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Cephalopods have become an important global food source, but their sustainable management

is  challenged  by  unique  life  history  characteristics  associated  with  short  lifespans  and

semelparous  reproduction,  high  natural  mortality  rates,  rapid  and  often  non-asymptotic

growth,  and  complex  population  structures.  Weak  stock-recruitment  relationships  together

with  the  time-consuming  work  required  for  age  validation  and  high-volume  annual  age

determinations make traditional age-based modelling impractical. We propose that the best

method for cephalopod assessment involves innovative depletion models, fitted with in-season

data on catch numbers and fishing effort, to produce realistic estimates of stock biomass. A

‘fast lane’ assessment approach is suggested that includes high-frequency data collection for

separate,  in-season stock assessments  of  each  cohort  to  ensure sustainable  exploitation  of

these short-lived resources. However, most cephalopod fisheries are data-poor and/or lack the

infrastructure and resources  needed to apply depletion  methods;  therefore we also present

alternative  assessment  methods  that  have been recently applied  worldwide.  We also offer

suggestions for further research on the remaining challenges of cephalopod stock assessment

and management.
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Introduction

Cephalopods (Mollusca) are key ecosystem components of the World Ocean (e.g. 

Gasalla et al., 2010) as they occupy a broad range of trophic positions in marine food webs 

and have a high production to biomass ratio (Boyle, 2002). The species diversity of 

cephalopods is relatively low, with about 800 pelagic and demersal species belonging to three

main Orders, Teuthida (squid), Octopoda (octopuses) and Sepiida (cuttlefish and sepiolids). 

Cephalopods are also important commercial resources, landings of which have been 

increasing rapidly in recent decades (Hunsicker et al., 2010; Arkhipkin et al., 2015). Several 

dozen medium to large-sized cephalopod species are subject to large-scale exploitation due to

their muscular bodies having both flavour and texture acceptable for human consumption 

(Jereb and Roper, 2010). Cephalopod fisheries contributed a small percentage (2% to 5%) of 

the global landings of marine species relative to fish during 1960 to 2014. Nevertheless, their 

contribution to world fisheries production gradually increased from 0.5 million tonnes in 

1950 to a peak of 4.85 million tonnes in 2014. After 2014, cephalopod landings levelled off 

then decreased to 3.77 million tonnes in 2017, mainly due to decreases in the landings of the 

two most abundant squid species; jumbo flying squid, Dosidicus gigas, in the eastern Pacific 

and Argentine shortfin squid, Illex argentinus, in the Southwest Atlantic (FAO, 2019). 

The general increasing trend in cephalopod landings in recent decades was partially 

due to the increased market demand and corresponding increase in fishing effort (Arkhipkin 

et al., 2015). The increase in fishing effort was attributable to increased numbers of large 

jigging vessels fishing on the high seas, mainly for I. argentinus, Todarodes pacificus, 

Ommastrephes bartramii and Nototodarus gouldi, and increased numbers of small artisanal 

boats catching D. gigas near-shore with hand jigs (Arkhipkin et al., 2015). Another cause of 

the increased landings of cephalopods could be an overall increase in their abundance 

worldwide. Cephalopods may benefit both from the decrease in competitive pressure for 

3



ecological niche space, due to overexploitation of finfish competitors and prey, and to the 

high flexibility of their populations when facing changes in the environment (Caddy and 

Rodhouse, 1998; Doubleday et al., 2016). 

The objective of a stock assessment is to provide fishery managers with stock status 

estimates to support management decisions; e.g., on catch or effort, with the management aim

of ensuring that stock biomass and fishing mortality estimates are below stock-specific 

reference point thresholds  (Boyle and Rodhouse, 2005). In the case of data-poor situations, 

the aim is to avoid a decline in stock size that can be attributed to fishing mortality as 

opposed to emigration from the fishing grounds. However, in spite of our increased 

knowledge about cephalopod biology and ecology in recent decades, many fished stocks are 

not assessed, and some assessments use methods not well adapted to cephalopod life history 

and ecology (Pierce and Guerra, 1994; Boyle and Rodhouse, 2005; Arkhipkin et al., 2015). 

Most traditional stock assessment models were developed for longer-lived fish and 

invertebrate species, and are not appropriate for short-lived cephalopods because such models

assume the existence of multiple year classes and population dynamics associated with 

iteroparity. In addition, the type of reference points, and hence the assessment method, may 

need to be based on the requirements of national laws and fishery management plans. In the 

U.S., reference points must be MSY-based or proxies thereof and an expert scientific review 

panel determines the assessment’s acceptability for management use In Europe, cephalopod 

fishing is not covered by the Common Fisheries Policy, which specifies which fisheries must 

be managed in the EU, although many coastal small-scale fisheries for cephalopods are 

managed nationally or regionally. Overall in Europe, the low priority assigned to these 

fisheries, the difficulty of applying common assessment methods and the data-poor nature of 

the stocks are thus mutually reinforcing barriers (Boyle and Rodhouse, 2005). Cephalopod 

fisheries are routinely assessed and managed in several other countries, including Argentina, 
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Australia, Canada, Chile, Falkland Islands, Japan, Mexico, New Zealand, Peru, Russia and 

South Africa – but many important cephalopod fisheries in other parts of the world are not 

assessed or managed (Arkhipkin et al., 2015).

In 1983, the FAO published an account of the state-of-the-art in cephalopod biology, 

ecology and stock assessment (Caddy, 1983a). Within that volume, Caddy (1983b) described 

aspects of cephalopod biology relevant to assessment. He mentioned the use of production 

models for assessment of West African trawl fisheries for cephalopods as well describing the 

principles of what are now known as depletion models, also highlighting the difficulty of 

estimating natural mortality. Pierce and Guerra (1994) reviewed methods of stock assessment

then in use for cephalopods, following Hilborn and Walters’ (1992) classification of 

assessment approaches, as well as recapping relevant aspects of cephalopod biology. Boyle 

and Rodhouse (2005) reviewed stock assessment models as well as management practices 

applied to the main cephalopod fisheries around the world. Further, Rodhouse et al. (2014) 

examined advantages and limitations of using surplus production models, depletion methods, 

age-structured models and two-stage models, analyzed various types of fishery-dependent 

and –independent data incorporated into these models, and discussed possible ways forward 

in forecasting and assessing cephalopod stocks. Arkhipkin et al. (2015) summarized 

biological characteristics and fishery management for the main exploited squid species 

around the world.

The aims of the present paper are to (a) review the particularities of cephalopod life 

cycles and population parameters that pose challenges to using conventional stock assessment

methods; (b) discuss the methods that have been used for cephalopod stock assessment, 

especially those in current use, and assumptions of specific methods, (c) describe the most 

appropriate methods for cephalopod stock assessment and (d) recommend management 

measures applicable to the use of these methods for cephalopod fisheries.   
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Biological challenges for cephalopod stock assessment

Cephalopods have an array of life cycle characteristics that differ from other 

commercially exploited marine species, and several aspects of cephalopod biology and 

ecology present particular challenges for their assessment and management (Boyle and 

Rodhouse, 2005). Cephalopods are characterized by short lifespans, high metabolic rates, and

rapid growth. Their growth rates and maturation, as well as life cycle phenology, are highly 

variable. While much of this variation seems to be environmentally driven, it also reflects 

phenotypic plasticity and possibly a genetic component (McKeown et al., 2019). As a 

consequence of these characteristics, abundance and distribution can vary widely from year 

to year. Manycephalopods have relatively high fecundities and prolonged spawning periods 

with intermixing seasonal cohorts that contribute to the effective use of available food 

resources, resulting in rapid abundance fluctuations and facilitating fast recovery of 

populations after years of poor recruitment or heavy exploitation (Arkhipkin, 2013; Boyle 

and Rodhouse, 2005). These characteristics are briefly reviewed below. 

Short life cycles

The life cycles of commercially exploited cephalopod species vary from six months in

small sepiolids and subtropical squids (Czudaj et al., 2012; Arkhipkin et al, 2000) to two 

years in the large-sized jumbo squid D. gigas (Arkhipkin et al., 2015), large temperate sepiids

(Sepia officinalis, Challier et al., 2005), and octopods (Octopus tetricus, Leporati et al., 

2015). The majority of fished cephalopod species have a life cycle of about one year (Boyle 

and Rodhouse, 2005). Some of the variation in lifespan, both within and between species, is 

related to ambient temperature, with tropical and subtropical populations living for about six 

months while many of their temperate counterparts live about one year (e.g., broadtail 
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shortfin squid, Illex coindetii, Arkhipkin et al., 2000; González et al., 1996). However, some 

temperate cephalopod species, such as I. illecebrosus and Doryteuthis pealeii, live less than 

one year (Brodziak and Macy 1996; Macy and Brodziak, 2001; Hendrickson 2004). For D. 

gigas, water temperatures encountered at the juvenile stage had the strongest effect on 

lifespan. Together with other environmental factors, water temperature determined whether 

adults would have a 1-year life cycle, having experienced higher temperatures, or a 1.5 - 2-

year life cycle having experienced lower temperatures during the juvenile stage (Arkhipkin et

al., 2015). 

