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Chapter Ii General Introduction

1. General Introduction

1.1.Lobsters
Lobsters are arthropods that make up the subphylum CrustéassmMalacostraca amdder
Decapoda, along with crayfishes, crabs and shrirdpgkihanet al, 200). They are marine,
crawling and elonged benthic organisms that are characterized by appehdageg 13
segmented cephalothorax (covered by an unsegmented carapacegquusefited abdomen,
bearing 5 pairs of pl e op o dkmng l€dg® erpereopodsaree t s 6 ) .
attachedd the thorax and it is this characteristic which gives the order its name from Greek,
deca =ten and poda = feklickman, 2001 Tshudy, 2013). Infact,th,o mmon name O ob
refers to a range of taxa that are albtlosely related taxonomically, ngi classified into four
separate infraorders: (i) Astacidea; (ii) Glypheidea; (iii) Achelata and (iv) Polychelida (Tshudy,
2013). The infraorders Glypheidea and Polychelida include, respectively, mostly extinct
lobstes with claws or serathelated firspereopodsand blind lobsters with delicate and very
elongated claws. Meanwhile, the infraorders Astacidea and Achelata comprise most of the
extant and commercially important clawed and clawless lobsters (Hickman 0@i,
Tshudy, 2013) e.g., the Ameritdobster Homarus american)s the European lobster
(Homarus gammargsthe Western rock (spiny) lobstéPgnulirus Cygnus Southern rock
lobster Jasus edwardgij Caribbean lobsteP@nulirus argu}, Southern Afrian west coast
rock lobster Jasus laladii), Japanese lobstd?dnulirus japonicul and the Dublin Bay prawn
(Nephrops norvegiclQighat will be the subject of the present study.

1.2.Dublin Bay prawn

1.2.1. Taxonomic classification

The Dublin Bay prawn has\ariety of common names across its geographesribution
e.g., Norway lobster (Norway); Langoustine (France) and Cigala (Spain) (Tshudy, 2013). The

systematic classification of the Dublin Bay prawn is as follgrssdum Arthropodal atreille,
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1829; subphylum CrustaceaBrunnich, 1772;class Malacosaca Latreille, 1802; order
Decapodal atreille, 1802;suborder PleocyematBurkenroad, 1963jnfraorder Astacidea
Latreille, 1802;superfamily Nephropoide®ana, 1852;family NephropidaeDana, 1852,
genusNephiops Holthuis, 1974;speciesNephropsnorvegicis Linnaeus, 1758. The genus
Nephropss monospecific, however there were an additional 13 species inside this genus until
1972, when these were moved to the gevatanephropgTshudy, 2013). Besides the extant
speciedNephrops norvegicus n a me @ancarsa o b v e Qyi Llmnasué in 1758), a fossil
species was placed in the genus in 200&phrops kvistgaardaevith fossil record from the
upper Miocene of Jutland, Denmark (Tshudy, 2013). Althddgphropsnorvedcus has the
typical morphology of other clawldobsters, its body shape is slenderer and the claws are
longer than in other clawed lobster suchHasnarus gammaru@ill, 2007).

1.2.2. Habitat and distribution
Nephrops norvegicusereafter calletlephropsinhabits the continental shelf and slope of
the natheast Atlantic, it is also found in the Mediterranean, Adriatic and Acgeas) as
well asin Canary IslandsHgure 1.1) (Bellet al, 2013; Johnsoret al, 2013). This spees is
found at depths from 20 to 800 Fidure 1.1), however most of its poptibns are usually
found at depths shallower than 200 m (Blal, 2013). Along with favourable
environmental conditions (temperatures between 6.4.3°C; salinity betweedl.87 38.8
and oxygen concentration between 524 mgO./dm?), the existeneof suitable sediment
for burrow building is essential fdfephropgo colonize any area (Johnsenal, 2013). A
recent study about habitat suitability has associated higyainropgpopulation density with
higher content of silt and clay: between 60 80% (Lauriaet al, 2015).

