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The Norway lobster, Nephrops norvegicus, supports a key European fishery.

Stock assessments for this species are mostly based on trawling and

UnderWater TeleVision (UWTV) surveys. However, N. norvegicus are
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burrowing organisms and these survey methods are unable to sample or

observe individuals in their burrows. To account for this, UWTV surveys

generally assume that “1 burrow system = 1 animal”, due to the territorial

behavior of N. norvegicus. Nevertheless, this assumption still requires in-situ

validation. Here, we outline how to improve the accuracy of current stock

assessments for N. norvegicus with novel ecological monitoring technologies,

including: robotic fixed and mobile camera-platforms, telemetry,

environmental DNA (eDNA), and Artificial Intelligence (AI). First, we outline

the present status and threat for overexploitation inN. norvegicus stocks. Then,

we discuss how the burrowing behavior of N. norvegicus biases current stock

assessment methods. We propose that state-of-the-art stationary and mobile

robotic platforms endowed with innovative sensors and complemented with AI

tools could be used to count both animals and burrows systems in-situ, as well

as to provide key insights into burrowing behavior. Next, we illustrate how

multiparametric monitoring can be incorporated into assessments of

physiology and burrowing behavior. Finally, we develop a flowchart for the

appropriate treatment of multiparametric biological and environmental data

required to improve current stock assessment methods.
KEYWORDS

Nephrops norvegicus, UWTV, stocks monitoring, autonomous networks,
biomimicking platforms, optoacoustic imaging, geo-sonars, eDNA
Introduction

The Norway lobster, Nephrops norvegicus, supports one of

the most important fisheries in Europe, with landings of almost

60,000 t (FAO, 2021a), and a first sale income of approximately

300 million € per year1 (Issifu et al., 2022). Most of N. norvegicus

global landings are accounted for in the Northeast Atlantic

fisheries (FAO zone 27), and the United Kingdom contributes

over 56% of them. The Mediterranean Sea (FAO zone 37) in

turn, contributes around 7% of total landings (FAO, 2020b).

These fisheries are currently showing signs of decline in various

regions (Ungfors et al., 2013; FAO, 2021b; Letschert et al., 2021).

As such, there is considerable value in developing sustainable

harvesting guidelines for accurately quantifying the distribution,

abundance, and biomass of N. norvegicus populations over large

geographic areas (ICES, 2016). Conventional stock assessment

methods for N. norvegicus are based on animal sampling via

fishery-dependent trawls or underwater video cameras; however,

capture-rates are strongly influenced by this species’ burrowing

behavior and its temporal modulation (Aguzzi et al., 2021).

There is therefore an opportunity to improve current stock

assessment methods through the use of novel tools such as

optoacoustic imaging, telemetry, environmental DNA (eDNA)
etail/en/ip_21_5660.

02
metabarcoding, and Artificial Intelligence (AI) (Aguzzi et al.,

2020b). Moreover, with recent development in ecological

monitoring technologies (e.g., Aguzzi et al., 2019; Rountree

et al., 2020) these tools could be implemented using fishery

independent, autonomous and remote robotic platforms. We

consider that many of the proposed technologies are expected to

work in tandem, as their operational ranges and monitoring

targets make them complementary rather than directly

competing/comparable. Thus, we believe that ranking these

technological solutions is not something within the scope of

this manuscript.

This review explores how novel monitoring techniques

could improve current stock assessment methodologies for N.

norvegicus. Specifically: i. We outline present status and threat

for overexploitation in N. norvegicus stocks; ii. We discuss how

the burrowing behavior of N. norvegicus biases current stock

assessment methods; iii. We propose that state-of-the-art

stationary and mobile robotic platforms endowed with

innovative sensors and complemented with AI tools could be

used to count both animals and burrows systems in-situ, as well

as to provide key insights into burrowing behavior; iv. We

indicate how multiparametric monitoring can identify the role

of the environment in conditioning the physiology and

burrowing behavior; and v. We develop a flowchart for data

treatment with multiparametric biological and environmental

data to improve current stock assessment methods.
frontiersin.org
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Stock exploitation and management
strategies for N. norvegicus

N. norvegicus stocks are typically assessed using a

combination of fishery dependent data from landings (i.e.,

biological sampling of catch composition) and fishery

independent data from video surveys (see next section). Both

biological sampling and surveys are carried out under the Data

Collection Framework (DCF; EU, 2008) in various EU countries.

Northeast Atlantic stocks of N. norvegicus are managed through

Total Allowable Catches (TACs) and quotas set at an ICES sub-

area level (EU, 2020). The sub-areas are comprised of ICES

statistical rectangles and spatially explicit and uniquely

numbered regions referred to as Functional Units (FUs;

Figure 1). The FU status (except for Iceland) is assessed by the

International Council for the Exploration of the Sea (ICES)

through their expert Working Groups (Leocádio et al., 2018). In

most FUs, commercial fishery sampling data are combined with

UnderWater TeleVision (UWTV) surveys (Figure 2). The

UWTV methodology uses seabed video footage or high

definition images captured by a camera mounted on a towed

sledge to identify N. norvegicus burrow systems within a known

surface area (e.g., Morello et al., 2007). Burrow systems are

visually counted by trained experts (Dobby et al., 2021). Footage

is streamed in real time on board research vessels through an

armored cable and recorded so that it can be reviewed in detail

whilst aboard (or back on land) by at least two independent

experts. A third review is occasionally required when a

significant discrepancy between the first pair of counts is
Frontiers in Marine Science 03
highlighted by the Lin’s Concordance Correlation Coefficient

(CCC; Lin, 1989), which is applied to quality check data for

outliers before final inclusion in assessments. Over the last

decades, especially in the context of the ICES Working Group

on Nephrops Surveys (WGNEPS), technical protocols for both

camera system set-up, training procedures and data analysis

have been agreed internationally to establish a consistent,

efficient and effective UWTV approach throughout Europe

(ICES, 2017; Dobby et al., 2021). The number of stocks

routinely assessed by UWTV surveys has increased over time

to twenty FUs in 2022. Stock assessments using relative

abundance or biomass indices from trawl surveys in

production models are also used in some FUs, where results

indicate they had been overfished but overfishing was not

currently occurring (Figure 3) (Abad et al., 2021). Based on

data from Iceland, Scotland and Ireland we have estimated that

the cost of UWTV monitoring is approximately 1 to 2% of the

landings value for FU1 (Iceland); FU7 to 13 inclusive and FU34

(Scotland); FU16 to 17 and FU19 to 22 (Ireland). This is in line

with monitoring costs reported for other OECD countries which

range from 1 to 11% with an average of 2.6% (Kelleher, 2002).