To undertake real-time assessment, the short lifespan of cephalopods requires a more 

data-intensive approach to monitoring, with high population sampling frequency over short 

time periods. Age-structured population dynamics models that involve projections of 

population abundance-at-age for each cohort through time could be applied to seasonal 

cohorts (groups of similar-age individuals each approximately one year younger than the 

previous group for species that live beyond one year, such as cuttlefish) or to so-called 

“micro-cohorts” (groups of similar-age individuals recruiting within the same fishing season 

each typically 2 to 3 months younger than the previous age group such as most squid species)

(Rodhouse et al., 2014). However, this would require the collection of fortnightly or even 

weekly fisheries and age data to produce a time series long enough to estimate the fishing 

mortality and stock abundance of each cohort or micro-cohort. In addition to these 

difficulties, age-structured models are in general inappropriate for cephalopod stock 

assessment because these methods assume a constant value of natural mortality (M) for all 

sizes and years. The data requirements and model assumptions in age-structured models are 

difficult to accommodate to the rapid life history and high variability that characterize 

cephalopod population dynamics.
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Time-consuming ageing techniques

Cephalopods possess several increment-bearing hard structures that can be used to 

determine their age, such as statoliths, gladii, beaks, stylets and possibly eye lenses (recently 

reviewed in Arkhipkin et al., 2018). The formation of increments in these structures is 

validated to be daily for many cephalopod species, thus enabling age estimates with a high 

rate of precision. However, despite progress in cephalopod ageing techniques, they are not 

typically used in stock assessments for two reasons. First, it is a time-consuming job that 

requires a skillful and dedicated person to prepare the sections to read. Unlike fish, in which 

is it possible to embed several otoliths on one slide for ‘mass production’, cephalopod 

statoliths, stylets and beaks require processing of a single structure at any one time, making 

the procedure  much more time-consuming (Arkhipkin et al., 2018). Second, the advantage of

determining ages of cephalopods with daily precision is associated with the disadvantage of 

having to read several hundred daily growth increments per individual, as compared to 

single- digit (or at worst low double-digit) numbers of annual rings in fish otoliths. 

Furthermore, the narrowness of the growth increments in statoliths and stylets (~1-5 µm) may

confound the interpretation of alternating dark and translucent increments since optical 

diffraction can produce false lines (Arkhipkin and Shcherbich, 2012). 

 The time-consuming nature of processing and reading daily increments on 

cephalopod hard structures and the high growth rate variability make age-based models 

impractical for real-time stock assessment. However, age data are a potentially important 

component of cephalopod stock assessments. For example, age data rather than length data 

should be used to identify seasonal cohorts and to estimate growth rates because cephalopod 

growth rates show high plasticity and individuals of the same length can be from different 

seasonal cohorts (Arkhipkin et al., 2000). Some of the age-based assessment methods that 

have been utilized for cephalopods are summarized below. 
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Extensive ontogenetic migrations

The majority of commercially exploited species of squid and sepiids have distribution 

ranges structured into spatially different spawning and feeding grounds, less so in octopods 

(Boyle and Rodhouse, 2005). Depending on the species and its swimming abilities, distances 

between spawning and feeding grounds may vary from tens of kilometers for nearshore 

sepiids to hundreds of kilometers for offshore loliginids and even thousands of kilometers in 

nektonic ommastrephid and gonatid squids (Arkhipkin, 2013). Migrations of sepiids and 

loliginids are usually inshore-offshore, whereas nektonic squid can cross the boundaries of 

several large oceanic ecosystems to fully exploit resources and take advantage of favourable 

environmental conditions in various climatic zones at different phases of their ontogenies 

(Boyle and Rodhouse, 2005, Arkhipkin, 2013). Cephalopods can also exhibit vertical 

ontogenetic migrations. Sepiids and loliginids usually move from shallow water spawning 

grounds to deep-water areas of continental shelves to feed, and upon maturation the adults 

migrate back to shallow waters to spawn (Jereb and Roper, 2010). In contrast, juveniles of 

neritic ommastrephids move from oceanic spawning grounds located off continental slopes 

onto continental shelves where they feed, mature and then migrate back to deep waters to 

spawn (Arkhipkin, 2013). 

Some cephalopods (e.g., many squid species) are targeted by the fishery only during 

certain periods of their life stages, when they occupy one particular habitat. For example, 

Doryteuthis gahi is exploited mainly in its offshore feeding grounds, whereas other loliginids 

such as Doryteuthis opalescens and Loligo reynaudii are fished in their inshore spawning 

grounds prior to spawning (Rosa et al., 2013). These area-restricted fisheries may create 

challenges for monitoring the full range of a species’ life stages, because intensive survey 

sampling to complement the fishery is difficult to organize given the short duration of the 

9



species’ life cycle. Other cephalopod fisheries, like the U.S. Illex illecebrosus bottom trawl 

fishery, occur on the spawning grounds near the edge of the continental shelf and upper slope

(Hendrickson, 2004; Hendrickson and Hart, 2006) where all life cycle stages except the eggs,

paralarvae and individuals < 3 cm ML have been found. Migrations to and from the fishing 

grounds pose certain restrictions on the use of models with a “closed population” assumption 

(e.g., classical depletion models) because it may not be clear whether a sudden decrease in 

CPUE is due to fishery exploitation (fisheries depletion) or emigration of the target species 

from the fishing area. 

Complex population structure

Cephalopods have evolved protracted, often year-round spawning. This feature helps 

cephalopods to withstand unfavourable environmental conditions or heavy fishing pressure 

that would otherwise lead to population crashes in species having short seasonal spawning 

periods as well as short life cycles. Cephalopods commonly have several cohorts that spawn 

in different seasons (e.g., autumn-spawning and spring-spawning cohorts of D. gahi on the 

Patagonian Shelf (Patterson, 1988)), or have several successive micro-cohorts. In the South 

Pacific, D. gigas size compositions in commercial catches depend on the availability of 

different phenotypes by area. These phenotypes reach small, medium and large body sizes 

before spawning depending on environmental conditions (Keyl et al., 2008). All three 

phenotypes occur in Peruvian waters, while the large one occurs in Chilean waters and the 

small one occurs in the convention area of the SPRFMO (Payá, 2016). The protracted 

spawning periods of cephalopods can result in the simultaneous presence of individuals in the

same area which belong to different intra-annual cohorts/generations. Without time-

consuming population age studies to reveal the cohort structure, cohort assignment based on 

modal lengths may be misleading (Caddy, 1991). Thus, tracking modal groups in a time 
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series of length-frequency distribution samples, even with monthly periodicity (Pierce et al., 

1994), is questionable because  it does not take into account variable growth rates and ignores

possible emigration/immigration through the sampling area, as in the case of jumbo squid D. 

gigas (Keyl et al., 2008). Time series analyses that extrapolate cohort numbers from 

population size structures should therefore not usually be used in cephalopod stock 

assessments. However, there may be populations with intra-annual cohorts sufficiently 

separated in time that a length-based approach could work for Loligo forbesii, which has a 

lifespan longer than one year (Collins et al, 1999), and indeed in cuttlefish (which has a 

lifespan of two years) two annual cohorts may coexist, but can also be separated by size (see 

Gras et al., 2016).

Rapid growth rates

Cephalopods are characterized by rapid growth rates, with some species reaching a 

size of 1 kg in just one year. The jumbo squid D. gigas has one of the fastest growth rates 

among cephalopods, attaining several kg in one year and up to 30-50 kg in two years (Jereb 

and Roper, 2010). The form of cephalopod growth (i.e., asymptotic versus non-asymptotic 

length) has been debated in the literature (Jackson, 1994) and the latest recommendation uses 

a Schnute growth model to describe their growth (Arkhipkin and Roa-Ureta, 2005). To our 

knowledge, no cephalopod species conforms to the von Bertalanffy growth function; 

commonly used for fish. Thus, assessment models are inappropriate for cephalopods if they 

use von Bertalanffy parameters or do not account for a semelparous life history. 