1.2.3. Growth
As is the case for all arthropodSgphropsgrow by successive moultdloulting is very

frequent in juveniles (~ once per month), then the moulting frequency decreases gradually to 3
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or 4 times per year around the secand third year of life, and after the onset of maturity,
moulting occurs one or two times per year ingsaand either one time per year or even less
frequently in femalesHarmer, 1973Sarda, 1991Bell et al, 2013). It generally occurs ifate

winter, spring and late summer or autumn in males and in late winter or gpfamgales, after

they have hatched the egg@afmer, 1973Sarda, 1991Bell et al, 2013). Although there has

been some research activity concerning age determination in crustagehagjuantification

of the concentration of the pigment lipofuscinnieural tissues (Be#t al, 201L3), currently,

there is no feasible method for ageMgphropsdue to the lack of hard structures that record
growth increments such as the otolitHins h, si nce crustaceans®6 har .
the moulting pocess (Sheridaet al, 2016). Despite this issue and the discontinuous growth
in Nephropsby successive moults, the continusmas Bertalanffy growth function has been
considered to da convenient method to describe the relationship between age and growth in
crustaceans for purposes of stock assessment and analysis of population dynanatal(Bell
2013). Nephropsgrowth rates vary between and even within populatipossibly dudo the
combined effect of a variety of variables, e. g. temperature, sediment particle size, food
availability, and fishing pressure (Bailey and Chapman, 1983; Beiley, 1986; Tully and

Hillis, 1995; Tucket al, 199%; Bell et al, 2013). Contrastingvalues forvon Bertalanffy
growth parameters can be observed across the rafge gf h r geqgraphical distribution,

for examplemeanasymptotic carapace lengthsfjlof 70.8 mm CL (males) and 55.2 mm CL
(females) and respectiggowth constants (k) @.161 years' and 0.077 yeat$in the West

of Ireland (Haynest al, 2016) against& = 94.86 mm CL, k = 0.41 yeardor males and b

= 69.20 mm CL, k = 0.44 yeafsfor females in Portugal (Ayzat al, 2011). In addition,
growth in Nephropsis densitydependent with suppression of growth in high population
densities (Johnsont al, 2013; Merderet al, 2019) and an inverse relationship between

population density andg.(Tuck et al, 1997%; Johnsonet al, 2013). Densitydependat
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processes (e.g. sugpsion of body size) has implications in the managemehephrops
stocks, since highatensity grounds may have more compensatory potential to counteract
fishing (Ricker, 1954; Beverton and Holt, 1957; Merdéeral, 2019). Undettsinding these
densitydependency issues is essential, for example, to determine the appropriate level of
fishing exploitation across grounds of different densities or to decide whether there are
implications for minimum landing sizes, especially if densi@pendent processes iagpon
size at maturity.

1.2.4. Morphometry
Relative growth of various body structures has been an area of previous sNelyhiops
with these investigations including basic weight / length relationships, as well as the allometry
of certain body structures ataturity. Allometry can be defined as a disproportional increase
in size of any body structure of an individual relative tobibsly size (Bartelet al, 2010).
Allometric studies include relationships between the length of certain body structures and
lengt h of a O6referenced structur e in Mephtopse an
(Sarda, 1995). For example, Farmer @&)7has shown changes in the growth rate of various
Nephrop$structures whictapparentlytake place at the onset of maturitgnrely the female
abdomen width, or propodus length of male claws, relative to the carapace length. These results
were corroborad by McQuaicet al. (2006) who additionally showed allometric growth (at
maturity) between appendix masculina and carapacdhleigpe process above (allometric
growth of body structures) is suggested to be related to a more successful courtship, mating
and perpetuation of the species: larger abdomen in females, for example, indicates an increased
capacity for carrying eggs andrsequently increased number of offspring that will survive to
adulthood. Similarly, larger claws in males are associated wettessful courtship and mating,
since larger and stronger claws increase the chance of success concerning antagonistic

