARPE,
Chucuito, Callao, Peru, from 11-22 June 2018. The main purpose of the workshop was to
explore stock assessment methods for jumbo flying squid in Peruvian waters, but with an
awareness that those squids could be part of a larger stock or stock sub-units. The lead author
of this paper was contracted by Sustainable Fisheries Partnership (SFP) to work with IMARPE
scientists on developing appropriate stock assessment methods and data collection methods
for jumbo flying squid.

Jumbo flying squid is widely distributed in the Southeast Pacific, where it supports important
local fisheries in national jurisdictional waters and also important distant-water fisheries in
international waters, off Peru and Chile. Off Peru, jumbo flying squid are found in high
abundance along the whole coast, at distances ranging from 10 to more than 500 nautical
miles (hnm) from the coastline (Csirke et al. 2015, 2018). The squid undergo diel vertical
migrations from 0 to more than 650 m depth, seasonal inshore-offshore ontogenetic
migrations, and occasional latitudinal migrations that could reach several hundred miles,
mostly associated with the advance of abnormally warm or abnormally cold environmental
conditions in some years (Csirke et al. 2015, 2018). Younger and/or smaller jumbo flying squid
predominate in oceanic waters, while larger jumbo flying squid are more neritic (Csirke et al.
2015, 2018).
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Differences in the age or size at sexual maturity and main distribution areas suggests that
there are at least three strains, sub-populations, or phenotypes of jumbo flying squid
inhabiting the Southeast Pacific (Nesis, 1983; Nigmatullin et al. 2001), and all three seem to
be present off Peru (Arguelles et al. 2008; Arguelles and Tafur 2010; Arkhipkin et al. 2015,
Csirke et al. 2018). This, added to the extended distribution and wide extension of the fishing
grounds, poses serious challenges with regards to the assessment and the management of
fisheries for Peru in its jurisdictional waters and for SPRFMO in the Convention area.

This paper proposes a stock assessment method for jumbo flying squid that due to its
flexibility can be applied to any fishery where suitable data are available. The development of
the method is outlined in the next section, together with the specifics of the stock assessment
model. The method is then illustrated using data from 2001 to 2004 from Peruvian fisheries.

3. Methods

In preparation for the workshop the SFP consultant reviewed papers on jumbo flying squid
biology and stock assessment, especially those from the SPRMO SC 5 workshop held in
Shanghai in 2017 (SPRFMO 2017). At the workshop in Lima, the biology of jumbo flying squid
was presented by IMARPE scientists and discussed by the participants. More papers,
especially on growth, were reviewed. The available data for stock assessment were
considered in detail by the workshop. A stock assessment model was developed and trialled
on data from 2001 to 2004. The model was further refined after the workshop in preparation
for this paper.

The stock assessment model is developed from the biology of jumbo flying squid which is not
typical of squid and very different from typical fish species. As well as the unusual biology, the
jumbo flying squid in the Peruvian national jurisdictional waters are almost certainly not a
single biological stock (Csirke et al. 2018). For example, they may be part of a stock or more
stock sub-units that extend south into Chilean waters, north to the equator, and/or also into
offshore waters beyond the Peruvian national jurisdictional waters. For these reasons a stock
assessment based on the population dynamics for a single biological stock was not considered
appropriate.

3.1 Summary of the proposed stock assessment method
Before developing the population model, based on the biology of jumbo flying squid and the
types of data available, the conceptual assessment method is described.

The first step is to acknowledge, as already proposed in Csirke et al. (2018), that the stock
structure is uncertain, that up to three phenotypic groups are present in the Peruvian fishery,
that these groups may be part of one or more stocks or stock sub-units in the wider Southeast
Pacific, and that it is inappropriate to try to assess parts of a stock or distinct phenotypical
groups and possible stock sub-units as if it were a single biological stock. Instead, the
suggested approach is to assess the squid biomass available within an area associated with
one or more fisheries over a timeframe when the distribution of the squid is relatively stable.
This can be done for multiple time segments and so an historical biomass trajectory can be

6
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developed for the area concerned. Importantly, during each time segment, biological
parameters and fishery selectivities can be estimated. Thus a series of alternative, but
(hopefully) closely related biological and selection parameters become available for the
species in the distribution area under consideration.

This approach can be applied to different areas/fisheries. If all of the major fisheries are
assessed in this way then a picture of the entire population or stock sub-unit(s) in the
Southeast Pacific may emerge. Biological parameters can be compared across areas/fisheries
as well as across time segments within an area.

The importance of the biological parameters and selectivities is that they are drivers of
reference points (e.g., Usoxso — the exploitation rate that drives the biomass to deterministic
equilibrium at 40% of the virgin level). Each alternative set of biological parameters and
selectivities delivers alternative reference points. It is important to understand what range of
exploitation rates are appropriate for this species.

The model used to assess each time segment in each area must be based on the biology of
the species, or of the phenotypical groups or stock sub-units if different. An annual time cycle
is not sensible for jumbo flying squid. A monthly model cycle is appropriate.

Data to be fitted by the model must meet a high quality threshold. Length frequencies must
be appropriately scaled. Biomass indices must be defensible. Acoustic surveys are needed to
provide some information on the scale of the biomass within an area. However, target
strength is very uncertain so at least three model runs should be performed for each
assessment covering the potential range of uncertainty (e.g., runs at half and double the
acoustic estimates as well as a run using the original estimates).

The method can be applied to a “current time segment” to estimate the current status of the
biomass within an area and current exploitation rates. If applied simultaneously to all of the
major jumbo flying squid fisheries in the Southeast Pacific it would provide a basis for
management of the whole stock, group of stocks or stock sub-units within the SPRFMO
Convention region and within adjacent areas under national jurisdiction.