Logistical challenges for stock assessment

Many cephalopod catches derive from small-scale fisheries which are intrinsically 

difficult to monitor and, at least in Europe, most landings of cephalopods in large-scale 
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fisheries are taken as a bycatch rather than the main target. In such cases, fishers and 

authorities may have little interest in monitoring or assessing stock status. While cephalopod 

landings at European ports are normally recorded, a large proportion of these cephalopods are

identified only to family level. Under the EU’s fishery data collection framework, no 

northern European countries collect biological data on fished cephalopods. While the 

circumstances may vary, limited monitoring of cephalopod fisheries is almost certainly a 

global problem, as is reliable identification of those cephalopod landings that are recorded in 

official statistics.

Consequently, some fairly basic life cycle and fishery data are often missing, such as 

size-at-maturity, the timing and location of spawning, the relationship between CPUE and 

abundance, and estimates of natural mortality. In addition, except for a few studies (see 

Lipinski, 1994; Hastie, 1996; Tokai and Ueta, 1999; Akiyama et al. 2004; Hendrickson, 

2011), the gear selectivity of cephalopods is poorly known. 

Stock assessment approaches

Definitions and preliminary assessment steps

Stock assessments can have different functions, albeit with the ultimate aim of 

facilitating sustainable exploitation. Thus, both retrospective assessments and forecasting can 

be used to plan future fishing – although the former is perhaps the least useful approach for 

species which show wide year-to-year fluctuations in abundance. Real-time (in season) 

assessment can be used by managers to decide on the time of closure of a fishery. 

Many cephalopod stock assessments are considered data-poor (Table 1). The term 

‘data-poor’ is most often applied when only catch or landings data are available, plus 

assumptions that can be made about a species’ life-history characteristics (IOTC, 2016; Zhou 

et al., 2018). In this paper we apply the term ‘data-poor’ to any situation in which lack of data
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impedes the use of population models to determine stock status and estimate biomass and 

fishing mortality reference points. Data-poor assessments may lack the input data to address 

the factors that make cephalopod stock assessments difficult, e.g., high and variable natural 

mortality rates, semelparous reproduction, protracted spawning periods resulting in multiple 

seasonal micro-cohorts within a single year – which differ from one another in terms of 

growth and maturation rates, immigration/emigration schedules and environmental influences

on biomass/abundance (e.g., Brodziak and Hendrickson, 1999; Macy and Brodziak, 2001). 

Due to the short, primarily annual life cycles of exploited cephalopods, most stock 

assessment models require short time-steps (daily, weekly or bi-weekly) and input data of 

high temporal and spatial resolution. Thus, cephalopod stock assessments tend to use fishery-

dependent data (catch, effort and biological data). Regardless of the type of assessment 

method used, cohorts or micro-cohorts must be identified, except when there is a single 

cohort per year, and successive cohorts are non-overlapping. In squid, this should be done 

with a baseline age determination study using statoliths. Length data are not sufficient for 

cohort identification because individuals from different cohorts can be of similar size (or 

conversely, individuals from the same cohort can show a range of sizes), due to growth rate 

plasticity (Arkhipkin and Laptikhovsky, 1994). Differences in growth and maturation rates 

between cohorts require each cohort to be assessed as if it were a separate stock.

Preliminary assessment steps may include the description of exploitation patterns in 

time, in space, by gear, etc. (e.g. Dunn, 1999), or examination of trends in relative 

exploitation rates (i.e., catch/survey biomass), by seasonal cohort. Emigration/immigration 

patterns are also important considerations. Maturity and length composition data (by cohort) 

can be examined to assess trends in recruitment and length at 50% maturity (L50). Results 

from fishery and research survey data may be compared (see ICES, 2010).
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Natural mortality estimation

 Most stock assessment models require an estimate of natural mortality that is either 

estimated external to the model based on empirical data, estimated within the model (e.g. 

Roa-Ureta, 2012) or assumed. Natural mortality rates are especially difficult to estimate for 

cephalopods because empirical data are difficult to obtain (e.g., tagging studies) and because 

most species are semelparous, so natural mortality is an increasing function of age for 

spawning individuals. Despite this fact, natural mortality rates for cephalopod stocks with 

concurrent fishing and spawning mortality are usually assumed to be constant for all 

individuals of commercial size (an inherent assumption of production models). Neither of the 

two commonly used methods for estimating the natural mortality of cephalopods, Pauly 

(1980) and Caddy (1996), account for the increase in natural mortality that occurs following 

spawning in these semelparous species. To address this issue, Hendrickson and Hart (2006) 

developed a weekly, age-based cohort model for an unfished I. illecebrosus cohort that was 

used to estimate the maturation and natural mortality rates of non-spawners and spawners and

which incorporated age-determination error. The same study showed that fishing and 

spawning mortality occur concurrently during the I. illecebrosus fishery in U.S. waters.

Output from the maturation-natural mortality model was incorporated into weekly 

yield- and eggs-per-recruit models that were used to estimate and compare MSY-based and 

%MSP-based Biological Reference Points (Hendrickson and Hart, 2006). When age 

determination error was unaccounted for in the model, the proportion of squid-at-age that 

were mature, and hence also the maturation rate, were underestimated for the older age 

groups. This resulted in underestimation of natural mortality rates-at-age because the 

percentage of individuals that suffered spawning mortality was lower. When statolith-based 

aging error was unaccounted for in the natural mortality estimates included in per-recruit 

models, reference points such as the example of F50% were underestimated by 41%. This 
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finding emphasizes the importance of computing age-estimation error and incorporating it in 

age-based assessment models of semelparous cephalopod species.

Determination of population trends and exploitation rates

Various published examples have used analyses of commercial CPUE or catch data in

place of formal assessments to provide information on abundance trends in cuttlefish (e.g., 

Dunn, 1999; Denis and Robin, 2002), octopods (e.g., Lourenço and Pereira, 2006; Orsi‐Relini

et al., 2006), squids (e.g. Zuur and Pierce, 2004; Chen et al., 2006; Georgakarakos et al., 

2006), or cephalopods globally (Doubleday et al., 2016). In Europe, such exercises are 

undertaken regularly by the ICES Working Group on Cephalopod Biology and Life History 

(WGCEPH). Evidently, CPUE may not always be a good indicator of abundance, especially 

in species with patchy distributions, like many squids (Winter and Arkhipkin, 2015). On the 

other hand, where cephalopods are taken as bycatch, and provided that the spatiotemporal 

distribution of fishing effort is independent of the distribution of cephalopod abundance, a 

good relationship between abundance and CPUE is possible. 

In 2013, Zhou et al. developed a catch-only method for finfish stocks (later published 

in Zhou et al., 2018), which was applied to D. gigas fishery in Chile by Clark et al. (2014). 

The model reconstructs possible trajectories of stock change from the beginning of the 

fishery, given possible ranges of carrying capacity and population growth rate, assumed stock

status (proportion of depletion), and historical catch data. A Graham-Schaefer surplus 

production model was used, with a wide range of initial parameters. The carrying capacity K 
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was set from maximum catch Cmax to 50 times Cmax; the intrinsic population growth rate r set 

from 0.8 to 1.5 (based on r = 0.85 for I. illecebrosus and r = 1.19 for O. bartramii, Ichii et al.,

2006); and the depletion at the end of the time series (D = Bend/K) from 0.1 to 0.8 at a step of 

0.05. Since the end point for each assumed D was fixed, the biomass trajectories were 

determined by only two variables: the initial biomass at the beginning of the fishery K, and 

the population growth rate r. The combination of these two parameters was found by 

minimizing the difference between simulated biomass and assumed biomass at the end of the 

period (Bend = D·K). After running the model and obtaining all possible [K, r] pairs, unlikely 

pairs were eliminated. Because the catch-only method uses Graham-Schaefer surplus 

production model, biological reference points (B_MSY and F_MSY) and catch quota can be 

easily computed. 

Stock assessment methods based on survey data

Data from fishery-independent surveys have been used to derive recruitment indices 

and/or estimates of adult abundance/biomass for a number of cephalopod stocks, including 

squid stocks in the USA, South Africa, New Zealand, Argentina, and the Falkland Islands 

(NEFSC, 2011; Rowell et al., 1985; Augustyn et al., 1992; Sato and Hatanaka, 1983; Roa-

Ureta and Arkhipkin, 2007; Roa-Ureta and Niklitschek, 2007). Absolute abundance or 

biomass estimates are typically based on swept-area calculations from data collected during 

bottom trawl surveys, but they require estimates of catchability (q) determined from 

empirical data. Index-based cephalopod assessments utilize relative abundance or biomass 

indices when q is unknown (Hendrickson and Showell, 2016). As noted by Caddy (1983b), 

cephalopod biomass/abundance can be difficult to estimate by swept-area when recruitment 

occurs over a prolonged period and when multiple intra-annual cohorts exist. Thus, age-based

cohort identification and determination of the timing of recruitment pulses are needed to 
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avoid such pitfalls. As noted above, distributions of some cephalopods may be patchy, 

resulting in survey abundance estimates that are more likely to be inaccurate. In these cases, 

stratified, random bottom trawl surveys conducted throughout the species geographic range 

reduce this possibility. Given the absence of year-to-year stability, the potential for survey 

abundance estimates being inaccurate is arguably greater for annual species. However, 

survey-based abundance estimates are commonly used for cephalopod stocks because 

adequate fishery CPUE data are frequently lacking.