encountersn the search for a sexual partner (Tessier 1960; Farmer, 1974a; Mcadjd

I
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2006). This characteristic has been extengiuskd in the estimation of the size at the onset of
maturity of Nephrops(see Farmer, 1974a; Hillis, 1981; M@t al, 1996; Tuck et al, 2000;
McQuaidet al, 2006; Queirdst al, 2013). Besides the body structures mentioned above
(female abdomen width, propodus length of male claws and appendix masculina) a variety of
other structures have been used for estimating the dize ahset of maturity (see Magi al,
1996). InChagper 4of this thesisywe propose a structure to be used for estimation of the size
at the onset of maturity of maldephropdor the first time the first pleopod that is modified
for copulation in thé species(see Figure 1.3b)Morphometric relationshgp among body
structures can also be a useful tool to characterize and discriminate distinct populations,
whatever the factors (genetic or environmental) leading to such morphometric differences.
Indeed,this tool has been used to characterize and disatsétocksof a variety of aquatic
resources (sdéelliot et al, 1995; Tzengt al, 2001; Paramo and SaiRtul, 2010; Cheat al,
2015; Siddikiet al, 2016; Kalateet al, 2018). Concerninlephropsthere is only one study
by Maynou and Sarda (1997) that morphometrically discriminates populations of two different
areas of the Mediterranean Sea and associates such differences to environmental variables such
as redox state and granulometry of the rmedt. Chapter 4of this thesis also proposed a
densitydependent morphometric variability NEphropgpopulations among a variety of Irish
and Scottish grounds.

1.2.5. Reproduction
Nephropsare dioecious (separate sexes) with females and males distinguislhedobgition
of gonopores (genital aperturdsgure 1.2), respectively, on the basal segments of the third
and fifth pairs ofpereopodgwalking legs), as well as by the morphologytloé first pair of
pl eopods (swimmerets): ifiobesdera,ndét b&otut ®@nd
females (sed&igure 1.B,e) (Farmer, 1974b; Powell and Eriksson, 2013). Another structure

exclusive to males is the appendix masculigure 1.2) on the second pair of male pleopods,
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while the thelycum (cavity that ammmodates the spermatophore after copulakmure 1.2

and 1.9, located between the fourth and fifth pairs of pereopods, is exclusive of females
(Farmer, 1974b).

The male internal reproductive system is composed by the testis and the vasa difeggatia (
where spermatophores are produced), while the internal reproductive organs of females
includes the ovary and oviduct (Farmer, 1974c). The development of thkefewary can be
described by sequential stages based on its colour and volume (F&Tder, Nlenteet al,

2009). These developmental stages are summarized and illustratdaerl.1 andrigure 1.4,
respectively althougha recent study has also considdthe partial and full resorption ahe
ovaries forpurposes otlassifyingfemalestages of maturation (see Becker et al., 2018, 2020
for details)

FemaleNephropgyenerally present an annual reproductive cycle (Powell and Eriksson, 2013),
however, aiennial cycle (each two years) is suggested for some regions, for example in the
Mediteranean and North Seas (Sarda, 1991; Bianddtirdl, 1998). Indeed, Sarda (1991)
emphasize that a biennial cy¢ach two years$ possible as adaptation to local environments.
The reproductive cycle iNephropss associateavith water temperature,dht intensity and
photoperiod and thus varies across different geographical areas, depth and potentially
according to annual weathgatterns and climate (Farmer, 1974c; Rekl, 2013; Powell and
Eriksson, 2013). Farm¢it974c) described the annual reguctive cycle of femalddephrops

in the Irish Sea as follows: (i) eggsubation (September to April / May); (ii) egbatching
(April-June); (ii) moulting followed by copulation (Ma&yugust) and (iv) eggtaying (August
September). The period of eggrubation decreases with temperature (Farmer, 1974c). Thus,
it is shorter in warmer regions at lower latitudes (Powell and Erik@€drB8). For instance, the
period of egg incubation lasts 6 months in the Mediterranean-feggsing in December