UWTV estimates are used by ICES to propose fishing quotas

for each Nephrops stock based on the theory of Maximum

Sustainable Yield (MSY) (ICES, 2021a). These stock assessments

are classified into categories, where “Category 1” is a data rich

stock and “Category 3” is a data limited stock (ICES, 2021b).

Recent assessments indicate that the harvest rate of stocks in

most FUs is below the maximum sustainable yield level offishing

(i.e., is less than the fishing pressure reference point, FMSY).
FIGURE 1

Fishery Units (FUs, from ICES) in the Atlantic and Geographical Subareas in the Mediterranean (GSAs, from FAO) as of 2022. FUs and GSAs are
used for the fishery assessment of Norway lobster performed by UWTV surveys or by trawling, including areas (for the Mediterranean) where no
surveys occur yet.
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A

B

FIGURE 2

Harvest rate and UWTV time series for N. norvegicus stocks by FU in the “northern” (A) and “southern” (B) grounds. Top panels: % harvest rates
(solid line), the FMSY harvest rate reference point is shown as the orange horizontal line. Bottom panels: UWTV burrows’ abundance estimate
(number of burrow systems, solid line, with ±2 standard deviation bars for FUs using stratified models, and ±95% confidence intervals for FUs
using kriging models; Dobby et al., 2021) presented as ‘000 burrows, the Btrigger reference point is shown as the horizontal red line. Some stocks
have no defined reference points. Source, ICES Stock Information Database, Copenhagen, Denmark2.
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Indeed, many of the “northern” FUs stocks (see Figure 2A) are

above their biomass trigger (Btrigger) reference points (thus they

are considered sustainably harvested) compared to “southern”

FUs stocks (see Figure 2B). Nevertheless, as several stocks (i.e.,

data limited stocks, “Category 3”) do not have yet defined

reference points due to a lack of fishery data or short survey

time series, UWTV based approaches have also been used for

precautionary catch advice. Overall, while most stocks appear

sustainably exploited, the assumptions and caveats within the

trawl and UWTV surveys (ICES, 2009) mean there is need to

improve current stock assessment methods. The precision of

UWTV surveys is high; however, there are underlying concerns

such as burrow occupancy. This unknown uncertainty could be

investigated through studies using novel technologies to provide

insights as to whether this should be monitored routinely

(ICES, 2007).

Stocks of N. norvegicus in the Mediterranean Sea (FAO zone

37) are divided spatially into Geographical Subareas (GSAs; see

Figure 1), and stock assessments are conducted by the General

Fisheries Commission for the Mediterranean (GFCM) Scientific

Advisory Committee on Fisheries (SAC) (Cardinale et al., 2021).

The evaluation is typically carried out through stock assessment

models (Carpi et al., 2017; GFCM, 2021) fed with biological

parameters, including: indices of abundance derived from

scientific trawl surveys not specifically targeting Norway lobster

(e.g., MEDiterranean International Trawl Survey; Bertrand et al.,

2002; Sbrana et al., 2019), size composition of commercial catches

and official landings from DCF (EU, 2008). Recent assessments

revealed stocks under different conditions (e.g., GSA 6 Northern

Spain is overfished, GSA 5 Balearic Islands and 9 Ligurian Sea and

Northern Tyrrhenian Sea are being sustainably exploited; GFCM,

2021; GFCM, 2022). Furthermore, in some areas of the
Frontiers in Marine Science 05
Mediterranean some exploratory UWTV or Remotely Operated

Vehicle (ROV) investigations have been implemented thanks to

the support of other sources (ICES, 2018; ICES 2022). Noteworthy

is the case of the GSA 17 (Northern and Central Adriatic) stock,

exploited by the Italian and Croatian fleets, whose assessment is

considered a priority, but difficult to achieve and under ongoing

methodological discussion (Carpi et al., 2017; GFCM, 2021).

Investigations on various modeling approaches have been

recently carried out in GSA17 (Martinelli pers. comm.; GFCM,

2022) taking into account, in addition to traditional data: the

available UWTV data (Martinelli et al., 2013; Martinelli et al.,

2022), new assumptions on the availability of the species to trawl

fishery (Aguzzi et al., 2021), the presence in the area of various

subpopulations with limited connectivity (Melaku Canu et al.,

2021) and different biological characteristics (Angelini et al., 2020),

the spatial origin of the commercial catches (Russo et al., 2018)

and standardized trawl data from a survey specifically targeting N.

norvegicus and not covered by DCF (Chiarini et al., 2022).

Besides the fishery advice on the status of N. norvegicus

stocks, published on a yearly basis by ICES and The General

Fisheries Commission for the Mediterranean (CGPM), the

EU also participates and provides scientific advice and

management recommendations through other Regional

Fisheries Management Organizations (RFMOs) and

Regional Fisheries Bodies (RFBs), such as the Scientific,

Technical and Economic Committee for Fisheries (STECF),

the International Commission for the Conservation of

Atlantic Tunas (ICCAT) or the Northwest Atlantic

Fisheries Organization (NAFO). N. norvegicus stocks are

character ized global ly as overexplo i ted (European

Commission, Joint Research Centre, Scientific, Technical

and Economic Committee for Fisheries, 2022)
A B C

FIGURE 3

Kobe plot representing the fishing mortality as a function of biomass (relative to MSY) for the N. norvegicus fishery in FU 25 (A), FU 26-27 (B)
and FU 31 (C), according to stock assessment carried out by ICES expert groups using trawl survey data. Red panel corresponds to the
“overfishing phase”, with biomass below BMSY and fishing mortality F > FMSY. The green panel is the “no risk” area where F < FMSY and B >
BMSY. The two yellow panels characterize intermediate situations (upper right “overfishing but not overfished”; lower left “overfished but not
overfishing”). A vertical dashed red line at B/BMSY = 0 indicates the biomass level below which the stock has crashed. The grey-shaded region
represents the uncertainty of estimated reference points pairs (95% CI) in relative terms (Pedersen and Berg, 2017). Source, ICES Stock
Information Database, Copenhagen, Denmark.
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Burrowing behavior of N. norvegicus
and its impacts on trawl-based
stock assessments