Stock assessments for both commercial squid species in the Northwest Atlantic; D. 

pealeii (longfin inshore squid) and I. illecebrosus (northern shortfin squid), are data-poor 

with respect to the temporal and spatial resolution of available CPUE and biological data, 

which limits the types of stock assessment methods that can be used. However, data from 

stratified, random research bottom trawl surveys, conducted during spring and fall, are 

available and these data are used in D. pealeii assessments. For each of the two seasonal 

cohorts (Macy and Brodziak, 2001), data from these surveys were used to derive annual, 

swept-area biomass and abundance estimates (NEFSC, 2011). Based on “non-informative” 

uniform prior distributions for each underlying factor (e.g., effective trawl width and capture 

efficiency), survey catchability uncertainty was characterized by means of a composite prior 

distribution. Instead of using diel conversion factors to standardize survey catch rates, GAMs 

and a grid-search procedure were used to find objective criteria for defining” daytime” tows 

(a time when the species is most available to bottom trawl gear) based on solar zenith angle 

(Jacobson et al., 2015). Swept-area abundance estimates based on daytime tows were more 

precise than estimates based on diel conversion factors. Relative exploitation rates were also 

computed for the cohorts caught in the spring and fall surveys as the January-June catch / 

spring survey biomass estimate and the July-December catch / fall survey biomass estimate, 

respectively. In order to provide assessment results that conformed to the required annual-
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based, fixed quota management framework, a two-year moving average of the annual means 

of the spring and fall survey biomass estimates was compared to the target and threshold 

survey-based BMSY proxies to determine stock status with respect to biomass. The target 

biomass proxy assumed that biomass was at 90% of the carrying capacity (K), and K was 

computed as the time series median of the averages of spring and fall q-adjusted biomasses. 

The threshold BMSY proxy was computed as 50% of the biomass target. However, data were 

not available to compute MSY-based fishing mortality reference points, so the overfishing 

status of the stock could not be determined. 

Another example of a data-poor squid assessment based on survey data involved the 

northern component of the I. illecebrosus stock which inhabits international waters located 

off the east coast of Canada, and which is regulated by the Northwest Atlantic Fisheries 

Organization (NAFO). Only landings and survey data are available. Annual relative biomass 

and mean body size indices were derived using data from a stratified, random bottom trawl 

survey that is conducted on the Scotian Shelf near the start of the fishery (Hendrickson and 

Showell, 2016). Relative exploitation rates were also computed as the nominal catch for this 

portion of the stock divided by the survey biomass index. Each year, all three variables were 

compared to their respective time-series means during the low and high productivity periods 

to determine productivity regime. The northern stock component collapsed in 1982 following

the period of highest catches (and biomass indices), resulting in a shift from a high 

productivity period to low productivity period that has lasted for 34 years. The Total 

Allowable Catch (TAC; synonymous with NAFO’s Limit Reference Point proxy) is 

established annually based on productivity regime. The higher of the two proposed proxies 

was chosen by the NAFO Scientific Council as the TAC for the low-productivity regime, and

was computed as:  the 1979 peak in nominal catch multiplied by the 1982-1997 mean 
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biomass index for the low-productivity period, then this value was divided by the 1979 

biomass index.

Production models

Biomass dynamics or production models in their simplest form require only fishery 

catch and effort data. This is both a strength and a weakness and various historical (finfish) 

fishery collapses were at least partly due to inappropriate use of production models, notably 

those models which assume that the fishery and stock are at equilibrium (see Hilborn and 

Walters, 1992). At first sight, these models seem unsuitable for cephalopods, given that they 

assume a constant carrying capacity, which is unlikely for species whose abundance varies 

widely according to environmental conditions (Rodhouse et al., 2014). On the other hand, as 

long as they are not severely overfished, cephalopod stocks may show rapid recovery from 

overexploitation so that equilibrium between the fishery and stock is arguably more plausible 

than in many longer-lived species. Production models are arguably inappropriate for 

semelparous species because they assume that natural mortality is constant throughout an 

individual’s lifespan. However for an annual species, when the year is the time step of the 

assessment and fishing tends to follow the same seasonal cycle every year, within-year 

variation in natural mortality is not very relevant. Another issue is that production models 

require an abundance index, some pitfalls of which are discussed below.

Production models have been used routinely for Saharan Bank cephalopod stocks 

including octopus, squid and cuttlefish (e.g. Sato and Hakanaka, 1983; Bravo de Laguna, 

1989) as well as Mauritanian octopus stocks (Meissa and Gascuel, 2015). They have also 

been applied to European cephalopod fishery data under the auspices of ICES WGCEPH, 

most recently a Stochastic Surplus Production Model in Continuous Time (SPiCT) used for 

European Atlantic squid and cuttlefish stocks. This approach is based on the Pella and 
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Tomlinson (1969) production model and incorporating errors on catches and biomass indices 

(after Pedersen and Berg, 2017). 

ICES (2016, 2017) fit a classical Graham-Schaefer surplus production model to 

fishery catch and effort data from the English Channel fishery for loliginid squid (1994-

2015). The model was fitted separately for Loligo vulgaris and L. forbesii and for both 

species together, following a two-step procedure with initial values estimated by non-

equilibrium multiple linear regression followed by nonlinear estimation using time-series 

fitting (as described by Hilborn and Walters, 1992). Input data were total catch by France and

UK vessels and a series of abundance indices derived from French bottom trawl LPUE, 

standardized with Delta-GLM (Gras et al., 2014). Results obtained in 2015 suggested 

contrasting year-to-year abundance trends in L. vulgaris and L. forbesii. However, re-analysis

in 2016 resulted in unrealistic values of population parameters r and K and the model based 

on combined abundance of both species is considered to be more robust.  Given their 

ecological similarity, a joint carrying capacity for both species might be more realistic. The 

combined assessment for both Loligo species suggested that, in a constant environment, MSY

for this resource in the English Channel is 4,600 tonnes.

In a separate analysis, ICES (2014) applied a Bayesian state-space version of the 

Graham-Schaefer model that incorporated both observation and process error to L. vulgaris 

and L. forbesii in the Bay of Biscay (1997-2013). In general, estimated annual biomass was 

always above Bmsy, with B/Bmsy generally around 1.7, while annual fishing mortalities were 

mostly slightly above Fmsy. However, there was considerable uncertainty around both 

estimates. 

A possible mechanism to improve model fit is to incorporate environmental variables.

ICES (2014) fitted a surplus production model to fishery and survey data for Octopus 

vulgaris in the Gulf of Cadiz using landings data for 1993 to 2013. Four abundance indices 
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were tested: LPUE from the trawl fleet and three abundance indices from surveys (November

survey, March survey and the survey average). Results were generally similar (MSY between

1950 and 2350 t) although the LPUE index resulted in the best fit. Sobrino et al. (2002) found

that octopus abundance in the Gulf of Cadiz was highly correlated with rainfall in the 

previous years and ICES (2014) therefore incorporated this variable into the production 

model. The annual rainfall factor (Rf) was defined as Rf = 1/(Annual rain period/mean rain 

period). This multiplier was applied to annual carrying capacity (K) and growth rate (r) 

values or only to carrying capacity (K). In combination with landings or survey abundance 

indices, the models with variable MSY all had somewhat better fits than those with fixed 

MSY. The best fit was obtained using the LPUE index and allowing variation in both r and 

K.  Under these scenarios carrying capacity varied approximately threefold following the 

wettest and driest years. 

ICES (2017) extended the analysis of English Channel squid data using the classical 

Graham-Schaefer model (Schaefer, 1954) complemented by an environmental effect on stock

parameters (r and K) as described by Barros (2007). The environmental variable was a linear 

combination of several hydroclimatic variables that had previously been found useful to 

predict peaks of recruitment. While the basic Schaefer model for both Loligo species 

suggested an MSY of 4600 t, the model including environmental variation indicated that 

annual MSY varied between 2880 and 7430 t. By taking environmental variation into 

account, a better fit was obtained. Annual catches were generally below MSY, suggesting an 

absence of overexploitation, although estimated biomass relative to Bmsy varied between 0.4 

and 1.0 and may be unrealistically low.