3.2 The assessment of just part of a biological stock

A traditional stock assessment, models a stock and its fisheries over the whole history of
exploitation or at least back to the start of modern fishing methods. In the case of jumbo
flying squid (assuming a single Southeast Pacific stock) this would require modelling a period
from at least the 1980s through to the present. It would also require an understanding of the
drivers of the spatial distribution of the squid over that period (the proportion of the stock
available to the different fisheries could vary considerably from year to year). Also, the data
from the various fishing nations would need to be available. This seems an impracticable
approach in the foreseeable future (and may never be possible as environmental drivers are
notoriously difficult to decipher). The situation becomes even more difficult if, as suggested
by Csirke et al. (2018), it is recognized that there are as least three groups of jumbo flying
squid with some phenotypic characteristics so different “...that, although there is no concrete
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evidence that they belong to genetically different population subunits, it is very likely that they
will have to be evaluated and possibly also be subject to fisheries management measures as
if they were different population units or subunits”. Especially if parts of them are fished within
national jurisdictional waters (e.g. of Peru, Chile and Ecuador) and parts in the adjacent high
seas, within the area of application of the SPRFMO Convention.

The workshop in Peru was focussed on the Peruvian fishery because of the availability of data
and, obviously, because that’s the fishery of most interest for IMARPE. But, as explained
above, the squid available to the Peruvian fishery in any year will generally not be all of a
single biological stock, which may be part of one or more stock sub-units in the wider
Southeast Pacific. Although in the Peruvian waters, every year, or during periods of several
years, there is a clear predominance of one of the three phenotypic groups, mostly of the
large-size or the medium-size maturing groups (Arguelles and Tafur 2010, Arguelles et al.
2017; Csirke et al. 2015, 2018). Nevertheless, as recognized by the SPRFMO Scientific
Committee (SPRFMO 2017a), jumbo flying squid found and exploited in the Southeast Pacific
straddles between the areas under national jurisdiction and the adjacent SPRFMO Convention
area, in the high seas, and, moreover, there is uncertainty about the number of jumbo flying
squid stocks (or sub-stocks) in the Southeast Pacific. Therefore, it would not be appropriate
to assess the jumbo flying squid within Peruvian jurisdictional waters and, especially within
the context of the SPRFMO Convention area, as if jumbo flying squid in the Southeast Pacific
were a single stock. It would make little sense as the proportion of the stock in a given area
(whatever stock or stocks they are a part of) will vary from year to year depending on
environmental conditions. That is, in addition to possible changes in total biomass, in some
years the main distribution areas of the squid will move further to the south and in some
years the squid are further from the coast, and in both cases this changes the proportion of
the larger Southeast Pacific stock within the national jurisdictional waters (mostly of Peru and
Chile) and the high seas, within the SPRFMO Convention area.

However, it is feasible to assess the biomass available to the Peruvian fishery during some
period of time when the spatial distribution of the squid is reasonably stable. It is not an
assessment of the whole stock or stock sub-units, it is simply an assessment of the biomass
that was available to the fishery in a given time period. This can be done for the whole history
of the fishery by breaking the historical time period into suitable segments. In Peruvian
waters, there are acoustic survey results that provide information on the spatial distribution
of the squid and which can therefore aid in defining suitable time segments.

An assessment can also be done for a time segment that extends to the present, which allows
the current status of each fishery to be assessed. The status of the “whole stock” can then be
assessed by combining the results from the main fisheries (currently Peruvian, Chilean, and
Chinese).
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3.3 Semelparous mortality and year-round spawning

One the key aspects of jumbo flying squid biology, that should be taken into account in any
stock assessment model, is that they have one spawning event in their life and that they die
soon after spawning (they are semelparous). The timing is different for males and females
with males passing spermatophores to females during copulation and presumably dying soon
after their supply is exhausted. But the females may not use the spermatophores to fertilize
their eggs for some time. And, then the eggs are released in batches. Therefore, females will
typically live longer than males. But this is a detail which is unlikely to be important for a stock
assessment model (though it should be incorporated into an operating model).

Also, unlike many other squid species, there is no time during the year when adults are absent
from the population. Jumbo flying squid are able to spawn at any of time of the year although
it is generally reported that they have a peak spawning season in October-January (Tafur et
al. 2001, 2018).

The consequences of these two aspects of their biology (semelparous and year-round
spawning) is that the biomass of mature jumbo flying squid is constantly renewed. Squid are
hatched, they grow and mature, they spawn and they die, all potentially within 6 to 12 months
(although the late maturing phenotype may live up to 2 years). Therefore, except for parts of
the large-size maturing stock sub-unit or phenotypic group that may live up to 2 years, there
is no “standing stock” of animals that persists from one year to the next. Rather there is a
constant turnover of the population. This has crucial consequences for population modelling
of jumbo flying squid. A traditional fish stock assessment model with an annual cycle is not
appropriate for jumbo flying squid. For example, the mature biomass in December in the
current year is not directly related to the mature biomass in December in the previous year.
The semelparous mortality will typically destroy any direct link. Biomass is driven by spawning
success, which will largely depend on environmental conditions and food availability (and not
necessarily on the mature biomass that was present 12 months in the past).

3.4 A monthly model cycle for jumbo flying squid

The processes for jumbo flying squid are continuous but data are not available in a continuous
spectrum. It is necessary to aggregate data over some time period. Doing so by year is of no
use for jumbo flying squid because of their short lifespan. A month is a more appropriate
timeframe as it allows individual cohorts to be observed (e.g., in length frequencies) at least
a couple of times even for the early maturing squid (who may live perhaps 6 months).

For jumbo flying squid, a monthly cycle is also appropriate because the model dynamics can
be consistent from month to month. In the model, population numbers can be accounted for
by sex, age, and maturity state (immature or mature) and these numbers can be updated
each month through: an ageing event (squid get one month older), a recruitment event
(newly hatched squid recruit to the population at age 1 month), a maturation event (some
proportion of immature squid become mature; proportions being age dependent), death
through natural mortality, death through fishing mortality (applied through a selectivity curve
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for each fishery), a spawning event and then death due to semelparous mortality (all mature
squid die).