N. norvegicus require silt and clay habitat with a low current

profile to construct stable burrow systems (Bailey et al., 1995;

Tully and Hillis, 1995; Maynou and Sardà, 1997). A burrow

system has a distinct U-shape with at least two entrances and a

connecting tunnel approximately 20-30 cm below the seabed

(Farmer, 1974). Several smaller shafts branch off from the main

burrow system and extend to the surface to improve ventilation

(Rice and Chapman, 1971; Tuck et al., 1994; Tuck et al., 1997;

Froglia et al., 1997; Hugens and Atkinson, 1997). Over time,

additional entrances and connective tunnels may be created. The

location of these entrances initially follows a predictable pattern

but becomes more random with additional entrances, although

the tunnels always converge at a central point. The development

of the burrow system is influenced by both biotic (e.g., the

capability of the animal to both maintain and defend a complex)

and abiotic factors (e.g., sediment type, burrow density/available

space, hydrographic and benthic morphology, benthic

disturbance by trawling) (ICES, 2017).

N. norvegicus actively maintain their burrows, which

provide protection from predators and developmental habitats

for juveniles. Adult N. norvegicus are highly territorial of their

burrows and have never been reported to co-occupy a single

shelter. Nevertheless, cohabitation between adults and juveniles

has been reported (Bell et al., 2006; Aguzzi and Sardà, 2008;

Sardà and Aguzzi, 2012). Juveniles co-occupying tunnels with

adults will eventually excavate their own tunnels that branch off

from the initial adult tunnel. Eventually, the juvenile will

collapse the connection between the original burrow system

and the new section to create their own isolated burrow (Tuck

et al., 1994). Juveniles may even have some capability to dig their

own burrow (Powell and Eriksson, 2013).

The burrowing behavior of N. norvegicus has been thoroughly

researched over several decades (e.g., Chapman et al., 1975; Moller

and Naylor, 1980; Bell et al., 2006; Sardà and Aguzzi, 2012; Katho

et al., 2013), yet many aspects related to this life-trait remain

poorly understood. For example, little is known about some

dynamics of early life history stages, such as whether N.

norvegicus larvae settle out of the water column onto sediment

randomly (e.g., passive drift) or due to active searching for suitable

substrates and how they transition to juveniles and young adults,

stepping from burrow co-occupation to digging their own.
Trawling for stock assessment

Traditional stock assessments of N. norvegicus are based on

fishery-dependent data mainly obtained via trawling (e.g.,

Bertrand et al., 2002), but individuals are protected from
Frontiers in Marine Science 06
capture while they remain in their burrows (Chapman and

Howard, 1979; Main and Sangster, 1985; Newland et al.,

1992). In addition to the bimodal description of N. norvegicus

behavior, being inside or outside their burrows, Aguzzi et al.

(2007) added a “door-keeping” activity. Door-keeping is when

an animal waits at a burrow entrance. Animals exhibiting this

behavior are likely more susceptible to capture via trawl than

those deeply positioned into the burrow; however, animals

engaging in door-keeping can suddenly retreat into the burrow

as a trawl approaches. Thus, the probability to capture door-

keeping individuals likely remains low unless using electrical

nets (Chapman and Howard, 1979). Indeed, the use of electrified

nets increases capture by 35% (Stewart, 1975).

Burrow emergence is strongly influenced by ambient light,

and massive emergence frequently occurs at night in shallow

shelf areas. Furthermore, as light penetration decreases with

depth, individuals emerge from their burrow earlier in the

evening and return later in the morning (reviewed by Aguzzi

and Sardà, 2008). Accordingly, emergence is fully nocturnal and

elicited by illumination achieved at clear full moon phases in the

upper shelf (5-50 m; Naylor, 1988), being crepuscular on the

lower shelf (50-200 m; e.g., Farmer, 1974; Chapman et al., 1975;

Moller and Naylor, 1980), and becoming fully diurnal on the

slope (200-450; Aguzzi et al., 2003). Recently, this diurnal

burrow emergence pattern has been confirmed for the slope

(350 m) at the level of the individuals, by acoustic tracking (Vigo

et al., 2021).

Comparing data from trawls to visual surveys conducted by

scuba divers suggests that only 10-30% of animals emerge daily

on the shallow shelf (Chapman, 1980). This observation is likely

valid throughout the bathymetric range of the species. As only

emerged animals may be captured by trawling, burrowing

behavior should serve as inherent protection from over-

exploitation by fisheries. It also means that swept area based

assessments using trawling data will underestimate the true

population abundance. Where relative abundance from trawl

surveys is used to calibrate assessments, the index may be

inherently variable or biased due to emergence patterns.

In laboratory settings, the monitoring of locomotor rhythms

has been carried out under controlled light-dark cycles (Chiesa

et al., 2010), tidal flow (Sbragaglia et al., 2015) and various

social settings (Sbragaglia et al., 2018). These experiments

demonstrated a control of the burrow emergence in response

to light, water flows, and territorial behavior (fighting for burrow

eviction). Furthermore, the daily burrow emergence patterns of

N. norvegicus differ over a range of spatio-temporal scales in

relation to environmental factors, including:

i. Emergence inhibitors (e.g., some animals may not emerge

due to predator presence) with berried (i.e., ovigerous) females

remaining concealed for longer periods than males (i.e., given

their lower catchability rates; possibly showing a preference to

the different pH conditions in the burrow in relation to the

overlying water; Zhu et al., 2006).
frontiersin.org
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ii. Emergence social-related enhancers (e.g., social

interactions related to territorial control and to fight against

intruders or for mating; Sbragaglia et al., 2013; Sbragaglia

et al., 2018).

iii. Photic-tidal combined effects (e.g., some animals may

emerge for the presence of food odor plumes at temporal

windows with inhibitory environmental light intensity

thresholds, since feeding is reported as an out of burrow

activity; Oakley, 1979; Parslow-Williams et al., 2002).

