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Abstract 

The Norway lobster, Nephrops norvegicus , is one of the most valuable fishery resources in many coastal countries of the Mediterranean 

Sea and the northeastern Atlantic Ocean. In the Mediterranean Sea, several stocks are being overexploited, with ecological, economic, 
and social consequences. To perform an adequate stock assessment and provide guidance on maximum sustainable yield, reliable 
biological parameters of the species are required. Considering that biological parameters may change over time in overexploited pop- 
ulations, in the present study, we updated key biological parameters for the N. norvegicus stock of the northwestern Mediterranean 

S ea: siz e at which 50% (L50) of females were in reproductive condition, length–weight relationship, and individual size structure . More- 
over, daily landings were combined with the spatial position of the vessels tracked by their Vessel Monitoring System (VMS), to obtain 

information on the geographical distribution and time series of Landings Per Unit Ef for t (LPUE), as well as total landings from 2008 to 

2021. Our results suggest overexploitation of the resource, revealing a severe reduction in size at 50% maturity, an earlier spawning 

and brooding period, and a clear decrease of LPUE over time. 

Keywords: fishing resources; landings; N. norvegicus ; revisiting biological parameters; size at onset of maturity 
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Introducton 

The future of fishing as a viable economic, social, and cultural 
activity is uncertain (Pauly et al. 2003 ). It is estimated that be- 
tween 40 and 50% of tropical and temperate ecosystems ex- 
ceed the threshold for the sustainability of fisheries and, there- 
fore, are considered overexploited (Link and Watson 2019 ).
Despite a decrease in fishing pressure over the past decade,
leading to the recovery of some fish stocks (Cardinale et al.
2013 , Fernandes and Cook 2013 ), there is still a long way to 

go towards achieving a global recovery of overexploited pop- 
ulations (Froese and Proelß 2010 , Cardinale et al. 2013 ). For 
example, in the Mediterranean and Black Seas, a recent study 
of 54 commercial fish and invertebrate species revealed that 
85% of their stocks were overexploited (Demirel et al. 2020 ).
A key to achieving best management practices is to implement 
science-based management (Pikitch et al. 2004 ). To attain this 
goal, it is imperative to obtain biological parameters of the 
target species, in order to comprehend the temporal changes 
in their abundance, distribution, and biology, which may be 
subject to different alterations, depending on the degree of ex- 
ploitation (Ligas et al. 2011 , Galimany et al. 2015 ). 

The Norway lobster, Nephrops norvegicus (Linnaeus, 
1758), is a benthic crustacean inhabiting muddy bottoms at 
depths from 10 to 800 m, distributed in northeastern At- 
lantic and Mediterranean waters (Bell et al. 2013 , Johnson 
© The Author(s) 2024. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
t al. 2013 ). Atlantic populations are mainly found on the
ontinental shelf (Eiríksson 2014 ), whereas in the Mediter- 
anean Sea, the greatest abundance is present on the upper
nd lower reaches of the continental slope, between depths of
00–600 m (Maynou and Sardà 1997 , Abelló et al. 2002 ). It is
ne of the most valuable European fishing resources with great
ommercial importance across its entire distribution (Sardà
998a , Bell et al. 2013 , Ungfors et al. 2013 ). Its global cap-
ure production in European waters has reached ∼60 000 tons
er year for the last 30 years (Chapman 1980 , Bianchini et al.
998 , Ungfors et al. 2013 , FAO 2022 ). In the Mediterranean
ea, N. norvegicus is captured by bottom trawlers, in which
ther demersal commercial species are also fished, such as
uropean hake ( Merluccius merluccius ), anglerfish ( Lophius 
udegassa and L. piscatorius ), horned octopus ( Eledone cir-
hosa ), and blue whiting ( Micromesistius poutassou ) (Sardà
998a ). 
Fishery management in Mediterranean European waters 

elies on biological scientific guidance, involving effort limi- 
ation and gear regulation (Sardà 1998a , Sánchez Lizaso et 
l. 2020 ). Although many European Atlantic fisheries incor- 
orate output limits through total allowable catches, these 
easures encounter difficulties in their implementation and 

emonstrate no efficiency when applied to diverse and mixed 

sheries, as shown for the Mediterranean (Bellido et al. 2015 ,
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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ánchez Lizaso et al. 2020 ). The prevailing management ap-
roach for N. norvegicus involves regulation through the
stablishment of a minimum conservation reference size
MCRS), set at 20 mm Cephalothorax Length (CL) in the

editerranean Sea (Regulation (EU) 1380/2013, 11/12/2013
nd Regulation (EU) 2019/1241, 20/06/2019; Regulation
EU) 2013 , Regulation (EU) 2019 ). 