March), bu it is longer, at least 10 months, in Iceland (ebg&ching in MayJuly) (Sarda,



Chapter Ii General Introduction

1995, Powell and Eriksson, 2013). Furthermares important to highlight that some studies
in Nephropssuggest that berried females spent the whole period of egg ireulesiricted to
their burrows as evidenced by O6érared observa
winter (de Figueirelo and Thomas, 1967; Farmer, 1974c, Sarda, 1991). Copulation in
Nephropsgenerally occurs at night around-28h after femalenoulting (Farmer, 1974c;
Powell and Eriksson, 2013). The spermatophore is transferred to female thekigunas(
1.2band1.5) duing penetration by the male where it is carried from copulation until next
moult, when the eggs are fertilized when theysgashr ough t he thel ycumo:
extruded underneath the abdomeigre 1.5) (Farmer, 1974c; Powell and Eriksson, 2013).
Nephropspotential fecundity is exponentially related to the body size. For instance, the
fecundities of females measuring 25 ramd 45 mm CL are circa 6001200 and 320@800
oocytes respectively, however, effective fecundity is considerably lower tbtamtial
fecundity due to eggs loss (Bell al, 2013).

1.2.6. Size at the onset of maturity
Like the reproductive cycle, the size ataturity in Nephropsvaries across different
geographical areas (Sarda, 1995; Quedtdal, 2013). Maturity inNephropscan beassessed
by different methodologies, e. g. direct observation of physiological characteristics, i.e. stage
of maturation of thggonads (physiological maturity) or by investigating changes in allometric
relationships, usually size of a particular structre 6 r el ati ve t o the st:
animal (usually the carapace length Nephrop$, identifying a statistically signiant
Obreakpointdé in that relationship, usual ly
Studies on size at maturity ass Ne p h r gepgsaphical distribution using different
methodologies have estimated size at maturitfephropsranging from 5.1 - 64.1 mm CL
in males and 1650.7 mm CL in femalesdé Figueiredo and Thomas, 1967; Farmer, 1974a,;

Mozizur, 1983; Bailey kal., 1986; Sarda, 1991; Bianchiet al, 1998; Reliniet al, 1998;
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Tucket al, 2000; McQuaickt al, 2005; McQuaickt al, 2006; Menteet al, 2009; Ayzeet al,

2011; Queiréset al, 2013; Bekrattolet al, 2019). Size at maturity ignportant for stock
assessment and management, since it plays an important role in the assessment of the stock
spawning potential and the adaptiof a minimum landing size. Despite the existence of some
methods for estimation of size at maturity from pblmyical to morphometricabased
methodologies (hereafter called SOM and MSOM, respectively), there are some issues
concerning these methodgles. For example, a potential seasonal bias related to
physiologicalbased methods which involve direct obséoraof gonads due to the seasonality

of female reproductive cycleas well asthe need for expensive and tiroensuming
histological techniquet analyse internal structures of males (Lowdaebieriet al; 2011;
Rotllantet al, 2012). Another issuesithe great variability of MSOM estimates, associated
with different body structures as observed in Questd@d. (2013) which prevents a reasdle

choice of the real MSOM. In addition, LowesBarbieri et al. (2011) argued about the
efficiency of the m#hods abovementionedand suggest the development of biochemical
methods or improvements in analytical approaches and statistical technigestinfiation of

the size at maturity. Observing this,Gmapter 3f this thesis is proposed a new methodology

for estimation of the size at the onset of maturitfemalescalled the theoretical size at the
onset of maturity (TSOM). The methodology isséxh on probability distributions of mature
carapace lengths diephropsand theoretical probability distributienof immature female
carapace lengths, created with information extracted from the probability distribution of the
mature ones. Furthermore, TBIQvas estimated for femaMephropsacross a variety of Irish
grounds. Finally, this chapter explored whethecame observe an inverse relationship between
TSOM and population density, since as stated above, the understanding ofdiepsitgent
processeg acting, e.g. on body size, are essential to the sustainable management of aquatic