These factors influencing burrow emergence will inherently

also affect how many N. norvegicus are caught via trawls or

observed on UWTV surveys. In turn, this will impact the accuracy

of these methods for conducting accurate estimates of population

abundance. There are also issues with the use of trawling for

stock-assessments as it can be too habitat-invasive for Marine

Protected Areas or areas hosting vulnerable marine ecosystems

(e.g., Funiculina quadrangularis and Isidella elongata assemblages;

Grinyó et al., 2020) and will incur unnecessary mortality.
UWTV for fishery-independent
stock assessments

Over the last 25 years, UWTV surveys have become the

primary assessment method used by ICES for estimating N.

norvegicus stocks (Leocádio et al., 2018). The video-inspection

method focuses on burrows as they are a static and relatively

constant element through constant animal maintenance (Sardà

and Aguzzi, 2012). This method assumes that “1 burrow system

= 1 animal” due to the reported territoriality of adults. Alongside

fishery dependent data, the status of the stocks is evaluated by

annual UWTV surveys, to assess increases in the numbers of

burrow systems as a positive indicator of population growth,

whereas a decreasing number of systems would indicate

population decline.

Although the UWTV methodology has gained widespread

acceptance, it has been criticized in the literature and within

some parts of the fishing industry (e.g., Sardà and Aguzzi, 2012).

Despite advancements in technology, including the use of High

Definition cameras in some surveys (Friard and Gamba, 2016;

Aristegui, 2020), the UWTV approach is still extremely time-

consuming. Recounts increase labour hours and approximately

200 hours of video from 1450 UWTV stations are recorded each

year across all FUs. Also, there is evidence that counts can drift

and vary significantly between years and regions. The issue of

reproducibility and consistency in counts is thus a key concern.

The key uncertainties related to counting burrow systems

visually are:

i. Burrow systems morphological identification and edge

computing effects on counting.

ii. Persistence of empty burrows (because the animal has

been predated or fished, or occupied by other opportunistic

species), according to contextually different hydrographic
Frontiers in Marine Science 07
conditions (i.e., structures persistence may vary according to

local currents).

iii. Exclusion from tunnel occupation by other fish and

crustacean species that maintain tunnel integrity.

iv. Multiple-occupancy (adults and juveniles).

v. Eviction and conquest of neighboring tunnels by

dominant individuals, which consequently occupy more than

one burrow system.

As one burrow system does not necessarily equate to one

animal, it is clear that some form of correction factor is needed. In

an optimal scenario, such a correction factor should be based on

direct calculations from data collected on how the number of

burrow systems compares to the number of N. norvegicus in a

given area. Yet, as burrowed individuals cannot be seen from the

surface, innovative non-visual methods should be used as an

alternative. Furthermore, as burrowing behavior in N. norvegicus

is influenced by light-levels and other environmental factors, such

correction factors must be informed by in-situ environmental

data. Comparable correction factors have already been developed

for improving population assessment of other marine species that

are not always visible during conventional surveys. For example,

aerial surveys for large, air-breathing vertebrates such as manatees

and sea turtles are often adjusted based on knowledge of these

animals’ diving behavior to account for those individuals that are

below the surface and thus not visible during the survey

(Langtimm et al., 2011; Borchers et al., 2013; Fuentes et al., 2015).
Developing novel sensors and data
collection strategies for stationary
and mobile robotic platforms

Optimizing ecological monitoring efforts requires

knowledge of the sampling scale (e.g., populations, geographic

regions, or individuals). As such, efforts should aim to maximize

benefits and minimize costs associated with sampling

redundancy. This will ultimately define which platforms are

most suitable to collect the necessary data at the appropriate

scale (Danovaro et al., 2020). All sensors and platform

technologies that we will discuss are being developed or are

already well commercialized and can be readily deployed for

ecological studies over varying levels of ecological complexity

(Supplementary Table S1).
Image-based technologies

Typically, UWTV surveys count burrow systems, not

animals. In contrast, trawls collect animals outside their

burrow but do not convey any information about the number

of burrow systems or the animals inside them. A simple step to

improve the data collected by UWTV surveys would therefore be
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to not only count burrow systems, but to also count how many

animals are outside their burrows, as well as how many animals

are engaged in door-keeping. Their cumulative number could be

compared with the total counted burrow systems (Aguzzi et al.,

2021). In particular, animals reported numbers during phases of

massive population emergence (see previous section on activity

rhythms) could be related to counted tunnel systems, deriving a

minimum correction factor for the UWTV assumption “1

burrow system = 1 animal” (Aguzzi et al., 2021). The

repetition of that monitoring procedure, over the 24-h cycle,

would allow to count animals emerging with a timing other than

that of the massive population peak. Those asynchronous

demographic components could be added to population

numbers to improve population estimates above those

generated from exclusively counting burrow systems.

Stationary cameras can improve estimates on the proportion

of counted burrow systems in relation to resident animals,

providing additional information to UWTV surveys. A similar

application context can be found in (Marini et al., 2022) where

the dynamics of the coastal Antarctic benthic fauna have been

estimated for a whole year through a specifically designed

autonomous and stand-alone camera (Corgnati et al., 2016;

Marini et al., 2018a). The consistent monitoring of specific

burrow systems (replicated over the seabed space by a network

of cameras) can be used to fine-tune the demographic estimation

of targeted populations with data on the temporal use of burrows

by individuals (see Supplementary Table S1). Similar

information could also be achieved by mobile cameras by

using robotic platforms that are capable of conducting repeat

surveys of consistent geographic areas over consecutive 24-

h cycles.

Improvements in technology can reduce the potential

impact of the UWTV surveys. For example, there is evidence

that the white light illuminators for the UWTV can cause retinal

damage to surveyed animals (Shelton et al., 1985). Thus, the

current white light illuminators can be replaced by low-light

(Barbier et al., 2012) and multibeam optoacoustic imaging assets

(Adaptive Resolution Imaging Sonar; ARIS; see below) or 3D

laser-scanning technologies (Aguzzi et al., 2019), to reduce the

potential for disturbing the behavior of N. norvegicus or other

low-light habituated species (Davies and Smyth, 2017; Robinson

et al., 2021). Infrared imaging could also be used but only if

cameras are located close to the seabed surface (i.e., for the

attenuation of this wavelength into the water; e.g., Widder

et al., 2005).