In the northwest Pacific, Wang et al. (2016) calculated the abundance of the western 

winter-spring cohort of O. bartrami by a surplus production model with carrying capacity (K)

proportioned to sea-surface temperature in the spawning habitat and growth rate (r) 
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proportional to sea-surface temperature in the feeding habitat. Including the environmental 

variable of seas-surface temperature was again found to improve model fit, with more 

conservative management reference points than the conventional surplus production model.

Cohort models

Statistical catch-at-age models and yield- or SSB-per-recruit models form the basis of 

most data-rich finfish stock assessments, relying on the existence of multiple year classes and

a fixed age-length relationship which together allow the decline in abundance of individual 

age-classes to be tracked over time. For short-lived species present as a single cohort at any 

one time, such models reduce to a simple population dynamics equation whereby catch over a

time period can be related to population size if values for fishing and natural mortality rates 

are known. Expressing fishing mortality as a function of effort and catchability gives an 

equation that can be solved by non-linear regression – an approach that has been used for the 

I. argentinus fishery in the Falkland Islands (Rosenberg et al., 1990). Expressing abundance 

in terms of biomass rather than numbers leads to yield-per-recruit models. Yield- and eggs-

per-recruit models developed for semelparous species have been applied to the I. illecebrosus

stock component in U.S. waters to estimate Biological Reference Points (Hendrickson and 

Hart, 2006).

 In the English Channel, cohort models have been applied on a monthly time-scale to 

L. forbesii and L. vulgaris (Royer et al., 2002). Historical data sets of catch-at-age were 

estimated from catch-at-length data and applying published growth curves. Cohort analysis 

and depletion models gave broadly similar estimates for the number of recruits (i.e. the peak 

numerical abundance of the annual cohort taking into account its recruitment spread over 

several months), with population size varying by up to a factor of 5 from year to year. Note 

that in the case of a single annual cohort both cohort and depletion methods tended to 
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describe the same dynamic (e.g., Pierce and Guerra, 1994). Royer et al. (2002) additionally 

used a Thomson and Bell model to simulate production and biomass of the exploited 

populations. They found that estimated exploitation levels were above optimum for both 

species, but argued that reduced fishing mortality would not have led to significantly higher 

yields. The most striking result of Thomson and Bell projections was to reveal over-

exploitation in abundant cohorts and under-exploitation in less abundant ones. This apparent 

contradiction was considered to be a result of the changing status of a resource fished by 

multispecies trawlers: targeted when abundant, and only a by-catch species when scarce. 

Cohort analysis was updated in English Channel L. forbesii using statolith based age 

determination (Challier et al. 2005). Population estimates in 13 fishing seasons did not show 

significant stock-recruitment relationship but underlined the influence of environment in the 

period preceding the recruitment peak. A similar approach was applied to cuttlefish Sepia 

officinalis in the same area by Royer et al. (2006). Again, catch-at-age was estimated from 

catch-at-length data and applying published growth curves. In this case, recruitment varied by

a factor of 2 between years. Exploitation patterns appeared to be stable: each cohort was fully

exploited but there was no evidence of recruitment over-fishing. The timing of cuttlefish 

recruitment was based on the observation of small specimens (<100 g.) in landings. A 

phenomenon that occurred in two pulses related to the migration cycle (i.e. late summer-

autumn catches in the inshore fishery and late winter in the offshore fishery). After 2006 the 

lack of separation of these two pulses did not allow updating the assessments. 

Another example of monthly cohort analysis applied to a cephalopod stock involved 

O. vulgaris in Senegalese waters (Jouffre and Caverivière, 2005). The assessments used 

growth data based on tagging experiments (Domain et al, 2000) and age structure based on 

landings by commercial categories (weight categories that match with monthly growth). This 
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analysis was useful for management strategy evaluation in an area where variations in 

upwelling intensity generate recruitment fluctuations (Faure, 2000).

Although such models are normally applied to longer-lived species to estimate year-to

year abundance changes, and hence at first sight appear unsuitable for cephalopods, the 

application of cohort models to monthly data seems promising for this species. However, 

most assessment exercises have been based on historical data sets (cohorts entirely exploited 

and not alive at the time of the assessment). The application of diagnostics to future cohorts 

assumes that both population parameter estimates and exploitation pattern remain valid. The 

main issue for such a cohort model is whether assessments can be carried out in a timeframe 

sufficient to apply management measures that protect stocks from overfishing. 

Empirical models, hybrid models, and other approaches

Based on the high sensitivity of cephalopod abundance to environmental conditions 

and the absence of a “buffer” of older individuals, annual abundance could arguably be 

predicted from environmental conditions alone. Fogarty (1989) reviewed such “heuristic” 

approaches for fished invertebrates, while several other authors have pointed to relationships 

between squid abundance and sea temperature (e.g. Dow, 1976; Coelho and Rosenburg, 

1984; Brodziak and Hendrickson, 1999; Bellido et al., 2001; Agnew et al., 2002; Waluda and 

Rodhouse, 2006). 

One example of using environmental data to forecast cephalopod recruitment involves

O. vulgaris. In Galicia (NW Spain), productivity was strongly related to the strength of 

upwelling. Variables related to wind stress, which may affect egg development, the 

planktonic stage and subsequent recruitment explained up to 90 % of the interannual 

variability of catches of adult octopus in the region (Otero et al., 2008).

24



Another cephalopod forecast model by Sobrino et al. (2020) also reported on a 

forecasting model for O. vulgaris, but in the Gulf of Cadiz. Their model combined 

environmental and survey data, using rainfall in the previous year, a survey recruitment 

index, and a correction factor to account for the number of survey hauls that fell within the 

known recruitment area. One limitation with such approaches is the need for an 

environmental predictor available before the start of the fishery, which could thus be used to 

set catch or effort limits at the start of the fishing season. Despite the encouraging 

performance of the above-mentioned forecasting models for predicting catches, empirical 

relationships do not normally explain the mechanisms underlying statistical relationships and 

efforts are thus needed to elucidate the underlying processes. Cautioning against such 

approaches, Solow (2002) pointed out the sometimes “fleeting nature” of time series 

correlations, noting that high correlations observed between gadid recruitment indices and the

North Atlantic Oscillation index during 1973 to 1995 had not been evident over two decades 

prior to 1972. 

Various approaches are adapted to the circumstances of particular cephalopod stocks. 

Mehanna et al. (2014) used exploitation ratios derived from length-frequency analyses to 

estimate biomass of the data-limited cuttlefish stock (Sepia pharaonis) in Omani coastal 

waters.  Ichii et al. (2006) compared a depletion model with commercial driftnet swept-area 

and surplus production estimation for the autumn cohort of neon flying squid (O. bartramii), 

and concluded that swept-area had the most realistic assumptions and lowest uncertainty. 

Area methods based on large-scale commercial catch distributions may be advantageous as 

they utilize the most extensive data, but require additional procedures if distributions of either

the stock or the fishery are heterogeneous. 

For highly migratory I. argentinus in the south-west Atlantic, Chang et al. (2016) used

geostatistical techniques and Chiu et al. (2017) used generalized additive models to 
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characterize spatial and temporal variability from the Taiwanese jigging fleet.  Cephalopod 

stocks that in contrast have several, but partial, fishery indices have been assessed with 

biomass models that include a recruit stage followed by an exploitation stage. These two-

stage models address the importance of recruitment dynamics for short-lived animals, and 

have been implemented for chokka squid (Loligo vulgaris reynaudii) in South Africa (Roel 

and Butterworth, 2000; Glazer and Butterworth, 2006) and cuttlefish (Sepia officinalis) in the

English Channel (Gras et al., 2014; Alemany et al., 2017).

Depletion methods

Given the short life cycles of cephalopods, assessment methods are poorly suited that 

are based on a spawning stock carry-over from year to year (Rosenberg et al., 1990). For 

many squid fisheries, the assessment methods used instead are depletion models, because 

depletion models can be calculated using only in-season time series of catch and effort to 

estimate levels of abundance which would sustain the observed rate of catch. However, the 

intensive requirements for these data qualify depletion methods as data-rich (Table 1).