In the Mediterranean Sea, stock assessments are con-
ucted annually by the General Fisheries Commission for the
editerranean (GFCM) (Cardinale et al. 2021 , GFCM 2022 )

nd the Scientific, Technical, and Economic Committee for
isheries (STECF 2023 ), which meet once a year to present
nal reports for each stock and help to define new policy de-
isions for the fishery stocks of the Mediterranean Sea by the
uropean Commission. The evaluation of the N. norvegicus
tock is mainly based on stock assessment models that re-
uire biological reference points essential for proper model
alidation. However, most of these evaluations that rely on as-
essment models (e.g. to estimate fishing mortality for which
verage yield is equal to Maximum Sustainable Yield, MSY)
eature biological parameters that need updating, which is im-
ortant as many resources are overexploited or showing signs
f decline may have modified these parameters (Cardinale et
l. 2017 , Rindorf et al. 2017 ). In the case of N. norvegicus , this
rustacean has striking differences in the level of exploitation
nd biological characteristics (such as growth rate, density, or
ize structure of the population) depending on the geographi-
al variations of the habitat, exploitation patterns, population
ensity, and substrate characteristics (Maynou 1998 , Sardà et
l. 1998 , Aguzzi et al. 2003 , Aguzzi and Sardà 2008 ). For
xample, in the northwestern Mediterranean Sea (FAO Ge-
graphical Sub Area 6–GSA06), where N. norvegicus is one
f the most valuable stocks for bottom trawl fisheries, earlier
tudies on its biology suggested a size reduction in individuals
aused by fishing pressure (Sardà 1998b , Rotllant et al. 2005 ).
otably, the estimated size at 50% maturity in Catalan waters
as already ∼30 mm CL in 1998, as documented by Orsi Re-

ini et al. (1998) . Consequently, obtaining updated biological
nformation on N. norvegicus in this specific area is especially
rucial considering that the most recent available biological
ata for this region were assessed over two decades ago and
here are signs of overexploitation following the most recent
tock assessments in GSA06 (GFCM 2022 , STECF 2023 ). 

Therefore, in the present study, we aim to revisit the main
iological parameters of N. norvegicus in the Catalan Sea to
rovide relevant data for a revised assessment of this stock,
cknowledging its status in terms of exploitation. In partic-
lar, we estimated its length distribution, length–weight re-

ationship, demographic structure, and reproduction, evalu-
ted trends in landings and income over the past two decades,
nd compared our results with those of previous studies in the
rea. 

aterials and methods 

tudy area 

his study was conducted in the northwestern Mediterranean
ea along the Catalan coast ( Fig. 1 ), where N. norvegicus
nhabits muddy substrates at depths of 80–550 m on the
ower shelf and upper-middle slope of the continental margin
Abelló et al. 2002 ). Within this region, the bottom trawl fleet
s composed of 221 vessels, which operate five days a week for
 maximum of 12 h during daylight hours, commercializing
andings daily upon the arrival of trawlers at their respective
ase port (BOE 502/2022; BOE 2022 ). 
To reexamine the main biological parameters of N. norvegi-

us alongside landings data, we used three distinct types of
atasets: (i) a dataset comprising landing records, income in-
ormation, and fishing effort data sourced from the public
epositories of the Department of Fisheries of the General-
tat de Catalun y a (the Autonomous Government of Catalo-
ia, northeast Spain); (ii) VMS data, which monitor and track
he daily and spatial activity of fishing vessels, obtained from
he fishery regulatory organization of the Secretaría General
e Pesca of the Spanish Government; and (iii) a dataset col-
ected directly on-board commercial bottom trawlers as part
f the monitoring program of the Catalan Institute of Re-
earch for the Governance of the Sea (ICATMAR; https://
catmar.cat/ en/ ), a collaborative organization overseeing both
ecreational and commercial fishing activities along the Cata-
an coast (ICATMAR 2023 ). 

emporal landings dataset 

aily landings data on N. norvegicus (kg), fishing effort (total
umber of days of the entire fleet), and fisheries revenue
income in €) from 2000 to 2021 were obtained from the
epartment of Fisheries of the Autonomous Government of
atalonia, and then summarized by month and year. We also
btained annual and monthly landing data from previous
tudies (Sardà 1998b , Aguzzi et al. 2007 ) for Barcelona
arbor from 1979 to 1994. We compared the temporal
volution of Barcelona Harbor’s landings during that period
ith landings from the same port from 2000 to 2021. In
rder to examine temporal changes in monthly landings, we
onducted a comparative analysis of three distinct time series.
hese include the period from 1979 to 1994, exclusively

ocusing on Barcelona harbor landings; a selected timeframe
panning 2005–2010, including landings data from the Au-
onomous Government of Catalonia; and a time series of
atches gathered monthly from commercial bottom trawlers
uring the years 2019 to 2021 (further details below). 

patial and temporal variability of LPUE 

o estimate the spatial overlap between years of N. norvegi-
us presence from 2008 to 2021, we combined daily landings
ata on N. norvegicus , sourced from the Autonomous Gov-
rnment of Catalonia, with information on spatial fishing ef-
ort using VMS data for daily vessel positioning following the
ethodology described in Sala-Coromina et al. (2021) . Data