resources.
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1.2.7. Feedingecology
Nephropsare opportunistic predators and scavengers with a diet driven by prey abundance
instead of preference (Badt al, 2013). The diet is Bnilar across a wide geographical range
and includes crustaceans, polychaetes, molluscs, echinodednfistaiChapman and Rice,
1971; GualFrau and Gallard€abello, 1988; Cristo and Cartes, 1998; Parsldgilliams et
al., 2002; Bellet al, 2013; Wattset al., 2016). Bellet al. (2013) highlight thatNephrops
feeding behaviour also includes cannibalismeiftioraging behaviour is connectedth
activity patterns, which are relatéallight intensity and consequentiy depth range (Belkt
al., 2013). In shallow waters less than 3 m, peak emergence from the burrows is during
the nocturnal period; at intermediate depths180 m) emergence takes place at dawn and
dusk and at depths > 100 m, emergence during the daytime can be observetch(B2013).
One important issue to be addressed concerning the feeding ecoldggltobpss about the
mechanisms used by females to avoid starvation when they are restricted to the burrows during
the breeding seasodg Figueiredo and Thomas, 1967), sirtbe exstence of starvation in
femalesduring this periode.g. in Scottish and Mediterranean groyds been refuted lilge
biophysical measure othe hepatosomatic index and the biochemical measures of
hepatopancreas water, lipid and copper contentyedisas biochemical analyses (proximal
analyses and DNA/RNA(Rotllantet al, 2014; Wattst al, 2016). InChapterl of this thesis
it is proposé that suspended particulate organic matter is an important itBi@ghrop® di et
and, in particular, that thisia feeding strategy which may be used for females to avoid
starvation during the breeding season, as well as for smaller and more vulnetafidieials
(including males) to avoid potential antagonistic encounters that may happen during the search
for food.

1.2.8. Fisheries and management

10
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Nephropss exploited across its geographical distribution (Bekl, 2013). Fisheries for this

species have imeased over the last five decades in the northeast Atlantic and Mediterranean
with landings increasing sharplyasteadily until 1985 and stabilizing since then (Ungfers

al., 2013). Landings reached 56,696 tonnes in 2017 (FAO, 2020), with United Kinayoid

Ireland being the main producers with landings of 30,663 and 8,063 tonnes, respectively (FAO,
2020). From P17 to 2019, Irish landings were on average 7,800 tonAmen(, 2020).

Trawling is the main fishing method sinbephrop® habi t at iI's suitabl e
however, static gears called O6creelsd are i
Sweden, and this is the only fishing method usethetaroe Islands (Be#t al, 2013; Ungfors

et al, 2013). There arevie main areas with activeephropdfisheries: (i)the North Sea; (ii)

Western Scotland; (iii) Celtic sea, Irish Sea and Western teg{a) Iberian Peninsula and (v)
Mediterranean (Ungforst al, 2013). These areas have been separated in 30 disdnatg fis
grounds referred g8guré X.6ufor the pumpaoseslof stoak assessment F U s
and O6management ongfdrsetuat, 2083¢. &ish b-enttional unity agsessed by

The International Council for the Exploration of the Sea (ICESlude Eastern Irish Sea

(FU14); Western Irish Sea (FU15); Porcupine Bank (FU16); Aran Grounds (FU17); Ireland

SW and SE Coast (FU19)abadie, Jones and Cockburn (FL2D) and The Smalls (FU22).

There is another functional unit: West of Ireland (FU18)y&ver there is no majdtephrops

fishery in this area and, thus, it is not considered for stock assessment and management
(Ungforsetal., 2013). An overview of the geographical location of ICES functional units can

be seen irrigure 1.6, where Irish arfcottish functional units considered in Chapters 3 and 4

of this thesis are highlighted.