3.5 Modelling jumbo flying squid growth

There have been several studies of jumbo flying squid growth where animals have been aged
using statoliths (Lui et al. 2013, Markaida et al. 2004, Masuda et al. 1998, Arkhipkin et al.
2015). The studies are in different areas and time periods but they all show that growth is
essentially linear over the range of the data being analysed and most commonly appearing in
the fishery, although the intercepts and the slopes of the estimated linear growths vary widely
(Figure 1). There is no clear explanation for these differences in the steepness of the growth
curves (or straight lines) observed, and it cannot be excluded that these differences could be
associated with the intrinsic nature of phenotypic groups, with their different habitats or
distribution areas (e.g., more coastal vs high seas, more tropical vs more temperate, lower
productivity vs higher productivity, etc) or with interannual or decadal ocean climate
variability associated with, for instance, El Nifio, La Nifia, El Viejo, La Vieja (Chavez et al. 2008).
It is also possible that different phenotype groups are not growing differently, and that they
are just maturing at different ages (and, therefore, have different terminal lengths because
they die after spawning), but this also needs to be investigated. Pending those investigations,
it is worth noting that, independently of the cause of the differences in growth, this seems to
be linear in almost all cases, at least for the range observed in the various fisheries, and all
the growth models in Figure 1 have a generally common cross-point around the 120 days of
age and 200 mm of mantle length.

1000
|
AN

Male
— Female
—— Male =female

800

Mantle length (mm)

200

0 100 200 300 400 500
Age (days)
Figure 1.- Growth models for male and female jumbo flying squid in three papers (Lui et
al. 2013, Markaida et al. 2004, Masuda et al. 1998). The models are all essentially linear
over the range of ages in the data. At 120 days all of the models gave an approximate
length of 200 mm (as indicated on the figure).
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3.6 Modelling the three phenotypes

The presence of at least three phenotypic groups or distinct modes for mature squid is a very
interesting aspect of jumbo flying squid biology. The usual terminology for the three groups
is “small”, “medium”, and “large”, which refers to the size range at maturity (Nigmatullin et
al. 2001). The main driver for these three groups (assuming that they are not different species
— which seems unlikely) is maturation, which would be driven by age and not by length, in
addition to availability of food, habitat quality and more general environmental related
factors (Arkhipkin et al. 2015). Therefore, following Arkhipkin et al. (2015), for the purpose of
this assessment we will adopt the terminology “early maturing”, “medium maturing” and
“late maturing” for the three length-based groups proposed by Nigmatullin et al. (2001) and

described for the Peruvian waters by Arguelles et al. (2017) and Csirke et al. (2017, 2018).

The presence of three groups in Peruvian waters appears very clear from a compilation of all
available length, sex and maturity stage data from the Peruvian fisheries, grouped by month
and maturity stage for the whole 1989-2016 observation period (Figures 2 and 3). The small-
size group (males of 13-26 cm ML and females of 14-34 cm ML) referred to by Arguelles et al.
(2017) and Csirke et al. (2017, 2018) is not noticeable here, but two length modes are very
clear for mature squid including spent females in these two sets of figures. Moreover, the
larger mode also has a left hand shoulder which indicates the presence of a third mode (Figure
3), which most likely is a secondary mode of the large-size group that, as shown in Csirke et
al. (2018), appeared as a major mode only in some years (e.g. 1989, 2001) and as a minor
mode only in some other years. There is little indication of the small-size category in the data
shown in Figures 2 and 3, but as noted in Csirke et al. (2018), this small-size group mainly
occurs in equatorial waters and shows up in the Peruvian fishery only in some years, and when
that occurs appears in the total Peru annual data heavily mixed and in most cases dominated
by the medium-size group. Therefore, for the purpose of illustrating this proposed method,
we will be running the assessment with slightly modified groupings for the Peruvian waters,
pooling the few early maturing (small-size) into the medium maturing (medium-size) category
and splitting the late maturing (large-size) into late 1 and late 2, as follows:

F I
Phenotype Male mode (cm) emale mode

(cm)
Medium 15-55 25-55
Late 1 55-80 55-85
Late 2 80-105 85-120

11
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The average age at maturity of the three phenotypes will depend on the average growth,
which is unknown at this stage (see Figure 1). However, if growth is assumed to be linear with
20 cm reached at 4 months (see Figure 1) and 70 cm reach at 12 months (a median value from
the growth curves in Figure 1) then approximate average ages at maturity are:

Phenotype Male mode Female mode
(months) (months)
Medium 5.5 6.5
Late 1 13 13.5
Late 2 15.5 17

In the illustrative assessments the above were used as the mean of priors for the age at 50%
maturity (asp). Variation from time segment to time segment is to be expected.

3.7 Fishery selectivities

The modes at which jumbo flying squid are caught in the two fisheries shift little from month
to month (Figure 2). This is not the type of graph one would see for a fish population. For a
relatively fast growing fish (or at least the juveniles) the modes would shift from month to
month as the cohorts grew larger. Instead, the apparent growth of the squid is seen within
the modes as the maturity stages progress (through stages 1, 2, and 3 for males and 1, 2, 3,
and 4 for females) (Figures 2 and 3).

Obviously the modes for the mature squid and spent females cannot increase from month to
month because that is their terminal length (they die after they spawn). But, there is a
persistent bimodal length frequency with a gap at around 50-55 cm. If selectivity was constant
above about 30 cm (the first mode), this gap would be filled with immature Late 1 and Late 2
phenotype squid. It appears that immature squid are not readily available to the fisheries
except when they are of a similar length to one of the mature modes.

One possible explanation is that there is a behavioural change associated with maturation
/copulation/spawning which, combined with the fact that squid school by size, produces the
densest patches of squid (which are targeted by the fisheries). The immature squid which are
of a similar length to a mature mode are therefore preferentially selected by the fisheries.
This has important consequences for the parameterisation of fishery selectivities for
immature squid in a stock assessment model (it will not follow any standard selectivity curves
— it will necessarily be multi modal).

12
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Figure 2.- Unscaled length frequencies for jumbo flying squid by sex, maturity stage, and
month (combined across all years for biological samples from the artisanal and industrial
fleets), years 1989-2016. The histograms are stacked by maturity stage. Stage 1:
immature, stage 2: maturing, stage 3: mature, stage 4: spent (females only).

13
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Figure 3.- Unscaled length frequencies for jumbo flying squid by sex and maturity stage
for all biological samples from the artisanal and industrial fleets, years 1989-2016. Stage
1: immature, stage 2: maturing, stage 3: mature, stage 4: spent (females only).
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3.8 Length weight relationships

At the workshop, length-weight relationships were estimated by sex and phenotype but no
important differences were found (Figures 4 and 5). A single length-weight relationship
appears to be adequate for stock assessment modelling (i.e., it does not need to be different
by sex or phenotype).