egarding fishing spatial effort before 2008 was not available
ecause the use of VMS was not mandatory before 2005, and
he first 2–3 years of VMS implementation data is not 100%
eliable. Landings were standardized based on fishing effort
duration of fishing activity in hours) and referred to as Land-
ng Per Unit Effort (LPUE). It is important to note that when
stimating spatial overlap, fishing effort (measured as the du-
ation of recorded fishing activity in hours) differs from the
shing effort (measured as vessels or landings per day) ob-
ained previously to compare the temporal evolution of land-
ngs. The measurement in hours for fishing effort enhances
he spatial localization of fishing activities. We represented
he spatial distribution of yearly LPUE with a heatmap to ob-
erve the bathymetric range (every 25 m, from 50 to 800 m
eep) from 2008 to 2021, comparing the LPUE data based on

https://icatmar.cat/en/
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Figure 1. Spatial distribution of the annual a v eraged LPUE (Landings Per Unit Effort) of N. norvegicus in the Catalan Sea (northwestern Mediterranean) 
from 2019 to 2021, obtained by combining Vessel Monitoring System (VMS) information and official daily landings data (European Commission 2022 ). 
Tra wl surv e y s conducted from 2019 to 2021 in the study area are represented in the map. Note: For comparativ e purposes, FA O subgeographical areas 
(GSA) with a v ailable data of N. norv egicus stocks are highlighted on the map of the Mediterranean Sea. T he study area along the Catalan coast is located 
in the northern part of GSA06. Norw a y lobster illustration by Joan Mir-Arguimbau. 
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Cohen’s Kappa coefficient. This pairwise statistic (McHugh 

2012 ) indicates how much the same spatial units (sites defined 

by a grid within the study area) overlap in terms of presence 
of N. norvegicus between years. Cohen’s Kappa values range 
from −1 to + 1, although they usually fall between 0 and 1,
where 0 indicates random agreement, and + 1 indicates com- 
plete agreement (in contrast to −1, indicating complete dis- 
agreement) (Landis and Koch 1977 ). To calculate the spatial 
similarity between the different yearly LPUE distributions, we 
used the irr package (Gamer et al. 2019 ). We evaluated the 
overlap of LPUE between years in the bathymetry range (i.e.
every 25 m; see above) using Spearman’s correlation through 

the stats package (R Core Team 2021 ). The values of this cor- 
relation coefficient range from −1 to 1, indicating the direc- 
tion and strength of the relationship between two variables,
being stronger the closer to −1 or 1, with independent vari- 
ables closer to 0. 

Biological data 

Biological sampling of N. norvegicus individuals was con- 
ducted from January 2019 to December 2021 on board 

commercial bottom trawlers, harbored in nine of the most 
important ports of the study area ( Fig. 1 ). All sampled indi- 
viduals were obtained from a total of 157 hauls, 54 carried 
ut in 2019, 51 in 2020, and 52 in 2021. The biological
amplings were conducted at a frequency of ∼3 to 4 times per
onth, covering all the Catalan coast throughout the entire 

ear. Trawling vessels were equipped with a commercial 
shing net with a 40–50 mm square mesh codend, according
o regulation EC No. 1967/2006 (EC 2006 ). All biological
arameters were measured on board, and, whenever avail- 
ble, 90 individuals covering all commercial categories (30 

ndividuals from each category, i.e. small, medium, and large)
ere collected and transported to the Institute of Marine 

ciences (ICM-CSIC) laboratory for further examination.
he measurements taken were cephalothorax length (CL, in 

m) and weight (W, in g), and all individuals were sexed.
ales and females can be distinguished by the position of the

enital apertures and the shape of the first pair of pleopods
Powell and Eriksson 2013 ). In the case of females, total
vary weight (in g) and maturity stage were also noted. 

opulation structure 

ize-frequency distributions were constructed per 1 mm size 
lass of CL for each sex, using density plots. To test for differ-
nces in mean size between males and females, we conducted 

onparametric Kruskal–Wallis tests. Kolmogorov–Smirnov 
wo-sample tests were also used to detect differences between 
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exes in size distributions. We obtained size distribution data
rom 1974 to 1994 for the same GSA06 (Sardà 1998b ) to com-
are the N. norvegicus population over time. 
The length–weight relationship was analyzed for the sexes,

eparately and combined, using the equation (Pauly 1984 ,
icker 1973 ): 

W = a × CL 

b , 

here W is the body weight (in g), CL is cephalothorax length
in mm), a is the intercept of the regression curve, and b is the
lope of the scaling exponent, indicating the pattern of growth,
.e. negative allometry ( b < 3), isometry ( b = 3), or positive
llometry ( b > 3). The relationship between length and weight
as estimated with the FSA R package (Ogle et al. 2023 ). 

aturity and reproduction stages 

ex ratio was evaluated seasonally from the commercial bot-
om trawl samplings performed only on the upper slope (200–
00 m), where N. norvegicus is found in higher abundances
Sardà 1998a ). G-tests (Sokal and Rohlf 1981 ) were carried
ut to test for significant differences in sex ratio. Then, male
nd female percentages by season were estimated. From the
otal of sampled females, we estimated the percentage of pleo-
od egg-bearing (i.e. berried) females per season. 
Females were classified into five maturity stages determined

y macroscopic examination of the color of the ovaries based
n Rotllant et al.’s (2005) histological examination: stage
 white-immature, slender and thin ovaries; stage II resting
also refers to berried females), cream-yellowish ovaries; stage
II beginning of maturation, small and light green ovaries;
tage IV big, thick, and light green ovaries; and stage V dark
reen ovaries, advance maturation in pre-spawning phase. All
erried females, which were categorized as in stage II of ma-
urity, were also identified and quantified. 