In its basic form (Leslie and Davis, 1939; De Lury, 1947; Chapman, 1974), the 

depletion model assumes for the duration of assessment a homogenous cohort forming a 

closed population, linear relationship between catch rate and abundance, constant 

catchability, constant natural mortality, and actual decline of the catch rate (McAllister et al., 

2004). Unlike population dynamics models, depletion models proceed at short time-steps 

such as daily or weekly. This feature makes them apt for the fast dynamics of cephalopod life

histories, and depletion models have been commonly used to assess squid stocks exploited by

fishing fleets from the 1980s onwards (Erhardt et al., 1983 – D. gigas, Gulf of California; 

Murata, 1989 – T. pacificus, Japan; Rosenberg et al., 1990 – I. argentinus, Falkland Islands; 

Brodziak and Rosenberg, 1993 – L. pealei, northwest Atlantic; Alvarez Perez, 2002 – L. plei, 

26



southern Brazil; Royer et al., 2002 – L. forbesi and  L. vulgaris, English Channel; Roa-Ureta 

and Arkhipkin, 2007, Arkhipkin et al., 2008, Roa-Ureta 2012, Winter and Arkhipkin, 2015 – 

D. gahi, Falkland Islands;; Chen et al., 2008 – O. bartramii, northwest Pacific; Morales-

Bojórquez et al., 2008 – D. gigas, Gulf of California; McGregor and Tingley, 2016 – 

Nototodarus gouldi and N. sloanii, New Zealand, 2016; Medellín-Ortiz et al., 2016 – D. 

gigas, Baja California). Young et al. (2004) applied depletion modelling to Scottish L. 

forbesi fisheries with monthly landings and effort by trawlers and monthly biological data 

from market samples. Given the low temporal resolution in this case the approach was 

necessarily retrospective, but nevertheless highlighted wide inter-annual variations in 

abundance and in catches of the squid. Depletion models running at monthly time steps have 

also been applied to the cuttlefish, Sepia officinalis, fished by the coastal fishery off Catalonia

(Maynou, 2015). The interesting variation in this case was that the model was run multi-

annually, to a 14-years long monthly time series, and included data from two fleets.

For a fishery CPUE time series, a depletion model can predict the point at which the 

population would be reduced to a pre-determined stock size threshold, and, after accounting 

for growth and natural mortality, the initial population size can be back-calculated. Applied 

in-season, an important management application of the model is to avoid overfishing, and 

specialized software packages have been developed, e.g. MSQUID (Holden et al. 1990) and 

CEDA (Holden et al., 1995). In Mediterranean states where cephalopods are sampled as part 

of the EU fishery Data Collection Framework, it has been argued that better focus of 

sampling effort, including during the post-recruitment period, could allow the use of 

depletion methods (Keller et al., 2015).

 Depletion modelling has long been used for the Falkland Islands D. gahi assessment 

(Rosenberg et al., 1990; Payá, 2009). The decrease of abundance during a fishing season is 

modeled as:
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where t represents the time interval (here weeks), N the abundance in number of individuals, 

C the catch in number of individuals (catch weight divided by mean individual weight Wt), 

and M/52 is weekly natural mortality. Abundance at the week of arrival (i.e. when the squid 

migrate into the fishing area) is a parameter to be estimated. The model predicts the 

abundance index,  as: 

where q is the catchability coefficient and is also a parameter to be estimated. For simplicity 

this formulation includes one index of abundance only, but can easily extend to include 

several indices with their own catchability coefficients. The observed abundance index in 

numbers of individuals, I, is calculated as standardized CPUE divided by mean individual 

weight. Standardization may be calculated after the fishing season, when the complete data 

are available for this purpose. If the model is fit during the fishing season (in-season 

assessment) abundance indices can be replaced by nominal CPUE of different vessel 

categories (tonnage, vessel length, etc.) that should be related with the vessels’ fishing 

powers.

The model is then optimized by maximizing the likelihood of the data, or minimizing 

the negative lognormal difference between and I over the time series t. The relative simplicity

of the depletion model can make in-season cephalopod CPUE difficult to parameterize 

effectively (e.g., a given time series of decreasing catches could computationally represent 

high catchability acting on a low abundance, or low catchability acting on a high abundance),

so a number of assessments have been formulated in Bayesian frameworks to improve 

estimation. Prior distribution for catchability and squid abundance have been developed from 

previous years in the fisheries (McAllister et al., 2004; Robert et al., 2010; Cao et al., 2015; 

Ding et al. 2019), or from surveys preceding a fishing season (Payá, 2009; Winter, 2019a).
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Because of the uncertainty of the natural mortality M, Payá (2009) also added a prior 

distribution Mprior, and the lognormal difference between M and Mprior was added to the 

minimization of the model. An important function of depletion modeling is estimation of 

fishery escapement for setting a pre-determined sustainable biomass threshold, e.g., 10,000 

tonnes per season in the Falkland Islands D. gahi fishery (Barton, 2002). Percent escapement 

(also known as %MSP) is calculated as the ratio between biomass in week tfin and the 

potential biomass that would have existed without fishing, PBtfin:

.

Depletion model with successive cohorts

For squid stocks, the depletion model assumption of a closed population is unlikely to

be met. For example, analyses of the Falkland Islands D. gahi fishery have repeatedly shown 

that squid groups arrive in successive pulses after the start of the season, identified by sudden

increases in CPUE and changes in squid size distributions (Roa-Ureta and Arkhipkin, 2007; 

Roa-Ureta, 2012; Winter and Arkhipkin, 2015). Therefore, a depletion model with successive

pulses of recruitment was developed to account for this population pattern (Payá, 2009). 

Successive pulses were included in the abundance equation by adding the numbers of new 

recruits to the previous stock size:

where Nining is the abundance of the new recruits (ng) in week t. For simplicity, the 

formulation above shows only one new group of recruits, but can be extended to add as many

new groups as indicated. The estimation of the rest of the variables and model-fitting is done 

the same way as for a single group of squid. The model has also been applied to D. gigas in 

the Chilean fishery (Payá, 2018), using the program CHUSMODEL (Chilean HUmboldt 

Squid Depletion Model) written by Payá (2016).
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Less frequently, D. gahi can disappear from the fishing zone to an extent not 

accountable by regular depletion. In a recent season (Winter, 2019a), average catches 

dropped by nearly half after a single day of bad weather, suggesting the squid had emigrated 

or irreversibly dispersed. The depletion model was then re-parametrized to account for a 

negative pulse on that date. While computationally equivalent to a positive pulse, Roa-Ureta 

(2012) cautioned that inferring a negative pulse risked counting animals twice if they 

subsequently returned to the fishing grounds. The difference between in-season pulses 

(positive or negative) and random catch variation can in any case be somewhat subjective, so 

further analysis of this issue is needed.

Ecosystem changes can bring additional complexity to the depletion model. In the 

summer season of 2015, the Falkland Islands fishing zone for D. gahi experienced an unusual

incursion of the larger ommastrephid squid I. argentinus (Arkhipkin et al., 2016). As I. 

argentinus are both predators and competitors (Arkhipkin and Middleton, 2002), the 

population of D. gahi was quickly impacted. As I. argentinus are commercially valuable 

(Barton, 2002), vessels started to switch from targeting D. gahi to targeting I. argentinus, and

ultimately the switch was made compulsory to protect the D. gahi stock. The depletion model

was adapted to this situation by having two catchability coefficients q, applicable to days of 

respectively high and low I. argentinus proportions in the catch. Both catchability 

coefficients were freely estimated parameters in the model, as was the switch between them; 

i.e., the model itself selected the optimum threshold of what proportion of I. argentinus in the

catch triggered a different catchability. In this manner, the depletion model could more 

accurately track the abundance of the D. gahi stock in-season.

A different sort of incursion occurred in the D. gahi fishery two years later. South 

American fur seals (Arctocephalus australis) and South American sea lions (Otaria 

flavescens) are resident species around the Falkland Islands, but during the winter fishing 
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season of 2017, both species appeared in the fishing zone in unprecedented numbers 

(Arkhipkin et al., 2018). To mitigate the risk of bycatch mortality for these pinnipeds, vessels

were instructed to either avoid high density areas or fit their trawl nets with Seal Exclusion 

Devices (SEDs). As vessels complied, the depletion model was adapted based on the 

assumption that trawl nets with SEDs had a different average catchability than trawl nets 

without SEDs. The depletion model was again designed with two catchability coefficients, 

but differently from the I. argentinus influx, as SED and non-SED trawls were explicitly 

distinct and could be taken on the same days while fishing on the same stock. The 

quantitative difference between SED and non-SED catchabilities then included not only the 

technical efficacy of either gear, but all fishing-related aspects attributable to the gear (e.g., 

that vessels fishing under SED ‘conditions’ might be taking shorter trawls than otherwise, or 

switching fishing locations more frequently or moving them farther from the pinnipeds).