Figure 4.- Length weight relationships estimated for the medium phenotype (less than 55
cm ML) and the late phenotypes (55 cm or greater ML). There is little difference in the
weight at length up to 100 cm in mantle length.
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Figure 5.- Length weight relationships estimated by sex. There is little difference in weight
at length up to 100 cm in mantle length.

3.9 Implementation of the stock assessment model

The model was implemented in the Bayesian stock assessment package CASAL (Bull et al.
2012). CASAL provides a very general framework for performing Bayesian stock assessment
using age or length based models. An age-based model was chosen for jumbo flying squid
because the most important processes are driven by age and there is no reason to believe
that the length structure at age is altered over time by fishing (it may be altered by
cannibalism but that is not being modelled). It may also be altered by changes in the
environmental conditions (such as El Nifio, La Nifia), but this is also not modelled here. The
most important processes are maturation, which is driven by age (not length), and growth
which is driven by age (and length), although it is expected that changes in the environmental
conditions and other factor would also have a noticeable effect since, for instance, as noted
by Arkhipkin et al. (2015), early maturation of jumbo flying squids would be caused by high
temperatures and low food availability, whereas late maturation would be a result of low
temperatures and high food availability. No routine age data are collected but an age-based
model can still fit to length data; the length frequencies are generated as needed from the
age structure using the growth function and a spread of length at age (see Bull et al. 2012).
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CASAL assumes an annual cycle but of course the model can be run using a monthly cycle:
data are simply aggregated and input by month and model outputs are interpreted by month.
This works well for jumbo flying squid as they are able to spawn in any month of the year.
Spawning success in any particular year and month can be estimated from input data if it is
available (i.e., length frequencies and maturity data).

The three phenotypes were modelled as separate stocks as this was the easiest way to do it
in CASAL. It allows the “virgin biomass” for each stock to be estimated separately and for the
monthly recruitment strengths to be estimated independently for each phenotype.

The model keeps track of numbers of squid by phenotype, sex, age, and maturity state
(immature or mature). So, in CASAL terminology, it is a three-stock, single-area, two-sex, age-
structured model with maturity in the partition (see Bull et al. 2012). A maximum age of 24
months was used.

Table 1.- A description of the free parameters in the CASAL stock assessment model

applied to jumbo flying squid in the Peruvian jurisdictional waters, from 2001 to 2004
(split into two time segments — see the text).

Parameter(s)

Meaning/interpretation

Notes

Bo (by phenotype)

The average monthly mature
virgin/unfished biomass of each
phenotype in the time period
assessed.

These are averages of the mid-
month biomass that would have
been there if no fishing had
taken place. Mid-month is after
half of the natural and fishing
mortality.

YCS (for each phenotype and
month for which data are
available).

These are “Year Class Strengths”
(YCS) in CASAL terminology but
are monthly recruitment
strengths given the monthly
cycle.

If a cohort is not observed in the
data then the associated YCS will
not be estimated but will be
assumed equal to 1 (the average
of the estimated YCS).

Proportion mature (for each
phenotype, sex, and age) in a
virgin population.

Assumed to be logistic, so two
parameters for each curve: asg
the age at 50% mature; and ato9s
the difference in ages between
the age at 95% mature and 50%
mature.

Because maturity is in the
partition this is actually a
“logistic-producing ogive”,
estimating the proportions
maturing at age (see Bull et al.
2012).

Growth (for each sex)

Linear growth was assumed and
the slope of the growth curve was
estimated for each sex.

Length at 4 months was
essentially fixed at 20 cm as this
was very consistent across
published growth curves.

CV of length at mean length at
age (for each age)

A linear relationship by mean
length at age was assumed with
the CVs at ages 1 and 24 months
estimated.

The “at_length” option was used
in CASAL.

Fishery selectivities (by age and
maturity for the artisanal
fishery; by sex, age, and maturity
for the industrial fishery)

Squid were assumed equally
vulnerable by age if they were
mature; for immature squid a
relative selectivity was estimated
for each age (artisanal) and each
age and sex (industrial).

The selectivity curves (“ogives”)
were grounded by a fixed value
of 1 for mature squid (artisanal)
and mature female squid
(industrial).
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The model was implemented for two time periods: January 2001 to December 2002; and
January 2003 to December 2004. During these time periods there were two separate fishing
fleets operating. A licensed Korean fleet (“industrial”) and the Peruvian artisanal fleet. For
each time period the models independently estimated numerous parameters (Table 1).

Key output from the assessments of the time segments are the maturity and selectivity
parameters. These are important drivers of reference points such as Usoxso (the exploitation
rate that drives mature biomass to deterministic equilibrium at 40% of its virgin level). The
stock recruitment relationship is also important for reference points but it is likely that there
is very strong compensation for jumbo flying squid (a high slope at the origin) given their high
fecundity (Tafur et al. 2001). However, to be precautionary, a Beverton-Holt stock
recruitment relationship with a steepness of 0.75 was assumed (this is only important in the
calculation of reference points; in the stock assessment model the monthly recruitment
strengths can compensate for the curvature in a stock-recruitment relationship). The
semelparous mortality combined with year-round spawning is the main driver of reference
points for jumbo flying squid (they are very productive).

Natural mortality was assumed to be 0.2 per month. This level is comparable to published
values (Martinez-Aguilar et al. 2010) but is unlikely to be important (the semelparous
mortality is the most important mortality).

4. Data

There are fishery dependent and fishery independent data available for assessing the jumbo
flying squid in Peruvian waters.

There have been scientific acoustic surveys of anchoveta for many years. Since 1999, these
surveys have been extended off the coast to include more of the area where jumbo flying
squid are found. However, they don’t cover the entire distribution area of jumbo flying squid
found in Peruvian waters and, in some years more than in others, the squid have been too far
off shore and the distribution of squid has been poorly covered by the anchoveta surveys
(Flores et al. 2016, Csirke et al. 2018). The biological sampling of squid is also quite limited
during the anchoveta surveys. In 2015 and 2017 there were dedicated jumbo flying squid
surveys where the “north” and “south” regions were surveyed (these are the areas where the
artisanal fleet mainly fish and where their main landing ports are located). The “central”
region (the area between “north” and “south”) was not surveyed in the dedicated jumbo
flying squid acoustic surveys in 2015 and 2017.