The Gonadosomatic Index (GSI), indicating the maturity
tatus of females, was calculated from the ratio of ovary
eight to total body weight (Strange 1996 ): 

GSI = gonad weight / body weight × 100 . 

For the estimation of size at 50% maturity, we considered
emales sampled during the months in which gonads start de-
eloping and become mature (from March to August), defin-
ng mature females from Stage II (including berried females) to
emales at Stage V. To estimate size at 50% maturity, a logistic
stimation of gonad maturity was run with the SizeMat pack-
ge in the program R (Torrejon-Magallanes 2020 ), between
L and sexual maturity level determined for both immature

Stage I) and mature (Stage II–V) females. In these analyses, a
ogistic curve was fitted to the data so that the CL at which
0% of females were in reproductive condition (L50) could
e estimated. 

esults 

anding trends 

uring the period 2000–2021, there was a decreasing trend
n both N. norvegicus total landings (tons) and LPUE ( Fig.
 a). Over the course of 21 years, LPUE decreased by 37.81%,



Review of Norway lobster in NW Mediterranean 5 

Table 1. Individuals of N. norvegicus by season from the biological samplings conducted on board commercial bottom trawlers from 2019 to 2021 on the 
upper slope (20 0–50 0 m). 

Season n T M F Bd 

Winter 21 1049 ± 741 651 ± 487 (62.06) 398 ± 284 (37.94) 7 ± 11 (1.76) 
Spring 21 1191 ± 711 560 ± 369 (47.02) 631 ± 362 (52.98) 0 (0) 
Summer 20 1158 ± 598 599 ± 306 (51.73) 559 ± 329 (48.27) 37 ± 52 (6.62) 
Autumn 17 819 ± 432 533 ± 311(65.08) 286 ± 161 (34.92) 62 ± 49 (21.86) 
Total 79 1053 ± 632 582 ± 365 (55.27) 471 ± 320 (44.73) 28 ± 44 (5.94) 

A n indicates the number of surveys conducted in each season on the upper slope; T is the total number of individuals collected per swept area (No. × km 

−2 ); 
M is the number of male individuals per swept area (No. × km 

−2 ) with percentage of males (out of total individuals) in brackets; F is the number of female 
individuals per swept area (No. × km 

−2 ) with percentage of females (out of total individuals) in brackets; and Bd is the number of berried females per swept 
area with percentage of berried females (out of total individuals) in brackets. 
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Figure 3. Distribution of LPUE of N. norvegicus along the Catalan coast (GSA06) from 2008 to 2021, obtained by combining VMS information and official 
daily landings data (European Commission 2022 ). (a) Spatial distribution of LPUE from 2008 to 2021, and (b) bathymetric range of LPUE of N. norvegicus 
from 2008 to 2021. Values of LPUE per year and bathymetry are indicated in the color bar. 
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representing a reduction of 210 647 kg in total landings.
Moreover, total income also decreased by 39.67%, amount- 
ing to €2 190 372 < 21 years prior. These time series reached 

their lowest values in 2021, considering all Catalan Sea fish- 
eries (Supplementary Table S1). The landing trend observed 

for Barcelona harbor included a more extensive period, from 

1979 to 2021, revealing distinct transitions ( Fig. 2 b). Notably,
the lowest landing was reported in 1992 with only 4.69 tons.
Subsequently, there appeared to be an upward trajectory in 

landings until 2014. Starting in 2015 and coinciding with the 
decreasing trends in all Catalan fisheries, there was a sudden 

and significant decline in landings. Regarding only Barcelona 
harbor, landings showed an approximate decrease of 22.95 

tons from 1979 to 2021, accounting for a 64.29% reduction 

from the catch landed in 1979 ( Fig. 2 b). 
The monthly landing pattern in the period 2005–2010 ex- 

hibited a peak in late spring months (April, May, and June) 
and summer (July, August, and September), mainly in July,
with mean values ranging between 33.70 and 41.10 tons for 
monthly landings from May to August ( Fig. 2 c). Biological 
samplings from commercial bottom trawls, conducted in the 
period 2019–2021, revealed a similar pattern to the period 

2005–2010, with spring being the season with the highest 
catch density (1191 ± 711 No. × km 

−2 ), followed by sum- 
mer (1158 ± 598 No. × km 

−2 ) ( Table 1 ). Upon comparing 
the three distinct time series data (1979–1994, 2005–2010,
nd 2019–2021) for Barcelona harbor landings, it becomes 
vident that the largest monthly landings across all-time se- 
ies coincide, occurring between May and August ( Fig. 2 d). 