Conventional cameras can be modified to include

multibeam acoustic , stereo, and 3D laser-scanning

technologies that may also provide size estimates for any

animal within the field of view. Similarly, geo-sonars

producing acoustic or microwave images of the first 20-30 cm

of the seabed surface could disclose burrow systems’

architectural features, possibly also portraying sheltering adults

and the often non-visible animals such as juveniles.
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Non image-based technologies

While considerable research has previously focused on the

factors influencing the burrowing behavior and activity-levels of

N. norvegicus in laboratory settings (see previous section),

technological developments enable future studies to be

conducted in-situ in the field.

In the past decade, image-based methods for studying the

behavior of individual decapods have increasingly been

complemented with telemetry (Florko et al., 2021). Specifically

for N. norvegicus, acoustic telemetry has been used to study

burrow emergence rhythms over several months (Vigo et al.,

2021). To achieve this, animals were captured and equipped with

acoustic tags before being released by canister within a

hydrophone array (Masmitja et al., 2020; Vigo et al., 2021). As

long as animals remained within range of the hydrophones, the

hydrophones would receive the signals from the acoustic tags

when the individual had emerged from the burrow. In this

manner, daily patterns in signal reception could be used to infer

emergence patterns (see Supplementary Table S1).

Hydrophones can track a tagged animal’s spatial movements

(Vigo et al., 2021). From these positions, taken at consecutive

times, a total traveled distance (or covered seabed surface) can be

computed. The comparative analysis of animals’ presence into

the different monitoring area quadrants (e.g., by heat-map

analysis approaches) allows the estimation of individuals’

home range. That can be further analyzed in terms of site

fidelity, trajectories, relations with co-specifics evaluating

interactions (also present in the same quadrants at the same

time), and territoriality (home ranges overlap with co-specifics).

Another promising non-imaging technique for the study of

N. norvegicus stocks is using environmental DNA (eDNA). All

animals continually leave behind traces of organic material

with trace amounts of DNA that can be amplified and

identified from seawater or sediment samples (Huver et al.,

2015). When identified, this can provide evidence that the

species of interest has previously been in the vicinity of the

sampled area (Beng and Corlett, 2020). This could be

particularly useful in the case of N. norvegicus, as eDNA

samples can be collected in proximity to the burrow system.

Such samples could be used to assess whether the burrow

system is currently (but also in the recent past) occupied by a

single or even multiple individuals. Nevertheless, such

techniques would require validation via in-situ and

laboratory-condition controlled studies, as many questions

still remain. For example, it is not yet known how long

eDNA persists in marine sediment and what the dispersal

capability of eDNA is in benthic environments occupied by

N. norvegicus, among other uncertainties (Zaiko et al., 2018). If

eDNA persists for substantial periods of time (> months), then

this method could be complemented by the co-analysis of

eRNA that has a faster degradation rate and hence is

expected to be representative of recent occurrence (Marshall
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et al., 2021). Additionally, the use of eDNA/eRNA analysis

could not only reveal whether a burrow system is currently

occupied or not, but also if it is occupied by other non-N.

norvegicus opportunistic burrowing species (Sardà and Aguzzi,

2012). Additional information on burrow-fidelity generated by

eDNA/eRNA analysis would however be extremely beneficial

to further refine UWTV-based stock assessment.
Using robotic platforms to complement
UWTV and trawl-based
stock assessments

Stationary cameras could observe specific burrow systems

over time and hence track the behavioral performance of a group

of individuals. In contrast, mobile cameras can be used to focus

on both individuals and the surrounding ecosystem over larger

geographic areas but over shorter periods of time. Using these
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methods simultaneously would allow for scaling the knowledge

on the temporal patterns in individual locomotion and burrow

emergence to the population level. In this scenario, stand-alone

imaging systems mounted on landers, cabled observatories and

their docked mobile platforms such as Autonomous Underwater

Vehicles (AUV), tethered crawlers or biomimicking robots; e.g.,

legged-robots, such as Silver 2 (Picardi et al., 2020; Figure 4),

could be used for local observation for burrow systems and

individual counting.

Another tool for the study of N. norvegicus are cabled

observatories (see Supplementary Table S1). Observatories

receive constant power to feed a complex and adaptable payload

of sensors and relay data in real-time, allowing prolonged insight

into the animals and their habitat at a specific location (Aguzzi

et al., 2018). When cabled observatories are coupled with mobile

and dockable platforms such as crawlers and AUVs, then their

monitoring area could be greatly expanded (i.e., from few to

hundreds of meter squares). When considering a lander or a

cabled observatory as the epicenter for stock monitoring,

scenarios for data collection with advanced mobile and fixed

platforms could be for example as follows (Figure 5).

Easy to move satellite landers that can dock with mobile

small-range benthic platforms (crawlers, rovers and

biomimicking legged-robots) can be used for spatially

referenced monitoring by repeating transects over specific

pathways with stepping-stone stations at identified burrow

systems (Figure 5A). Their seabed imaging could be chiefly

performed by multibeam and 3D laser-scanning plus geo-

sonars. Monitoring operations in such a setting (e.g., SmartBay

observatory) should follow a strict protocol based on previous

knowledge on the use of crawlers in Ocean Networks Canada

NEPTUNE observatory (e.g., Chatzievangelou et al., 2020;

Chatzievangelou et al., 2022 in review) to reduce sediment

suspension that can impact burrow systems. Specifically, the

crawlers patrol the perimeter without entering areas of high

burrow systems’ density and remain stationary near spots of
2 https://standardgraphs.ices.dk.

3 https://resbio.obsea.es/galeria.php.

4 https://www.iseamc.com/crawler-systems/the-rossia-series-

crawler/.

5 https://www.robex-allianz.de/en/deep-sea-crawler/viator/.

6 https://www.santannapisa . i t/ i t/news/passo-avanti-nel la-

salvaguardia-e-nella-conoscenza-dellecosistema-marino-presentati-i-

primi.

7 https://cirs.udg.edu/auvs-technology/auvs/.