Generalized depletion model

The basic form of the depletion model was further generalized by Roa-Ureta (2012). 

In addition to successive cohorts, the generalized depletion model includes a second 

modification for nonlinear processes in the relationships between catch rate and abundance N 

(β) and catch rate and fishing effort E (α):

In this way, the model can consider phenomena such as hyper-stability and hyper-

depletion (Harley et al., 2001) and saturability and synergy (Bannerot and Austin, 1983). The 

former (β) is a continuum that represents mechanisms of fishing that keep the catch rate high 

when the stock declines (hyper-stability), makes the catch rate track the size of the stock 

(proportionality) or makes the catch rate decline more rapidly than the stock declines (hyper-

depletion). The latter (α) is a second continuum that represents mechanisms making the catch 
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rate decline faster than the fishing effort expended (saturability), keep track of the effort 

expended (proportionality) or having the catch rate increase faster than the effort expended 

(synergy). Generalized depletion models permit modelling the data from several fleets 

simultaneously (Maynou, 2015). Multi-fleet versions make all parameters, except initial 

abundance and natural mortality, fleet-specific. Generalized depletion models can be intra-

annual (or intra-season) or multi-annual. Intra-annual versions assess the stock with data from

a single fishing season at daily or weekly time steps while multi-annual versions assess the 

stock with data from multiple years or seasons at monthly time step. Multi-annual models can

handle long time series of monthly catch and effort involving years or decades (Maynou, 

2015). 

While the usual purpose of using catch and effort data in stock assessment is the 

generation of relative indices of abundance from linear approximations applied to CPUE 

(Maunder and Punt, 2004; Venables and Dichmont, 2004), generalized depletion models are 

mechanistic models where catch is the response variable resulting from effort, abundance and

natural mortality. Fishing effort as a predictor allows nonlinear phenomena, namely the 

saturability-synergy continuum, to be modeled and parameterized. The mechanistic equations

for expected catch by day, week or month can be calculated by maximum likelihood 

statistical inference in the R package CatDyn (Roa-Ureta, 2018), which also estimates the 

annual exploitation rate, instantaneous catch rate, and fishing mortality per time step.

Integrated Ecosystem Assessment 

Given the importance of cephalopods as forage species and predators in marine 

ecosystems, cephalopod fisheries should be managed in a sustainable manner that takes into 

account their impact on the ecosystem as a whole, preferably in the context of ecosystem-

based fishery management (Link, 2010). One way to accomplish this objective is to include 
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cephalopods in ecosystem-based stock assessments (e.g., based on Ecopath models) and 

another way is to be more precautionary when setting catch limits. This might include 

notionally setting aside a portion of the quota that is based on a single-species cephalopod 

assessment for its consumption by marine predators. Ecosystem-based assessments have been

conducted for two of the NAFO-managed Large Marine Ecosystems (Koen-Alonso et al, 

2019).  Given the complexities of marine ecosystems, analytical ecosystem-based stock 

assessments require large amounts of data, portions of which are often lacking, requiring their

values to be assumed. Another challenge to implementing ecosystem-based assessments is 

that the amount of error inherent such models is generally much higher than it is for single-

species assessment models (Link et al., 2012).  

In Europe there is interest in a broader view of Integrated Ecosystem Assessment 

(IEA), whereby stocks and fisheries are assessed in the context of outcomes for the 

ecosystem, the economy and society. This is reflected in the current ICES Advisory Plan 

(ICES, 2019) and in recent calls for large-scale collaborative research proposals under the 

European Union’s H2020 funding programme.  It is evident that analytical solutions may be 

almost impossible to achieve due to the likely complexity and enormous data demands of 

models capable of incorporating all the wider and indirect effects of a fishery on the socio-

ecological system. An alternative may be a semi-quantitative indicator, expert opinion and 

stakeholder-based approach. 

Also in the European context, the fishery monitoring, assessment and management 

system designed to implement the Common Fisheries Policy has never been extended to 

cephalopod stocks. This raises the interesting possibility of including cephalopods in 

integrated assessments and integrated management without them ever having passed through 

a phase of routine stock assessment and quota management. Consequently, the starting point 

for developing IEA for cephalopod fisheries in Europe is essentially a clean slate. Possible 
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approaches to IEA might involve integrating environmental assessments derived from 

implementation of the Marine Strategy Framework Directive and/or applying principles 

proposed by fishery certification bodies (e.g. the Marine Stewardship Council’s principles for

sustainable fish stocks, minimising environmental impact and effective fisheries 

management). Alternative modelling approaches might include the use of Models of 

Intermediate Complexity for Ecosystem assessment (MICE) (e.g. Scott et al., 2016) and 

economic models (e.g. Colla-De-Robertis et al., 2019).

Fisheries management

Given the distinctive characteristics of their short life cycles, cephalopods require a 

‘fast lane’ approach to managing their fisheries, different from the approach taken with most 

finfish fisheries.  For such short-lived animals, population size may vary seasonally and, 

regardless of whether it has been measured reliably, population size may be a poor predictor 

of the subsequent year’s recruitment (Caddy, 1983; Boyle, 2002). In this event, information 

about the potential size of the exploitable stock will only be available shortly before 

recruitment (Roa-Ureta and Arkhipkin, 2007). Large-scale pre-recruitment surveys may help 

estimate recruitment abundance (e.g., I. argentinus and D. gahi in the Southwest Atlantic, 

Arkhipkin et al., 2015), but surveys need to be timed for when recruits are large enough to be 

caught by the fishing gear. Retrospective assessments could have a sentinel role (warning of 

unusually low biomass), but real-time assessments using depletion methods can be used to 

control fishing to allow sufficient escapement (as in the Falkland Islands fisheries for I. 

argentinus and D. gahi) or could also be used for in-season adaptive quota management. 

However, effective control generally requires the cephalopod to be the target of the fishery, 

natural seasonality of abundance (timing of migrations) to be sufficiently well-known, and 

licencing conditions that allow a fishery to be closed early.
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In the Falkland Islands D. gahi fishery, the occurrence of successive recruitment 

pulses (micro-cohorts) during a fishing season has introduced an extra complexity in the 

fishery management, which is the possibility that new micro-cohorts could arrive after a 

season has been closed early for stock conservation. To address this possible outcome, a 

combined risk analysis was developed multiplying the probability that biomass was below the

escapement level by the probability that no more micro-cohorts will arrive after the date of an

early closure (Payá, 2007).  Since then, the Falkland Island Fisheries Department has 

discussed early closure decisions with stakeholders based on the combined risk.

For the implementation of D. gigas management in the SPRFMO area, the Scientific 

Committee (SFRFMO_SC, 2017) noted that SPRFMO is required to follow annual cycles in 

stock assessment and decision making. These annual cycles could result in up to 2 years’ 

delay from the time a severe decline is detected and assessed (by the Scientific Committee) to

the time a management decision may be taken and implemented (by the Commission). This 

delay would be too long for squid that have a 1- to 1.5-year lifespan. Essentially, SPRFMO 

management decisions would need to be based on recruitment projections since all squids die 

within 1 to 2 years. The risk of applying longer-lived finfish management frameworks to D. 

gigas should be evaluated, giving proper consideration to the possible implementation of an 

in-season framework in the SPRFMO. This type of management issue is a common problem 

for cephalopod stocks without adaptive, in-season management.

Reference Points

Cohort-specific  stock  assessments  and  reference  points  (RPs)  are  required  to

determine the stock status of cephalopod species with annual lifespans because maturation

and growth rates of intra-annual  cohorts  can exhibit  a high degree of seasonal  and inter-

annual variability (Arkhipkin and Laptikhovsky, 1994). The types of data available for stock
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assessments determine which methods can be used for reference point estimation, but equally

important is the appropriateness of the reference points to the short lifespan, semelparous

reproduction and environmentally-driven recruitment  variability of cephalopods.  Data-rich

stocks for which catch, effort and biological data are available to conduct a weekly, in-season

depletion  models  (e.g.,  D.  gahi,  Arkhipkin  et  al.,  2008;  Roa-Ureta,  2012;  I.  argentinus,

Rosenberg et al., 1990; Winter, 2019b) have straightforward RP estimation. However, most

managed  cephalopod  stocks  are  limited  to  landings  data  and  possibly  an  annual  survey

abundance or biomass index (usually not from a survey designed to capture cephalopods).

For stocks like these without analytical assessments, RPs are more difficult to estimate. 