Regarding spatial overlap between years, Cohen’s Kappa 
tatistic indicated that the distribution of N. norvegicus 
howed moderate overlap, with values ranging between 0.4 

nd 0.6, indicating no shifts in distribution from 2008 to 2021
 Fig. 3 a and Supplementary Table S2). The bathymetric range
f N. norvegicus remained similar over the years, with 0.92
eing the lowest Spearman correlation value (Supplementary 
able S3). In 2008 and 2021, 75% of landings came from
epths of 300–625 m and 300–675 m, 50% came from be-
ween 350–550 m and 375–550 m, and 25% came from be-
ween 400–500 and 425–500 m, respectively ( Fig. 3 b). 

opulation structure 

f the 157 hauls conducted from 2019 to 2021, a total
f 15 665 individuals, including 8490 males and 6819 fe-
ales, were measured and sexed on board commercial bottom 

rawlers. From these individuals, 6698 individuals, including 
070 males and 2628 females, were collected to estimate more
ccurately biological parameters in the laboratory (length–
eight relationship, percentage of gonad development stage,

nd size at 50% maturity). The CL from the collected individ-
als during the sampling period ranged from 18 to 65.5 mm
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Table 2. L ength–w eight relationship f or N. norv egicus obtained in the present study compared with this relationship in the same and other GSAs in the 
Mediterranean Sea. 

Area Year Sex No. a b Studies 

GSA06 2019–2021 M 4070 0 .0004 3 .1766 Present study 
F 2628 0 .0004 3 .1736 
C 6698 0 .0005 3 .1166 

GSA06 1994 M 7887 0 .0005 3 .0520 Sardà et al. ( 1998 ) 
F 7574 0 .0008 2 .9140 

1995 M 5806 0 .0004 3 .1180 
F 4942 0 .0005 3 .0750 

GSA17 2012–2014 C 4145 0 .0003 3 .2470 Angelini et al. ( 2020 ) 
M 1842 0 .0003 3 .2030 
F 2299 0 .0013 2 .7620 

GSA17 2012–2016 C 2798 0 .0008 2 .9670 
M 1466 0 .0008 2 .9610 
F 1332 0 .0010 2 .9010 

GSA22 1993 C 275 0 .9229 2 .9130 Stergiou and Politou ( 1995 ) 
1994 C 221 0 .4701 3 .0850 

GSA22 2008 C 659 0 .4800 3 .2100 Aydin and Aydin ( 2011 ) 

M 305 0 .4600 3 .2700 
F 354 0 .5200 3 .1200 

Sex: M = males, F = females, and C = combined sexes; No.: total number of specimens weighed; a: intercept; and b: slope. 
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n males, and 18 to 60.35 mm in females, with mean weights
f 40.19 ± 27.26 and 23.94 ± 14.21 g for males and females,
espectively ( Table 2 ). 

The size frequency distribution, calculated from the 15 665
ndividuals measured, differed between sexes (Kolmogorov–
mirnov tests also indicated a different size distribution be-
ween sexes; D = 0.21, P < 0.01), with males having a
igher mean CL than females (males = 32.16 ± 6.59; fe-
ales = 29.60 ± 4.50; χ2 

1,6697 = 1352, P < 0.0001; Fig.
 a and b). Regarding temporality, there were significant dif-
erences between years (H = 133.08, P < 0.01) and between
exes (H = 1371.72, P < 0.01). Mean CLs (mm) for males
ere 34.34 ± 32.35 in 1974 and 30.35 ± 29.21 in 1994,
hereas CLs (mm) for females were 31.51 ± 28.39 in 1974

nd 27.89 ± 26.20 in 1994. 
The nonlinear regressions between CL and body weight (W)

or females, males, and pooled individuals collected from the
iological sampling had a good fit, with high correlation coef-
cients ( r 2 > 0.90; Fig. 5 ). The length–weight relationship for
emales, males, and pooled individuals was similar in the slope
f the regression relationships; the scaling exponents (b) were
imilar between sexes, indicating a slight positive allometric
attern for growth ( b > 3) ( Fig. 5 ; Table 2 ). The regression
quations calculated by sex and pooled individuals were: 

Log W females = 4 × 10 

−4 × x 

3 . 1736 , 

Log W males = 4 × 10 

−4 × x 

3 . 1766 , 

Log W pooled = 5 × 10 

−4 × x 

3 . 1116 . 

aturity and reproduction stages 

ex ratio differed from the expected equilibrium (0.50) in au-
umn and winter, exhibiting a lower presence of females in
andings from October to March ( Table 1 ). In spring, females
howed a higher presence than males (0.53 and 0.47, respec-
ively). G-tests indicated significant differences between sex
atios among seasons (G = 90.64, P < 0.01). However, a sim-
lar sex ratio was found for autumn and winter ( P = 0.18)
nd spring and summer ( P = 0.05). Overall, the percentage
f berried females out of the total of all collected females was
igher in autumn (21.86%) than in the other seasons. More-
ver, G-tests conducted with berried females among seasons
howed significant differences among all seasons (G = 164.17,
 < 0.01). 
GSI values of females between 2019 and 2021 were higher

n summer, specifically in July and August ( Fig. 6 a). After-
ards, in late summer and the beginning of autumn, GSI de-

reased, coinciding with a higher percentage of berried females
 Table 1 ). Additionally, GSI values are shown by maturity
tage (I–V) ( Fig. 6 b). Between 2002 and 2003, GSI monthly
alues were highest in July, August, and September ( Fig. 6 c).
he estimated size at 50% maturity for females was 25.3 mm
L, with a confidence interval of 24.8–25.7 mm CL ( Fig. 7 ),
hich is a lower value when compared to other N. norvegicus

tocks evaluated within the Mediterranean Sea ( Table 3 ). 