8 https://www.geomar.de/en/research/fb2/fb2-mg/benthic-

biogeochemistry/in-situ-englisch-titel/lander-systems.

9 emso.eu/wp-content/uploads/2020/06/SmartLobster-project_

final_26June2020.pdf.
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FIGURE 4

Different types of image-recording mobile vessel assisted platforms
(A) towed sledges; adapted from Campbell et al., 2009) and
autonomous mechanic and biomimetic robots (B) Teleoperated
Ecological Monitoring Crawler at the cabled seafloor observatory,
OBSEA3; (C) deep-sea commercial crawler Rossia4; (D) untethered
rover Mansio-VIATOR5; and (E) Silver 2 arthropod robot6), along
with AUVs (F) Girona 10007), biogeochemical landers (G)8 and
cabled observatories (SmartBay, with the SmartLobster experiment;
(H)9 One should notice the possibility to tune the monitoring
capability with variable sensor payload for a comprehensive image
and synchronous oceanographic-geochemical data acquisition.
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interest (e.g., a specific burrow of an active individual) for

longer-term monitoring.

Benthic robots could be equipped with robotic arms to sample

sediment for eDNA at burrow entrances or to introduce micro-

cameras within the sedimentary structure of the burrow systems

(see Figure 5A). Wide-range pelagic platforms (AUVs) with

multibeam and 3D laser-scanning image acquisition capabilities

(Figure 5B) would further expand the monitoring radius

capability by adding visual pre-programmed surveys along

consistent pathways. Simultaneously, legged-robots could cross

the field, overcoming potential obstacles (i.e., operating

monitoring in those areas where trawling of UWTV is not

carried out for the presence of rock outcrops or biogenic reefs;

Aguzzi et al., 2022) (Figure 5C).

AUVs are often mobile and suitable for long range surveys. In

fact, monitoring systems consisting of Unmanned Surface

Vehicles (USV) combined with deep AUV, equipped with
Frontiers in Marine Science 10
cameras and Multi-Beam Echo-Sounders (MBES), like those

proposed in the ENDURUNS project (Marini et al., 2020), can

be used for autonomous multi-resolution deep surveys extended

in time. The MBES can be operated at different altitudes acquiring

coarse-to-fine and geo-referenced data of the seabed, with

resolutions from decimeters to centimeters, depending on the

sensor resolution and distance from the seabed. Additionally,

AUVs can be equipped with Forward Looking Sonar (FLS)

systems or acoustic cameras that complement classical optical

vision systems, without being affected by poor water visibility and

without affecting species by not requiring optical illumination

(Figure 6). Within the ENDURUNS system, a hybrid AUV

(capable to navigate either with propellers or as a sea glider)

periodically reaches the sea surface and transfers the acquired data

to the USV through its WiFi communication system (Sanchez

et al., 2021). Thereafter, the USV can autonomously process the

data onboard for selecting relevant content-based information to

transmit via satellite to a land-station for validation by experts.

Then the operation room at the land station can send back new

navigation instructions to the AUV for a higher resolution survey

of the seabed if needed, or to navigate on sea glider mode to a new

site. However, the AUV propellers can produce considerable noise

and can suspend large amounts of sediment when operating near

the seafloor. In contrast, benthic platforms can remain stationary

passively and thus can be silent and cause minimal sediment

disturbance when not in motion.

Among benthic robots, crawlers can carry heavy payloads,

acting as mobile stations within similar monitoring capacities as

cabled-observatories. Nevertheless, they can resuspend

considerable amounts of sediment when moving. At best this

can obscure viewing of the burrows, while in a worst case

scenario it could lead to the burrows’ destruction. One way of

addressing this solution is to use platforms such as

biomimicking (arthropod-like) legged-robots. Those platforms

can have minimal impact on the seabed (no footprint left and

minimal sediment resuspension) and individual feet can be

specifically positioned to avoid accidental damage to burrow

systems and tunnels. Legged-robots can also traverse greater

variation of terrains than wheeled or tracked counterparts.

The technologically advanced monitoring should be

complemented by that of vessels (UWTV surveys) and their

deployed technologies such as drifting cameras (Dominguez-

Carrió et al., 2021), ROVs or hybrid ROVs and AUVs platforms

(HROVs; e.g., Ariane from Ifremer10). Additionally, a large

volumetric sediment grab could be obtained from a chosen area

that has been intensively monitored by cameras for several months.

The sediment removal would allow counting all individuals of N.
A

B C

FIGURE 5

Different monitoring scenarios where a lander or a cabled
observatory is the epicenter for stock monitoring by other
mobile platforms (see Supplementary Table S1): (A) a satellite
stand-alone lander (or cabled observatory) with a tethered
crawler with an eDNA collector for genetic screening (in-situ or
in the laboratory) which could be installed on benthic robots The
lander would monitor the few m2 at high frequency for
long-term deployments (e.g., year-long), with construction and
operations costing approximately 54,000 €. A crawler’s cost can
range between 20,000 € (small-sized, approximately 0.25 m3)
and 150,000 € (medium-sized, approximately 1 m3), with the
vehicle able to cover surfaces of several hundreds of m2 in long-
term deployments (multiannual); (B) docked AUV conducting
pre-programmed surveys during 2-3 months, covering 1 to 10
km2 around the fixed stations (see plate A). The cost of
production and operations is estimated to be approximately
500,000 €; (C) a tethered biomimicking legged-robot
(“crabster”) could cover hundreds of m2 (less than the crawler,
but able to approach and enter hard to access or sensible
terrains) in long-term deployments (multiannual), at an
approximate cost of 450,000 €.
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norvegicus and associated fauna within its volume, to relate the

observations on the occupation and burrow emergence of animals

in different burrow systems with their density. This sampling

procedure would allow quantifying the putative presence of a

typically hidden demographic component (i.e., animals with

reduced or erratic emergence temporal patterns).
Counting burrow systems and
animals using machine learning

Machine Learning (ML) tools could overcome the bottleneck

of manually-extracting data on species identification and

quantification from terabytes of images11 (MacLeod et al., 2010;

Moniruzzaman et al., 2017; Malde et al., 2019). Developing such

tools is of strategic importance as they would allow for real-time

processing of footage from UWTV surveys as well as on cabled

observatories and other robotic platforms (Aguzzi et al., 2011). In

turn, this would allow for the in-situ quantification of other

ecological indicators (see next section) such as population

density, demographics, biomass and cohabiting species (Aguzzi

et al., 2020b). Indeed, the ICES WGNEPS recognized that the

development of an internationally coordinated ML tool for

identifying and counting burrow systems would help improve

standardization among assessments carried out in different

regions (Aguzzi et al., 2022).