The fishery dependent data available depend on the time segment being assessed. From 1991
to 2011, Korean and Japanese fleets were licensed to fish in the Peruvian jurisdictional waters.
There are extensive observer data available for these fleets at the level of fishing operation.
The data include mantle length, weight, sex, maturity stage, and more detailed biological data
(to help with conversion factors for various products and more sophisticated measures of
maturity state). Sampling by length was random but the detailed biological data (from a sub
sample) were collected over a range of lengths and, when possible, equal numbers by sex.
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For the artisanal fleet there are plenty of length data which are unsexed. And they are only
available, in electronic form, summarised by port and month. The problem is that the squid
are gutted as they are brought on board. Therefore, even if an observer is present (which is
problematic on such small vessels) they cannot sex or stage the animals. There are a small
number of biological samples taken each month. Most of the catch is sampled but it is on
land.

Catches are available from both fleets at a monthly level (and a much finer scale for the
industrial fleet). There are estimates of the total weight of the sampled catch and also
estimates of the total processed product. Conversion factors are used to convert the product
weights into green weight.

The years 2001 to 2004 were chosen for the illustration of the model because the main
distribution of jumbo flying squid in those years appeared to be covered by the anchoveta
acoustic surveys (Flores et al. 2016). That is, a high proportion of the squid biomass in
Peruvian waters was covered by the surveys, although there were certainly squid in Peruvian
waters outside the survey area. Catches by month for the two fleets were available as were
unsexed length frequencies for the artisanal fleet and length frequencies by maturity stage
for the industrial fleet.

4.1 Catches

The catches by month and by fleet were used in the illustrative assessments. The first time
period started in 2001 but to estimate the initial age structure the model was run from the
start of 2000 (which allows 12 monthly recruitment strengths to be estimated). The monthly
catches for the industrial fleet over the period 2000 to 2004 range from O up to over 30 000 t
(Figure 6). The low and 0 monthly catches of the industrial fleet were mostly due to temporary
withdrawals of the whole fleet or parts of it, due to the expiration of some of the fishing
license agreements, delays in the negotiations, renewal, etc., of existing or new licenses, or
operational reasons that took some vessels temporarily elsewhere. As a result, the monthly
catches of the industrial fleet are very variable compared to the monthly catches by the
artisanal fleet which steadily increased from about 5000 t in January 2000 up to 15 000—
30000t by the end of 2004 (Figure 6).
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Figure 6.- Monthly catches for the two fleets over the years 2000 to 2004 which were used
in the assessment of two time segments. Month 1 = January 2000, month 60 = December
2004.

4.2 Acoustic biomass estimates

In the years 2001 to 2004 inclusive there were five acoustic survey estimates of jumbo flying
squid available from surveys that usually covered the full length of the Peruvian coast
(approximately 2—18 degrees south), from 10 to 100 nm from the coast (Flores et al. 2016,
Csirke et al. 2018). These were all “pelagic” surveys which focussed on anchoveta and
surveyed jumbo flying squid in the same areas mainly during the night. As squid are much
deeper during the day and rise at night to feed in shallower waters, there was a concern that
there could be day-night differences in the target strength of squid or the target identification
of the squid echoes or different contamination levels from small fish (i.e., the fish squid were
eating). Therefore, a comparison was made of the distribution of jumbo flying squid densities

recorded day and night in the same general area during the 2017 dedicated squid acoustic
survey (Table 2).

Table 2.- Comparison of relative densities recorded for jumbo flying squid during the
2017 dedicated squid acoustic survey. The mean and median NASCs (Nautical Areal
Scattering Coefficients) are given for day and night for all NASCs that were greater than
0 for jumbo flying squid. N is the number of NASC values for day and night.

20

Day Night Ratio
Mean 7.52 15.67 2.09
Median 3.04 7.33 241
Number 465 426
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Itis clear that the squid echoes at night are much stronger than during the day (Table 2). One
likely explanation is that during the night the squid are feeding, and part of their diet is
represented by small fish that have swim bladders, in addition to cephalopods and a variety
of other species groups. Even if not full, a stomach containing such a variety of items including
small fish with swim bladders would return a stronger signal than an empty stomach during
the day. Also, it could be that there is some contamination of small fish and other species in
the squid echoes at night.

Pending more tests and studies to confirm and better quantify the likely upward bias of the
night time echo signals, the available biomass estimates for the 2001-2014 surveys were
corrected using the proportion of NASCs recorded during the daytime, assuming that the
daytime densities were correct and, on average, half the night time densities (Table 3). Three
alternative estimates were used in the illustrative assessments: (i) the day-night corrected
estimates, as in Table 3; (ii) half the day-night corrected estimates; and, (iii) double the day-
night corrected estimates. It is realistic to allow for a factor of two in the estimates as the
length target strength relationship for jumbo flying squid is currently very uncertain (see
Benoit-Bird et al. 2008, Villalobos et al. 2013). There is also uncertainty in the selectivity of
the acoustic survey. The length frequency of squid that are caught during the survey is known
but the length frequency of squid that are integrated in the biomass estimate (those that are
ensonified and identified as squid echoes) may be somewhat different. The ratio of mean
weight to mean linear target strength (which scales the mean NASC to give the biomass
estimate) does vary with the mantle length of squid (Table 4)

Table 3.- Original and day-night corrected biomass estimates for jumbo flying squid

during the pelagic surveys from 2001 to 2004. The proportion of daytime NASCs (p) was
used to correct the original estimates (divide by 2 — p).