iscussion 

ephrops norvegicus abruptly decreased in annual landings in
he northwestern Mediterranean Sea, with a total biomass loss
f 65% in just two decades (i.e. from 2000 to 2021). More-
ver, we found clear evidence of a substantial reduction, up to
 mm, in size at 50% maturity for the N. norvegicus popula-
ion, which shows a considerable decrease in mean size in both
emales and males compared to 1974. In the Mediterranean
ea, this species is mainly regulated by the MCRS, which is set
t 20 mm CL [Regulation (EU) 1380/2013, 11/12/2013, Reg-
lation (EU) 2019/1241, 20/06/2019], well below the size at
0% maturity reported thus far ( Fig. 7 and references herein).
ur results may be an indicator of high fishing pressure on
. norvegicus , demonstrating that the management measures

urrently in place are not sufficient to manage the stock sus-
ainably. 

pawning season and stock spatial distribution 

orthwestern Mediterranean N. norvegicus fishing grounds
re still located at depths between 300 and 675 m (Sardà
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Figure 4. Plot showing the size frequency distribution of N. norvegicus sampled from 2019 to 2021 (this study) and from 1994 to 1974 (Sardà 1998a ): (a) 
male size distribution and (b) female size distribution. MCRS indicates the minimum conservation reference size for N. norvegicus [Regulation (EU) 
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1998a ). However, we observed how landings have consider- 
ably decreased in total number over the years. It is worth men- 
tioning that, despite the reduction of fishing effort in the last 
several years (ICATMAR 2022 ), the LPUE of N. norvegicus 
stocks is still decreasing. 

Landings preserve a seasonal component, probably related 

to the behavior of the species (Aguzzi et al. 2023 ). Nephrops 
norvegicus builds burrows, offering a natural means of pro- 
ection from bottom trawling activities (Aguzzi et al. 2004 ,
023 ). A seasonal pattern in landings was observed, currently
eaking in June, although in previous years the largest land-
ngs occurred in July–August. The quantity of individuals 
aught can be considered proportional to the number of indi-
iduals emerging from their burrows, which seems to depend 

n light intensity (Aguzzi et al. 2003 , 2021 , Vigo et al. 2021 ).
pring and summer are the seasons in which a longer photope-
iod elicits longer burrow emergence, with animals wandering 
nd meeting. Additionally, N. norvegicus mating takes place 
utside burrows and occurs in spring–summer (Aguzzi et al.
004 ). Later, during the brooding period, berried females hide
nside their burrows throughout the autumn until the release 
f larvae in late winter, showing a highly seasonal reproduc-
ive period (Farmer 1974 , 1975 , Company et al. 2003 , Rotl-
ant et al. 2005 ). Possibly, a combination of all these factors
ay explain the larger catches during these periods and the

ower catches in autumn and winter. 

emographic parameters 

he population structure of N. norvegicus presents differ- 
nt demographic patterns in the northwestern Mediterranean 

ue to area-dependent fishing pressure in combination with 

ariable environmental factors such as habitat characteristics 
Abelló et al. 2002 ). With respect to landings, the largest indi-
iduals were always male. The mean size of individuals did not
xhibit a reduction over time when compared to the mean size
f individuals in 1974. However, it is important to note that
he 1974 study was conducted within a specific delimited area
ear Barcelona, whereas the recorded sizes spanning 2019–
021 include the entire Catalan coast. It should also be noted
hat gear devices used on board commercial bottom trawlers
t each sampling period (1974, 1994, and 2019–2021) dif- 
ered in codend mesh size and global gear shape. In 1974 and
994, the codend mesh size used was a 40 mm diamond mesh
DM40) at the codend of 5 mm knotted PE-netting, while in
he present study, fishing vessels used a 40 mm square mesh
SM40) at the codend of 3 mm knotted PE-netting due to a
hange in legislation for commercial bottom trawlers in the 

editerranean Sea [Council Regulation (EC) No. 1967/2006,
egulation (EU) No. 2019/1241]. The shape of the mesh can

ignificantly change the size-selectivity of the species caught, as 
odend SM40 selects smaller individuals with larger discards 
Bahamon et al. 2006 , 2007 , ICATMAR 2021 ). This could
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ave resulted in the presence of smaller individuals in the
ength frequency distribution of 2019–2021 due to the better
election of larger individuals. Despite these differences, only
he mean size compared from 1974 to 2019–2021 showed
igns of overexploitation. Sex ratio was almost equal in spring
nd summer, yet in autumn and winter the presence of males
as greater than that of females, coinciding with the periods in
hich there is a high proportion of berried females, which ap-
arently spend more time concealed in tunnels (Farmer 1975 ,
guzzi et al. 2007 ). 
Nephrops norvegicus is considered a long-lived species

Hillis 1979 , Sardà 1985 , Castro 1992 ), with slow growth
ates ranging from 4 to 5 mm per year (Bianchini et al. ).
ur results showed that the length–weight relationship was
ositively allometric for both males and females. Thus, volu-
etric growth (body mass) is faster than length growth (body

ength), with both sexes growing at the same speed. Length–
eight relationship can vary significantly, both temporally and

patially (Robinson et al. 2010 ). Other studies from GSA06
eported a very similar a coefficient (ranging from 0.0004 to
.0008 in Sardà et al. 1998 , see Table 2 ), whereas the growth
arameter indicated near isometry as b values were close
o three, with most of them indicating a positive allometric
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Table 3. Comparative table of different studies carried out in different GSAs with size parameters of N. norvegicus in commercial bottom trawl fisheries: 
No.: total number of female individuals; L50: size at 50% maturity; cephalothorax length with a 50% probability of being retained. 