The automated detection of N. norvegicus burrows and

individuals is a relatively challenging problem for ML

technology. There is notable variation in burrow shape and

the clarity of the video image may differ based on light-levels

(which are influenced by depth and time of day) as well as

turbidity (Marini et al., 2018b; Corrigan et al, 2019).
11 https://www.marineboard.eu/publications/big-data-marine-

science.

Frontiers in Marine Science 11
Nevertheless, the evolution of Deep Learning (DL) has

consistently increased the accuracy rates of marine object

detection (Girshick et al., 2016), classification (Shima et al.,

2017; Soltan et al., 2020) and segmentation (Haque and Neubert,

2020; Masubuchi et al., 2020).

The development of ML tools for burrow and animal

classification from UWTV surveys will likely follow four key

phases. These are: i. Defining appropriate image collection

methods and quality standards; ii. Identify reference imagery

based on expert judgment to train the ML model; iii. Outlining

an ML classification process; and, iv. Integrating the automated

burrow system identification tool into data processing channels

within the various platforms (e.g., UWTV surveys, crawler surveys).

The earliest use of ML tools to identify and count burrows

was conducted under laboratory conditions. Firstly,

Sooknanan et al. (2014) used mosaics for detecting the

animals by a K-Nearest Neighbor classifier. Next, Sokolova

et al. (2021) presented an automated ML-based observation

system called NepCon to analyze N. norvegicus detection and

quantification. The data set was prepared by using four

different background colors and cropped the images with

N. norvegicus.

More recent tools have been using DL techniques for

automatic detection and classification of N. norvegicus

burrows (Figure 7) (Naseer et al., 2022a; Naseer et al.,

2022b). UWTV footage was converted to frames using the

OpenCV12. The collected dataset was annotated using the

Microsoft VOTT image annotation tool (CSE, 2020) and

validated manually. To detect burrows, a transfer learning

approach (Abadi et al., 2016) was adopted, and fine-tuned

the Faster R-CNN Inceptionv2 (Sandler et al., 2018) and

MobileNetv2 (Szegedy et al., 2016) models in TensorFlow

(Abadi et al., 2016). The models were trained using three
FIGURE 6

Optical and acoustic mapping using AUVs. The Girona 1000 AUV, equipped with an optical camera and an illumination system, can hover close
to the seafloor and obtain high quality images of the habitat (left image, taken at 100m depth at Cap de Creus, Mediterranean Sea). Alternatively,
the same AUV can be equipped with a FLS and cover the seabed without affecting the species with light emission. After processing the acoustic
images, a detailed mosaic can be generated (right image, taken at 15m depth in a harbor in the Mediterranean coast).
12 https://opencv.org/.
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different dataset combinations. Two models were trained

separately using either the FU22 or FU30 datasets, while a

third, hybrid model was trained using both datasets in

conjunction. Multiple sets of experiments were performed to

evaluate the mean Average Precision (mAP) of each model,

resulting into an 80% average performance.

While current methods utilizing ML tools for stock

assessment of N. norvegicus are exclusively based on

identifying burrows, it should be noted that this method could

also be used to identify and count all visible individuals.

Furthermore, it may eventually be possible to not only identify

where an individual is onscreen, but also its behavior (e.g., door-

keeping) and size. Identifying individuals may even be possible at

higher accuracies than burrow-identification due to the distinct

color and morphological differences between N. norvegicus and

the surrounding sediment. Simultaneous identification of

burrows as well as individuals and their behavior could allow

for the rapid assessment of the accuracy of the “1 burrow system

= 1 individual” assumption and allow for correction factors (such

as those described in the section “UWTV for fishery-independent

stock assessments”), to be estimated in-situ.

Biotic interactions, such as predator-prey, play an essential role

in population dynamics and species distribution (Ritchie et al.,

2012). ML tools could also automatically identify and count the

main predators of N. norvegicus, to evaluate population fluctuations

due to predation. Some studies based on stomach content analyses,
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identified the Atlantic cod (Gadus morhua) as the main predator in

the Atlantic waters (Chapman, 1980; Dombaxe, 2002). However,

this predator is not present all over the species’ area of distribution,

being absent in theMediterranean Sea. A recent study from theNW

Mediterranean, combining genetic and isotope stable analyses on

stomach contents, has identified the most relevant predators (i.e.,

possibly feeding on N. norvegicus juveniles, the bobtail squid

Sepietta sp. and the squid Abralia veranyi; other major predators

identified were the small-spotted catshark Scyliorhinus canicula and

the European hake Merluccius merluccius), providing also a

Predation Index (Vigo et al., 2022). Their influence on N.

norvegicus population was assigned according to their density

(via trawling) in the targeted area.
Multiparametric environmental
monitoring

Complementing data collection on the behavior and

distribution of N. norvegicus with ancillary data on the local

physical environment allows for further investigation into the

environmental drivers of burrow emergence behavior (sensu

Aguzzi et al., 2020a). In fact, more field research is needed on the

identification of oceanographic and geochemical variables

modulating burrow emergence at the level of individuals and

populations (see Supplementary Table S1). Additionally,
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FIGURE 7

N. norvegicus burrows detections by FU30-MobileNet (plate A) vs. by FU30-Inception (plate B) and by FU22-MobileNet (plate C) vs. by FU22-
Inception (plate D).
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multiparametric monitoring may also be of strategic value for

eDNA/eRNA sampling (see previous section). In fact, the

persistence in water or sediment of this molecular tracer

depends upon the contingent seascape status (Stefanni

et al., 2022).