SOr ey Month Original biomass | Proportion day Ct:)irorr::sesd
(primary) estimate (000 t) (p) estimate (000 1)
2001 winter July 763 0.18 420
2001 spring October 3552 0.29 2081
2002 spring October 1321 0.20 736
2003 summer March 775 0.31 458
2004 summer March 439 0.00 220
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Table 4.- Mean weight and mean ts (target strength on a linear scale) associated with
squid with mantle length 20, 40, and 80 cm. The length-weight relationship used was W
=0.006348L3%99 and the length target strength relationship was TS = 31.2logio(L) — 83.15
(which is similar to the relationship found by Benoit-Bird et al. 2008). The ratio of mean
weight to mean ts is given for each length. This ratio scales the mean NASC values to give
the biomass estimate.

Length (cm) | Weight (kg) | ts (x 10%) | Ratio (x 103)
20 0.16 0.554 2.96
40 1.72 4.82 3.57
80 18.10 41.94 4.32

The corrected acoustic biomass estimates were put into the model essentially as absolute
biomass estimates (they were relative but the prior on the proportionality constant had a CV
of 0.01). The selectivity was assumed to be the same as that for the industrial fleet (the length
frequencies of squid caught during the surveys were not input into the illustrative models
and, as already noted, they are probably not representative of what was ensonified in any
case). The industrial selectivity is much better estimated than that for the artisanal fleet
because of the sex and maturity data.

4.3 Artisanal length frequencies

A scaled length frequency (unsexed) was constructed for each month in 2001 to 2004 for
which data were available from sampling of the artisanal fleet. The length frequencies were
stratified by region (north and south) and scaled to the monthly catch (by number). Some
examples of the length frequencies are given in Figure 7. The length frequencies were input
into the model assuming a multinomial distribution with the effective sample sizes equal to
the number of squid measured divided by 10 with a maximum of 50 allowed. This follows the
spirit of Francis (2011) where it is argued that “composition data” (length and age
frequencies) are often given too much weight in stock assessment models.
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Figure 7.- Unsexed length frequencies (“Sex N”’) from the artisanal fleet in January 2001
(month 13) through to July 2001 (month 19). No data in February 2001. N is the effective
sample size used in the model.

4.4 Industrial length frequencies and maturity stages

Length frequency data were available by sex for the industrial fleet. In addition, there were
maturity stages recorded for a subsample of each length frequency. The subsamples were not
at random but were aimed at covering the length distribution and getting equal numbers by
Sex.

A scaled length frequency (by sex) was constructed for each month in 2001 to 2004 for which
data were available. The sexed length frequencies were stratified by Marsden square (1
degree x 1 degree) and scaled to the catch (by number). The proportion mature at each length
for each sex was estimated using the maturity stage data. Mature squid, for the purposes of
the stock assessment model, were defined to be stage 3 for males and stage 3 and 4 for
females. All other stages were taken to be immature for modelling purposes. The maturity
data were stratified by distance offshore (two strata) and region (north, south). There was no
obvious seasonal signal for these data (though in general, proportion mature probably does
depend on month). The proportions mature were applied to the length frequencies within
each stratum. Therefore, for each month there was a sexed length frequency for immature
squid and also one for mature squid (see Figures 8 and 9 for two examples).
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Figure 8.- Scaled length frequencies of immature and mature squid by sex for January
2002 from the industrial fleet. All four graphs have the same scale on the y axis so that
the relative numbers by sex and maturity stage are apparent.
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Figure 9.- Scaled length frequencies of immature and mature squid by sex for October
2002 from the industrial fleet. All four graphs have the same scale on the y axis so that
the relative numbers by sex and maturity stage are apparent.
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It is apparent from the two examples plotted in Figures 8 and 9 that there can be substantial
differences in the relative proportions of mature and immature squid and that these can vary
by sex as well. Typically, there are a much greater proportion of mature male squid in the
industrial catch than mature female squid.

These data were input into CASAL as two different data types. The sexed length frequencies
were input as proportions (summing to 1 across the two sexes) separately for each maturity
stage and assumed to be multinomial with an effective sample size of 25 (so for each month
there were two length frequencies, each with a sample size of 25; the artisanal length
frequencies had a maximum effective sample size of 50, but there is only one for each month).
This preserves the relative numbers by sex but loses the relative numbers of mature and
immature squid. That information was provided in the second data type as total numbers of
mature and immature squid (in the catch) for each month. These went in as relative numbers
within each month (the absolute scale of the numbers is not important — it is essentially
providing the relative proportion of mature and immature squid each month; the
proportionality constants are assumed different each month).

5. lllustrative assessment results

The time period 2001 to 2004 was split into two equal periods and the model was
independently fitted to data for the two time segments. In each case a run-in period of 12-15
months was used to estimate the initial age structure. For example, the first model was run
from the start of 2000 to allow the estimation of 12 months of recruitments strengths leading
into the first data observed in January 2001.

Example fits and results for the runs using the day-night corrected acoustic biomass estimates
are presented below. Deterministic equilibrium yield and depletion curves are also presented
for the parameters estimated from the first model and Uaso%so is estimated.

5.1 Model fits (examples)

The fits to the acoustic estimates as expected are fairly good as they were fitted as absolute
estimates with a low CV (10%) to ensure that they provided scale information (Figure 10). The
95% confidence intervals are very small because of the low CV that was used (Figure 10). The
trajectories for the two different time segments merge into each other nicely at about 500
000 t in months 36 and 37. Note, that because of the run-in, the trajectories from months 1-
12 (in the first model) and 22-36 (in the second model) should be ignored (Figure 10).

The fits to the artisanal and industrial length frequencies range from very good to very bad
but overall they are fair given the nature of the data that are being fitted. It must be
remembered that the processes that generate the data are far more complicated than the
model (e.g., changes in selectivity, cannibalism, fine-scale spatial heterogeneity, schooling by
size). Some example fits are given in Figures 11, 12, and 13.
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Figure 13.- Some example model fits (red lines) to the industrial mature length
frequencies (histograms). These are females (“Sex = F’). N is the effective sample size
assumed in the model.
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The fits to the proportion mature data are very good for the first model and adequate for the
second model (Figure 14).
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Figure 14.- The model fits (red and black lines) to the mature and immature proportions
(red and black points) in the first model (top) and second model (bottom). “obs” =
observation, “pred” = prediction.

5.2 Model estimates

The estimated growth for both models was similar and faster than expected from published
results (Figure 15). The maturity and selectivity estimates for the two models have some
strong similarities, although the age at maturity for the Late 2 phenotype is younger in the
second model (Figures 16 and 17). The modes of the immature selection curves are near the
ages at maturity (as expected from the data).