Areas Year No. L50 Studies 

GSA02 1995 36 Orsi Relini et al. ( 1998 ) 
GSA04 2011–2012 617 33 Bekrattou et al. ( 2019 ) 
GSA06 1974, 1977, 1978 3595 30 .0–31.0 Sardà ( 1991 ) 
GSA06 1995 30 Orsi Relini et al. ( 1998 ) 
GSA06 2019–2021 2628 25 .3 Present study 
GSA07 1980 27 Morizur et al. ( 1981 ) 
GSA09 1995 32 Orsi Relini et al. ( 1998 ) 
GSA10 1995 32 Orsi Relini et al. ( 1998 ) 
GSA17 2012–2014 2299 21 .14 Angelini et al. ( 2020 ) 

2012–2016 1332 30 .83 
GSA17-18 31 .69 Mytilineou and Sardà ( 1995 ) 
GSA18 1995 30 Orsi Relini et al. ( 1998 ) 
GSA18 2009–2011 744 25 .7 Markovi ́c et al. ( 2016 ) 
GSA22 1995 33 Orsi Relini et al. ( 1998 ) 
GSA22 2007 510 28 .1 Mente et al. ( 2009 ) 
Mediterranean Sea 2003 32 ICES ( 2006 ) 
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pattern in both sexes (Sardà et al. 1998 , Company and Sardà
2000 ). Compared to other geographical areas of the Mediter- 
ranean, the only negative biometric relationship is found in the 
females of Pomo Pit, a specific area in GSA17, correspond- 
ing to the northern and central Adriatic Sea (Angelini et al.
2020 ). Even if the difference is not significant, the growth rate 
of N. norvegicus seems to vary according to geographical site.
Growth in crustaceans is discontinuous because it depends on 

the frequency and increment of exoskeleton molting (Green 

et al. 2014 ). These two factors respond differently to envi- 
ronmental conditions, such as water temperature, which is a 
major factor influencing marine species, both in physiological 
and ecological aspects (Kinne 1970 , Aiken and Waddy 1986 ).
Other factors may suppress growth, such as a high density of 
individuals in an area, potentially stemming from high recruit- 
ment, which, in turn, may subsequently lead to competitive in- 
teractions for resources like food and space (Parslow-Williams 
et al. 2001 , Briggs 2002 , Johnson et al. 2013 ). 

The proportion of berried females peaked from September 
to December, mostly during the autumn months (October–
December). This peak occurred just after the spawning period,
when females exhibited the highest GSI values (late summer),
corresponding to the lowest catches recorded during the year.
The GSI monthly values for females sampled between 2002 

and 2003 from Rotllant et al. (2005) showed a similar pat- 
tern to that of the present study, indicating the highest val- 
ues of GSI in July and August, while also presenting high 

values in September. The reproductive cycle of N. norvegi- 
cus has advanced slightly, with the spawning period now be- 
ginning in early August. Variations in environmental factors,
such as temperature, could directly modify growth patterns 
(e.g. molting periods) and reproduction periods (e.g. earlier 
spawning periods), and even induce migrations in some crus- 
tacean species (Company et al. 2008 , Green et al. 2014 , Le 
Bris et al. 2018 ). Climate change has contributed to the de- 
cline of vulnerable lobster stocks, such as the American lob- 
ster ( Homarus americanus ), and affects community compo- 
sition due to changes in sea water temperature and salinity 
(Henderson et al. 2011 , Caputi et al. 2013 ). The lower catches 
observed in August from the most recent landings data se- 
ries (2019–2020) could be explained by an earlier spawn- 
ing followed by the brooding period, in which females hide 
nside their burrows a month earlier than previously recorded 

Rotllant et al. 2005 ). 
The breeding cycle of N. norvegicus shifts depending on lat-

tude: in lower latitudes, it is suggested to be annual, while in
igher latitudes, such as Iceland, it is biannual (Sardà 1991 ,
owell and Eriksson 2013 ). Our results highlight the fact that
. norvegicus females in the Mediterranean Sea have a sin-

le yearly spawning event, with an annual and highly seasonal
reeding period, as observed for other species dwelling at sim-
lar water depths (Company et al. 2003 ). Specifically, the ob-
erved spawning period occurred in late summer (end of Au-
ust or early September), while hatching was from December 
o February, as reported in other studies (Rotllant et al. 2005 ,
owell and Eriksson 2013 ). 
The size at 50% maturity estimated for females in this study

s 25.3 mm CL, ∼5 mm less than the maturity size (30 mm
L) proposed by Orsi Relini et al. (1998) for the same area.