Globally,  many marine  stocks  are  managed using FMSY and BMSY reference  points

(Zheng et  al.,  2019). However,  the overfishing definition for an annual  cephalopod stock

should minimize the risk of recruitment overfishing by ensuring that spawner escapement

during year t exceeds a threshold minimum spawning stock biomass (SSBmin) to ensure a high

probability of adequate recruitment in year  t+1. To satisfy this objective, percent maximum

spawning potential (%MSP) RPs are recommended over MSY-based RPs (Basson et  al.,

1996).  Drawbacks to per-recruit models is that they require cohort-specific, age-based input

data  that  are  frequently  not  available  for  cephalopods,  and  traditional  per-recruit  models

assume that natural mortality is constant with age. For cephalopods, natural mortality rates

included in  per-recruit  models  that  do  not  account  for  both spawning and non-spawning

natural mortality and for species-specific aging error, can substantially underestimate both

%MSP and MSY-based RPs (Hendrickson and Hart, 2006).

Reference points used for data-poor stocks without analytical assessment models tend

to  be  biomass-based because  data  for  fishing  mortality  rate  estimation  are  generally  not

available (Table 1). For example, the simple method previously described   for estimation of

a BLim RP for the NAFO-regulated northern stock component of I. illecebrosus. The method
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does not assume any specific underlying stock dynamics and is considered more appropriate

than production model-based RPs given that the assumptions of such models are not met for

semelparous  cephalopods  (e.g.,  constant  natural  mortality)  and  the  major  influence  of

environmental  variability  on the availability  and abundance  of  this  squid resource to  the

northern fisheries. Another advantage of this BLim RP is that it accounts for  I. illecebrosus

biomass  during  low  productivity  periods  and  can  be  re-estimated  for  use  under  a  high

productivity regime when necessary. A second RP estimation method that accounts for shifts

in squid stock productivity regimes involves the T. pacificus stocks managed by Japan. MSY-

based RPs were computed annually for each cohort based on Beverton-Holt  stock-recruit

relationships and survey indices reflecting the environmental regimes to which the stocks

were subject (Kidokoro and Mori, 2004).

Effort-based management 

Effort-based management of cephalopod stocks was first proposed by Caddy (1983b) 

who suggested using effort limitation with short-term adjustments to allow a maximum 

percentage (40%) of the available biomass to be taken by the fishery every year.  The 

Falkland Islands fisheries for I. argentinus and D. gahi were the first to adopt and refine this 

approach (Beddington et al., 1990; Rosenberg et al., 1990; Rodhouse et al., 2013).  Depletion 

of the stock was monitored in-season on a weekly basis and management was initially TAC-

based. During years of low recruitment, fishing was stopped on the date when predicted 

spawning stock biomass fell below the fixed minimum management target for biomass (now 

set at 10,000 t for each cohort of D. gahi, Barton, 2002).  Constant proportion spawner 

escapement (F40%) was managed for I. argentinus by setting a limit of allowed fishing days 

estimated from prior catchability and the estimated time spent fishing by commercial fleets 

(Beddington et al., 1990, Rosenberg et al., 1990). Management by total allowable effort, 
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TAE), has the advantage of reducing catch misreporting (Beddington et al., 1990) and the 

race to fish. This approach has not been widely adopted elsewhere due to difficulties in 

obtaining real-time fishery-dependent data necessary for incorporation into a depletion model

(Brodziak and Rosenberg, 1999; Augustyn et al., 1992). 

Catch-based management 

Management based on total allowable catch (TAC) has traditionally been more widely

used for managing cephalopod stocks than TAE management (Baudron et al., 2010). For 

example, the Peruvian fishery for D. gigas is managed by setting quotas based on acoustic 

survey estimates and a surplus production model (Csirke et al., 2019). The Chilean fishery for

D. gigas is also managed by setting quotas and restricting access to the fishery for different 

types of fleets (Rosa et al., 2013). By law, these quotas must be within the range of quotas 

that are annually fixed by a scientific technical committee, taking into account the stock 

assessment conducted by the Chilean Fisheries Development Institute. The stock assessment 

includes different models (catch-only method, surplus production model and depletion model 

with successive pulses) in order to cover the high uncertainty produced by the different 

hypotheses of stock structure and abundance indices (Payá, 2016).

 In the U.S., stock assessment results feed into a resource management framework 

established by federal law. The stock status determination is a comparison of the terminal-

year biomass and fishing mortality rate estimates in relation to BMSY and FMSY target and 

threshold Biological Reference Points or proxies thereof. The D. pealeii stock in the 

Northwest Atlantic is managed by a U.S. management body, but the broader-ranging 

ommastrephid species, I. illecebrosus, is a transboundary stock that is managed separately, as

stock components, by the U.S., Canada and NAFO. The I. illecebrosus fishery in NAFO 

waters is regulated by an annual TAC, fishery start date, and minimum codend mesh size, but
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the jig fishery in Canadian waters is unregulated. Annual quotas with the implementation of 

trip limits following fishery closures are the primary management measures for the D. pealeii

and I. illecebrosus fisheries in U.S. waters, but many other measures have been adopted for 

both stocks as part of their respective Fishery Management Plans. For example, the D. pealeii

fishery is also managed based on trimester quotas, a minimum codend mesh size and a 

bycatch quota for a co-occurring finfish species. Although both species have sub-annual life 

cycles, neither species is assessed annually in the U.S.. Instead, catch, survey relative 

abundance/biomass indices and other relevant data are provided annually to a scientific 

committee which recommends whether the Acceptable Biological Catch, which is used to 

compute the quota (after subtracting discards), should be adjusted.

Additional management measures 

In conjunction with TAC and TAE, additional management measures are also used in 

cephalopod fisheries. These include spatial and seasonal fishing restrictions, mesh size 

restrictions and individual transferable quotas (ITQs) to decrease the level of “competitive” 

fishing (Boyle and Rodhouse, 2005). U.S. fisheries for D. pealeii and I. illecebrosus were the 

first cephalopod fisheries to become certified by the Marine Stewardship Council; a non-

profit organization which sets fishery-specific standards for sustainable fishing and regularly 

audits the certified fisheries. However, the current list of parameters used to evaluate fishery 

impacts on resource sustainability were not adopted with short-lived, semelparous species in 

mind. Spatial restrictions are used in the Falkland Islands to prevent fishing on juvenile squid 

in their nursery grounds, as well as spawning squid in their spawning grounds. The locations 

and timings of closed areas may vary inter-annually depending on environmental conditions, 

which influence the distribution of squid (Arkhipkin et al., 2008). However, inshore 

spawning and nursery grounds are permanently closed to commercial fishing as marine 
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protected areas (MPA). These management practices keep the D. gahi stock at a sustainable 

level and prevent its overfishing in years of low abundance (Arkhipkin et al., 2015).

Conclusions

The ICES symposium on the legacy of Johan Hjort, held in June 2019 in Bergen, 

Norway, has brought into perspective the rapid evolvement of fisheries science as a modern 

discipline, in response to the economic demands of fishing industries. During his time, Hjort  

focused on finfish, whale, and shrimp fisheries, but in the decades since, cephalopods have 

become an increasingly vital component of marine resources. Equally important, the 

economic demands for fishing are nowadays associated with social and environmental 

concerns on a global scale.

The legacy of Hjort continues to be upheld; fisheries science based on rigorous 

quantitative methods. For cephalopod stocks, this has required the adaptation of stock 

assessment methods to the unique characteristics of short-lived animals and highly variable 

abundance of their populations (Table 1). The most comprehensive and versatile models for 

cephalopod fisheries have so far proven to be the depletion models, and advances of these 

models continue to be developed. The application of depletion models requires catch and 

effort data collected at short time steps, which allows biomass estimates to be calculated 

iteratively during a fishing season. Given cephalopods' rapid life history and terminal 

spawning it would be desirable to use reference points connected to escapement biomass 

levels that would secure sufficient spawning. Depletion models are particularly useful for 

fisheries managed with these reference points because of their rapid dynamics. Reference 

points based on fishing mortality levels that account for natural mortality differences between

non-spawning and spawning parts of the life cycle are also well adapted and useful when 

ageing data are available to conduct pre-recruit calculations.
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However, the data-rich requirement of high-frequency catch and effort reporting may 

not be met in all types of cephalopod fisheries, so diverse alternative methods have been put 

into practice. For example, various squid fisheries use catch-only and surplus production 

methods to determine RPs of BMSY and FMSY, swept area methods to determine proxy BMSY, or 

index-based methods for RPs Blim or F50% (Table 1). Our review presents a synthesis of these 

methods, while anticipating that further work is required on uncertainty estimation. Future 

research is also needed on the appropriateness of the various RPs, and on the frequency 

required for RP estimation given the complex life histories of cephalopods, their short 

lifespans, and their rapid recruitment responses to changing environmental conditions.
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