The mature biomass trajectories for the three phenotypes are dominated by the Late 1
phenotype for the first model (Figure 18). The total biomass is under 500 000 t for most of
the period but does peak at over 1 500 000 t in month 22 (October 2001)(Figure 18). The peak
in biomass corresponds to over 4 times the average virgin/unfished mature biomass during
the period (Figure 18, bottom panel). For the second model the biomass is at a lower level
and has three peaks and two troughs (Figure 19). As noted for the fit to the acoustic data, the
first model has a terminal total biomass in month 36 that is very similar to the biomass in the
second model in week 37 (Figures 18 and 19).
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Ssewty

L) 02 04
Il L I

2

Figure 18.- First model: the estimated mature biomass trajectories for each phenotype
and the total in tonnes (top) and relative to the average mature biomass of each phenotype
or the total (bottom).
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Figure 19.- Second model: the estimated mature biomass trajectories for each phenotype
and the total in tonnes (top) and relative to the average mature biomass of each phenotype
or the total (bottom).

Figure 20.- First model: the estimated monthly recruitment multipliers for each
phenotype (top) and the estimated monthly exploitation rates for the artisanal and
industrial fleets (bottom).
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The estimated monthly recruitment strengths are very variable in the first model with the
strongest recruitment multiplier for the Late 1 phenotype in month 11 (November 2000)
(Figure 20). For the first model, the estimated exploitation rates were typically less than 5%
with the highest exploitation rate being under 20% for the industrial fleet (Figure 20).

For the second model, the greatest variability in recruitment strengths is for the medium and
Late 2 phenotypes, but these will be poorly estimated as the period is dominated by the Late
1 phenotype. For the Late 1 phenotype, the recruitment strengths are cyclical, with peaks in
months 26, 39, and 49 (Feb 2002, March 2003, and January 2004) (Figure 21). The estimated
exploitation rates are higher in the second model compared to the first with most months
under 10% but with a peak, in the artisanal fishery, of over 30% in month 54 (June 2004)
(Figure 21).

Figure 21.- Second model: the estimated monthly recruitment multipliers for each
phenotype (top) and the estimated monthly exploitation rates for the artisanal and
industrial fleets (bottom).

The estimates of average mature virgin biomass for each phenotype were higher for the first
period compared to the second period (Table 5). Taking the average of the two periods, the
carrying capacity from 2001 to 2004 of the Peruvian fishery was about 325 000 t of virgin mid-
month mature biomass (per month). This assumes that the target strength is correct for the
acoustic estimates but they could be out by a factor of 2 either way (just by way of example
— the potential error in the length target strength relationship needs further investigation).
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Model runs were performed with halve and double the acoustic estimates (Table 6). Using
the results from the halve and double acoustic estimates, a ballpark estimate of carrying
capacity is 170 000 to 650 000 t per month.

Table 5.- Estimated average mid-month virgin mature biomass (000 t) for each phenotype
and the total across phenotypes for the two models.

Medium Late 1 Late 2 Total
First model 38 295 67 400
Second model 23 198 31 252

Table 6.- Estimated average mid-month virgin mature biomass (000 t) for each phenotype
and the total across phenotypes for the two models when the acoustic biomass estimates
are halved or doubled.

Medium Late 1 Late 2 Total
First model: half 19 144 36 199
First model: double 79 572 147 798
Second model: half 12 109 26 146
Second model: double 48 400 40 488

5.3 Deterministic reference points (example)

The deterministic yield and depletion curves for the industrial fishery in the 2001 and 2002
period were determined using deterministic projections for 350 years at a range of
exploitation rates (Figure 22). This was only done for the industrial fishery because the
selectivity for the artisanal fleet is likely to be poorly estimated given the absence of sex and
maturity data for that fishery.

The following reference points were determined:
Bmsy  24.6 %Bo
Umsy 0.79
MSY  43.9 %Bo
Usoxeo 0.49
Yaoxso 40.1 %Bo

The yield at 40% Bo (Yao%go) is almost as high as the yield at Bwusy but is achieved with a much
lower exploitation rate. It is certainly a flat-topped yield curve (Figure 22).

If we use the ballpark estimate of carrying capacity (Bo) from the 2001-2004 period of 170 000
to 650 000t per month then the yield at Uso%go is 70 000 to 260 000 t per month. On an annual
basis this is 840 000 to 3 100 000 t per year.
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Figure 22.- Equilibrium yield and depletion curves calculated for the industrial fishery
for the first model (time segment 2001-2002).

6. Discussion

Jumbo flying squid are an incredibly productive species which appear to have adapted to
enable them to thrive whatever the environmental conditions (through the three
phenotypes). Stock structure is not known for the Southeast Pacific and the squid within any
countries jurisdiction at any time are probably only part of a larger more widely distributed
stock or stock sub-units. A traditional stock assessment, using data from all of the major
fisheries over an extended history is very unlikely to be successful because of the difficulties
of modelling the spatial distribution of the squid and the response to environmental change.

In this paper we have presented a method that can be applied to part of a biological stock
within a given area over a time period during which the distribution of the stock is reasonably
stable. The method requires length frequency and maturity data from the fisheries in the area
and also acoustic biomass estimates to provide information on the scale of the biomass
present. With multiple time segments assessed within a given area (e.g., the Peruvian
jurisdictional waters) a picture of the carrying capacity of that area can be developed. If the
areas associated with all of the major fisheries in the Southeast Pacific were assessed in this
way then a picture of the carrying capacity of the Southeast Pacific could also be developed.

The requirement for biomass estimates that contain scale information is because relative
biomass indices are unlikely to be very useful for jumbo flying squid. The issue is the short life
cycle of the species and the high recruitment variability. The basic premise for using relative
biomass indices is that the catch drives changes in biomass. However, for jumbo flying squid,
there is very little memory in the population of a pulse of high catch. Within perhaps 12
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months (if the Late 2 phenotype is not dominant) there is no memory of a high pulse of catch
because there has been complete renewal of the population.