Sensors providing new information on animal behavioral

response to different oceanographic and geo-chemical variables

may be used to widen our knowledge on the species ecological

niche (Supplementary Table S2). For example, ocean

acidification, expressed as increased seawater CO2 and

inorganic carbon levels, pH reductions, and alterations in acid-

base chemistry of estuarine, coastal and open ocean water

surfaces (Scott, 2020), may broadly alter ecosystems by acting

at the level of organisms’ physiology, biomineralization, growth,

reproduction, sensory perception, behavior, and survival

(Cooley et al., 2009; Scott, 2020). This may even lead to

ecological shifts in marine ecosystems (Cattano et al., 2018).

To improve the field knowledge of biogeochemical processes,

technical effort has recently increased in the development of pH

sensors for high resolution monitoring of coastal ocean

acidification (e.g., Saba et al., 2018). This latter improvement

could also be used for the monitoring of the health status of N.

norvegicus stocks, although crustaceans generally show a higher

level of tolerance to ocean acidification (Kroeker et al., 2010).

Water temperature and salinity are key variables influencing

the physiology and hence the survival of marine species (Smyth

and Elliott, 2016; Bruno et al., 2018). In some geographical areas,

but most notably on the west coast of Scotland and in the Clyde

(FU 11 through 13), N. norvegicus are often exposed to the

parasitic dinoflagellate Hematodinium. Studies showed

temperature influences seasonal patterns of infection

(Stentiford et al., 1999) with a significant impact on animal

behavior (Stentiford et al., 2001). Infected animals appear paler

and lack motor skills. In heavily infected individuals, a milky

white haemolymph is visible on the ventral side of the abdomen.

Infection also increases metabolic rate, which in return applies a

greater nutritional load on the infected animal. This forces the

animal out of the protection of the burrow system for longer

periods of time as individuals require more food. This exposes

the animal to predation or capture and reduces time available for

burrow maintenance. Environmental temperature has an

important influence on developmental rate and physiology of

marine ectotherms such as Nephrops. McGeady et al. (2021)

observed a notable shift in larval release in the Irish Sea which

was attributed to warming temperatures. This highlights the

need to collect long-term Essential Ocean Variables (EOVs) data

when carrying out monitoring of marine ecosystems.

Current speed may affect the persistence of empty burrows,

favoring their collapsing, varying at the same time the overall

level of anoxia in relation to eutrophic contamination. This latter

phenomenon may cause animals to have longer emergence

phases as a reaction to stressing low oxygen levels (Baden et al.,

1990). Broadly, current measurements and associated dissolved
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oxygen concentration measurements are required to evaluate the

effects of extending Oxygen Minimum Zones (OMZs) on shelf

and slope ecosystems (Breitburg et al., 2018). Also, current flow

variations could influence the burrow emergence rhythms at tidal

and inertial periodicity, hence acting as conflicting zeitgeber with

light cycles of different intensity (according to depth; Aguzzi et al.,

2009; Aguzzi and Company, 2010).

Variations of local phytoplankton biomass (measured as

fluorescence; see Supplementary Table S2) can directly

influence food input into benthic environments at variable

time lags (Thomsen et al., 2017). Santana et al. (2020)

highlighted the importance of suspended particulate organic

matter in the diet of N. norvegicus finding that significantly

more suspension feeding was observed in small or medium-sized

individuals than large ones in both sexes. Water clarity and

depth impact the level of light reaching the seabed, with river

run-off, trawling activity (Martıń et al., 2014) and storms

resuspending sediment, and therefore reducing water clarity

and available light.
Flowchart for data treatment, using
environmental and biological data

We have illustrated various methods by which novel

technologies can augment stock assessments for N. norvegicus.

Incorporating these new data streams into current stock

assessment will provide a complex challenge, but to facilitate

this process, we have developed a flowchart for data treatment

(Figure 8). Moreover, when combining unique datasets, several

considerations must be taken into account. For example,

environmental data may require pre-processing to match the

frequency of the biological (i.e., optoacoustic) data acquisition.

In addition, several processing steps for counting, measuring and

sizing must be applied to the biological data to extract the

relevant information on the structure of burrows, the

abundances of burrow systems, door-keeping/fully emerged

individuals, and the size-class frequency distribution of local

populations. As mentioned in the previous sections, it is

necessary to apply a correction factor to obtain an accurate

density of N. norvegicus individuals from the different

abundances. By combining this adjusted density with the size-

class frequency distribution, an estimation of biomass can be

achieved (Morello et al., 2007; Aydin and Aydin, 2011).

Behavioral aspects such as activity rhythms and habitat use

can be provided by acoustic tracking of individuals and eDNA

methods. Finally, biodiversity data can complement the steps

that focus on N. Norvegicus, bringing the monitoring protocol

towards a more holistic, ecosystem-based approach. In

ecosystem-based fisheries’ management, a lack of knowledge of

biotic interactions, such as predation or competition, could lead

to a misinterpretation of the consequences of overfishing and

therefore restraining stocks viability (Shackell et al., 2010).
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Applying an index such as the Predation Index (Vigo et al.,

2022), based on predator’s densities (as identified by stable

isotope and DNA analyses on predators’ stomachs contents

(see previous Section), could help to better understand the

fluctuations on N. norvegicus population. Ecosystem

modelling is widely used for ecosystem-based fishery

management and the assessment of Marine Protected Areas

(MPAs; Buchary et al., 2002). Ecosystem modelling considers

consumer-prey interaction, approaching the magnitude of these

interactions, densities and biomasses of each trophic level

(Fogarty, 2014). Predator densities are the main factor altering

prey biomasses (Angelini et al., 2016), regulating the restoration

of overexploited species (Clements and Hay, 2017) and whose

lack of knowledge could even lead to regime habitat shifts

(Daskalov et al., 2007).

The different datasets can either be used to feed modelling

approaches or in conventional multivariate analyses, in order to

reach the final objective (i.e., stock assessment). A simplified

visualization of the entire process is presented in Figure 8.
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Aguzzi, J., Sardà, F., Abelló, P., Company, J. B., and Rotllant, G. (2003). Diel and
seasonal patterns ofNephrops norvegicus (Decapoda: Nephropidae) catchability in the
western Mediterranean.Mar. Ecol. Prog. Ser. 258, 201–211. doi: 10.3354/meps258201

Angelini, S., Hillary, R., Morello, E. B., Plagányi, E. E., Martinelli, M., Manfredi,
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