ICES is the organization which eordinates dvice for the purposes of management of
Nephropsstocks in the ICES member countries (European Union, Faroe Islandsdiesld

Norway) This is carried out according to a precautionary approach based on several

11
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international agreements and policies (segforset al, 2013; ICES, 2015). ICES advice
considers also policies and legal needs of ICES member countries andatiaurél and

i ntergovernment al organi zations, responding
Common Fisheries Policy of thEur opean Uni onéo, 0The Mar i ne
Directivebo, 060The Act on the Mana@GEHeRed. of M:
Besides the policies and legal instruments mentioned above, recent policies that are slowly
being incorporated into thprocess of management Nephropsi nc |l ude -basedosy st ¢
fisheries management 6, o0 b srentswithegcosysiemgthatsisc t i o n
demanded by the Marine Strategy Framework Directive, and measures to reduce the practise
ofdiscardingwhi ch i s demanded by the oO6Landings Obl
Fisheries Policy (CFP). Ablephropsi s a-g@Wmtoam speciesd it falls
ambi guous d6émanagement d regi me, neverthel ess,
are ssued per FU by the statutory agency responsible in each ICES country (in Ireland, this is

the Marine Institute). To suppt this exercise, the status and trend®ephropsstocks are

assessed annually for each Functional Unit @RUB4) separately (with few exceptions of

adjacent FUs that are assessed togethsag Irish Stock Book 20 (Anon.,2020). Following
assessment, FUs are classified in different categorié$, (&hich consider the quality and

reliability of the data, and decrease from catggb to category 6 stocks (ICES, 2015).
Depending on the quality of the data, the assessment canabgicah (quantitative or

gualitative treatment) or based on dhaited methods (ICES, 2015). The methods for
assessingNephropsstocks include lengthobort analysis (LCA), virtual population analysis

(VPA), production models and underwater televisionveys (UWTV) (Bellet al, 2013,

Ungforset al, 2013). UWTV assessments have shownNggthropsabundance has fluctuated

widely across Irish functionainits since 2002, when UWTYV assessment started in Irish waters

(McGeady, 2020)Althoughabundance Habeen quite stabla the Western Irish Sea (FU15)

12
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and Labadie, Jones and Cockburn (F{220 functional units there has been considerable
fluctuation inNephropsabundance across the years in the other functional units (McGeady,
2020) For example, Porcupine Bank (FU16) wassedto fishing from 1 Mayi 31 July
throughout 2012012 (closure reduced to May since 2013heAran Grounds (FU17) where
aburdance estnates have declined significantly since 2004 and have been at or thelow
biomass at the maximum sustainable yi8liBY Birigge) Since 20124non.,2020).

1.2.9. Aims and objectives
The research presented within this thesis describes investigatiomatarity and feeding
ecology ofNephropsacross some lIrish and Scottish grounds inNbgheast Atlantic Ocean.
This thesis aimed to address the gaps and ambiguities mentioned aboeeniog the feeding
ecology and the need for improvement in techeggrelated to the estimation of the size at
maturity. The major objective of this study was to gain insights on the feeding ecology of
Nephrops as well as about the size at maturityto$ tspecies and, in particular, the effects of
densitydependent presses on size at maturity and morphometrijéphropspopulations.
These objectives were addressed using stabtepeanalysis (SIA) in a Bayesian approach,
multivariate morphometric tlniques and a new methodology, developed in this study, for
estimaton of the size at the onset of maturity of femédéghropswhich might be particularly
useful in data poor situations or for largeale studies including maeezological
comparisons.
The specific objectives addressed in this study were the following:
Chapter 2i Importance of suspended particulate organic matter in the distephrops
norvegicugLinnaeus, 1758)

i to investigate the relative importance of suspended particulate orgattir mm

N e p h rdeetdbaséd on SIA according to a Bayesian apjroac

13
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1 to examine seasonal sexated differences ilN e p h r diepbsised on the SIA
output;

1 to examine sizeelated differences iN e p h rdetdaséd on the SIA output;

1 todetermindNephrpsd t rophic position based on th

Chapter 3 Theoretichsize at the onset of maturity and its densiégpendent variability as an
option in crustacean fisheries management

1 to propose a new methodology for estimation of the size at the dneettarity
called the theoretical size at the onset of maturity (WO