Certainly if there were two extended periods of time, one which had a sustained period of
“low catches” and another which had a sustained period of “high catches”, then relative
biomass indices, combined with excellent length frequencies and maturity data (to estimate
monthly recruitment success and the proportions of the three phenotypes) could provide a
biomass signal. However, there would also have to be a consistent distribution for the squid
over both time periods and growth, maturity, and selectivity would need to be constant or
any changes in them estimable. An unlikely circumstance.

It would be helpful to monitor relative biomass but this in itself would need surveys of some
type. Catch and effort data from the fisheries would seem to be of no use for monitoring
relative biomass as fishers naturally target the higher density areas. It seems very likely that
CPUE (standardised or otherwise) would be hyperstable (i.e., the biomass could reduce
substantially without CPUE decreasing).

For the period 2001 to 2004 there were five acoustic survey estimates from anchoveta
surveys which appeared, in those years, to have covered a large proportion of the jumbo
flying squid distribution in Peruvian waters. From the low to the high estimate there is factor
of 10 (see Table 3). In that time the CPUE from the artisanal and industrial fleets showed little
trend (Figure 23).

— Artisanal CPUE
— Industrial CPUE
—*— Acoustic survey

25
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20 30 40 50 60

Month

Figure 23.- A comparison of potential relative biomass indices for jumbo flying squid in
Peruvian waters in the time period 2001 to 2004 inclusive (month 13 = January 2001).
Artisanal CPUE is catch/trip; Industrial CPUE is catch/day; and the acoustic estimates
were day-night corrected. The time series were placed on a similar scale by dividing each
time series by its mean value.
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The acoustic estimates show a high degree of variability but that is exactly what would be
expected for a short lived species like jumbo flying squid. The CPUE indices show short term
variation but no trend. This is also expected given the nature of the fisheries.

Full scale annual research surveys of jumbo squid in oceanic waters outside of the Peruvian
EEZ are unlikely to be feasible. However, options do exist to obtain scale information that can
be used in a stock assessment model. Acoustic biomass surveys can be conducted on
commercial fishing vessels provided they have a calibrated echosounder which can record the
raw acoustic data, for later analysis by acoustic experts, much along the lines proposed by the
SC Fishery-Dependent Acoustic Data Group and supported by the 6" meeting of Scientific
Committee (IREA 2017, SPRFMO 2017a). There needs to be scientific input in terms of survey
design, the setting up of the echosounder, the calibration of the echosounder, and
subsequent analysis of the acoustic data. Although annual surveys would be ideal, the stock
assessment method could still be applied with surveys every two years, or in some instances,
perhaps every three years. Another alternative, or an adjunct, is to design small-scale acoustic
surveys of the commercial fishing grounds (in a given year) to obtain a “calibration constant”
between acoustic density estimates and the CPUE of the fleet. Biomass estimates for stock
assessment could then be obtained by using CPUE, an estimate of the area of the fishing
grounds, and the calibration constant. This would require multiple experiments conducted on
an ongoing basis to check the consistency of the “calibration constant”.

The proposed assessment method has been illustrated by fitting two independent models to
Peruvian data from 2001 to 2004. The two models gave similar estimates of biological
parameters and selectivities. They also gave estimates of the “virgin biomass” in Peruvian
waters in the two time periods. The estimates of By for these time periods represent the
mature biomass that would have been present if no fisheries had operated (“unfished
biomass”). Taking the average of the unfished biomass for the two time periods gives a
preliminary idea of the “carrying capacity” of the Peruvian jurisdictional waters for jumbo
flying squid. As target strength is very uncertain, the estimates are also very uncertain.
Therefore it is best to present a range using results, for example, from runs based on half and
double the acoustic estimates.

The runs which used half and double the acoustic estimates suggest that the yield at an
exploitation rate of Usoxso is anywhere from 840 000 to 3 100 000 t per year. These figures
apply to the “carrying capacity” and mix of phenotypes in 2001-2004 in Peruvian waters. The
lower figure is conservative. The upper figure could be optimistic. The estimates may not be
robust to changes in the proportions of phenotype or indeed changes in environment
conditions which could change the carrying capacity of Peruvian waters for jumbo flying
squid. Therefore, it would be imprudent to use these figures as an estimate of optimum yield
for the current fishery. They give some idea of scale but clearly many more time segments,
including a current time segment need to be assessed. And, target strength needs to be
reviewed.

7. Future directions

Acoustic survey estimates are needed to provide scale information for the stock assessment
model. However, the target strength of jumbo flying squid is very uncertain and this
determines the scale of the acoustic survey biomass estimates. A review of target strength
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data for jumbo squid is needed so that the best available length target strength relationship
for jumbo squid can be determined and used in the production of acoustic survey biomass
estimates.

The proposed method has only been applied to Peruvian data for 2001-2004. Some effort
was made to produce appropriately scaled length frequencies for the two fisheries in this time
period but more investigation needs to be made of scaling methods, particularly for the
proportion mature at length. Also, the biological data collected during the acoustic surveys
needs to be investigated to see how that can be best be used in the modelling.

When a full investigation of the drivers of length and maturity at length has been made then
available data will be stratified and scaled to produce stock assessment inputs. The historical
period can then be assessed in Peruvian waters by dividing the period up into suitable time
segments (taking careful note of changes in squid distribution as indicated by acoustic survey
results and environmental events such as El Nifio). A current time period can also be assessed.
The model will need some refinement in terms of parameterisation and choice of priors. This
will be done in conjunction with the assessment of the historical period.

Currently the estimates produced are restricted to using the mode of the posterior
distribution (MPD estimates). Full Bayesian estimates could be produced for each of the three
runs (using the acoustic estimates and half and double the acoustic estimates) but the
credibility intervals would be artificially tight as the acoustic estimates are used as absolute
estimates with a low CV. The uncertainty in the results is given by the range of point estimates
across the three runs. When much better estimates of target strength are available then it
would be worthwhile moving to full Bayesian estimation with an informed prior on the
acoustic q (the proportionality constant or catchability) and more realistic estimates of
observation error.

It is recommended that the proposed method, or a similar modelling approach, be applied to
the other major jumbo flying squid fisheries in the Southeast Pacific.
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