n other regions of the Mediterranean Sea, like GSA18 and
SA22, such a reduction has also occurred, substantially di- 
inishing size at 50% maturity (Orsi Relini et al. 1998 , Mente

t al. 2009 , Markovi ́c et al. 2016 ). Nonetheless, most of the
ther regions of the Mediterranean Sea describe the size at
0% maturity of N. norvegicus at over 30 mm CL ( Table 3 ;
rsi Relini et al. 1998 ). Our results, however, are similar to

hose from Atlantic stocks, as average size at 50% maturity is
25.6 mm CL among different Atlantic areas (Orsi Relini et

l. 1998 , McQuaid et al. 2006 ). The variation in size may be
he result of differences in growth rate, which could be con-
itioned by many factors, including fishing pressure. For ex- 
mple, Markovi ́c et al. ( 2016 ), suggested that overfishing was
he cause of the decreased size at 50% maturity (25.7 mm CL)
bserved for N. norvegicus in the South Adriatic Sea, the same
ize as that found in this research. Indeed, an abrupt decline
n population abundance, which may be due to overfishing,
s often followed by a shift in size and age at first maturity
Galimany et al. 2015 , Di Salvatore et al. 2019 , Molinet et al.
020 ). 
Previous assessment studies indicate that the N. norvegi- 

us stock is being overexploited, recommending a reduction 

n fishing mortality in GSA06 as well as in other geograph-
cal subareas such as GSA09 (GFCM 2022 , STECF 2023 ).

e therefore hypothesize that fishing pressure is depleting the 
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iomass stock of N. norvegicus in northern GSA06, with small
ndividuals representing the main portion of the population.
he biology and behavior of N. norvegicus may offer some re-
ilience, but it is a species sensitive to trawl disturbance, which
as resulted in a decrease in size at 50% maturity. Appar-
ntly, juveniles and berried females spend most time in their
urrows, which confers a natural source of protection from
ottom trawlers, thereby presenting lower mortality values
Abelló et al. 2002 , Pauly 2013 ). However, we suggest that
he removal of large males can also affect and reduce size
t 50% maturity as previously indicated for Mediterranean
tocks (Orsi Relini et al. 1998 , Abelló et al. 2002 , Rotllant et
l. 2005 ). It is known that larger males are subject to great fish-
ng pressure because they spend more time outside their bur-
ows, which is the reason males often dominate N. norvegi-
us catches (Briggs 1995 ). However, fisheries in the Catalan
rea are also targeting female individuals that are close to the
ize at 50% maturity, as well as small individuals (juveniles)
hat will be part of the mature stock. All this information is
seful for developing new management approaches to better
reserve this fishing resource. 

he need for new management approaches 

ew management measures should be applied to minimize the
mpact of fishing on the N. norvegicus stock (Ridgway et al.
006 , Lolas and Vafidis 2021 ). Here, we observed how fishing
ressure may cause a reduction in the size at 50% maturity of
. norvegicus , while fisheries have been targeting individuals
ith lower sizes than the MCRS established for this resource,
hich is currently 20 mm CL in the Mediterranean Sea. Re-
ucing effort in terms of decreasing the number of fishing ves-
els, a management strategy applied up to now, does not seem
o be enough to sustainably manage the fishery. Thus, we sug-
est an increase in MCRS and, importantly, an improvement
n trawl selectivity, which would help reduce fishing pressure
Bahamon et al. 2007 , Bahamon et al. 2006 ), as this may avoid
shing the immature part of the stock, leaving larger individ-
als to perpetuate the fishery. For example, the addition of
scape rings is helping recover the exploited stocks of southern
ing crab Lithodes santolla and L. confundens in the southern
tlantic Ocean with an increase in the number of male indi-
iduals (no extraction of males, thus no limitation of sperm)
nd ovigerous females (Varisco et al. 2019 , Di Salvatore et al.
021 ). In fact, the size at first sexual maturity of crustaceans
hould determine the MCRS (Jewett et al. 1985 ), which may
e reached through different approaches, e.g. establishing
mproved selectivity measures by increasing the currently
tilized commercial 40 mm square mesh codends to reach the
verage retention rates of the MCR S (IC ATMAR 2022 ). De-
eloping sustainable harvesting guidelines requires the precise
uantification of N. norvegicus populations across extensive
eographic regions. We suggest that this could be achieved
hrough stock assessment methods that rely on animal
ampling via fishery-dependent trawls or underwater video
ameras (ICES 2016 ). However, it is important to note that
apture rates can be significantly influenced by burrowing be-
avior (Aguzzi et al. 2021 ). The integration of novel tools, in-
luding ecological monitoring technologies, has the potential
o enhance existing stock assessment methodologies (Aguzzi
t al. 2022 ). Other effective measures may include the estab-
ishment of no-take reserves, a promising useful management
ool to achieve sustainable fisheries management (Sala and
iakoumi 2018 , Melaku Canu et al. 2020 , Vigo et al. 2023a ,
023b ). 
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