1 to estimate the TSOM of femaiephropsn different Irish functional units;

1 to test the hypotheses of an inverse relationship between TSOM and population
density;

1 to compare TSOM estiates to the existing measures including smallest berried
female (SB) and size at 50 % maturity 44, whi ch represents t
standardé that is routinely used at pre

Chapter 4- Morphometric size at the onset of maturity and discriminatbriNephrops
norvegicus(Linnaeus, 1758) populations across a grad@npopulation density in the
northeast Atlantic

i to examine a range of morphometric variables that may indicate onset of maturity
(termed O6MSOMO) across Ilrish and Scott
structures imale and femal®lephrops includingone structureused for the first
time for this pupose the male first pleopod that is modified for copulation;

T to verify a potenti al i nverse relatior
maturity metrics and population density across the grounds ituthg s

1 to examine possible morphometric discrimioatof Nephropspopulations at a

variety of Irish and Scottish functional units;

14
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to identify the main characters contributing to the discriminatioNephrops
populations at a variety of Irish and Scottishctional units;
to investigate any link between morphometric discrimination N&fphrops

populations and population density across the grounds in the study

15
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1.3.Tables
Table 1.1. Overview of ovary development stages in feraphrops(from Powell and

Erikssm, 2013)

Stage  Status of female Ovary description
0 Not yet sexually mature or have White and threadlike §{1L..5 cm).
undergone resorption postmoult. Previtellogenic.
1 Initial oocyte development. Creamcoloured (2 cm). Early
vitellogenic.
2 Intermediateoocyte development. Pale green just visible throuc

carapace (2.5 cm). Mediul
vitellogenic.
3-4 Maximum oocyte development, Dark green, visible through back

stages could be split according to carapace (B.5 cm). Late

size of ovary. vitellogenic.
5 Almost spent. (Additional Mottled green/creansimilar in size
regeneration stage.) to stage 1 ovary.

16
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1.4.Figures

Figure 1.1. Geographical distribution dfephrops red points refers to species records
according to the Ocean Biodiversity Information Sys{@BIS) database. Figure taken from

Johnsoret al. (2013).

17
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Gonopore

First pleopods

Gonopore

Gonopore

Thelycum

Gonopore

B S\ ©

Figure 1.2. Ventral view of the posterior thoracic segments of: (a) Neglarops norvegicus

showing he genital aperture (gonopore) in the basal segments of the fifth pair of pereopods
(walkinglegs) and the first pair of pleopods (swimmerets) modified for copulation; (b) female
Nephrops norvegicushowing the genital aperture (gonopore) in the basalseigof the third

pair of pereopods and thelycum. Figure taken and adapted from Farmer)(1974b
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Figure 1.3. Ventral view dephrops norvegicuga) maleNephrops (b) male first pleopod
(swimmerets) modified for copulatiod@x magnification); (c) modified male second pleopod
with appendix masculina (10x magnification); (d) femidkphrops (e) female first pleopod

(10x magnification) and (f) female second pleopod (10x magnification). Photo credits: Conor

Smyth.
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Figure 1.40vary stages (s€kable 1.1) in mature femahephropgfigure takenfrom

Powell and Eriksson, 2013).
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Extruded Eggs

Thelycum

Figure 1.5Ventral view of femal®ephropswith extruded eggs underneath the abdomen, after

they pass through the thelycum surfdiguge takerfrom Queiréset al, 2013)
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Figure 1.6. Geographical location of ICES functional units @4} Highlighted inorange

are functional units considered in the studies described in chapters 3 and 4 of the thesis: Moray
Firth (FU9); Firth of Clyde (FU13); Western Irish Sea (FU15); Porcupine Bank (FU16); Aran
Grounds (FU17)South Coast (FU19); Labadie, Jones and Cockburn (FRIPOand The

Smalls (FU22). Figure taken and adapted from Ungfbed. (2013).
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2. Importance of suspended particulate organic matter in the diet oNephrops
norvegicus(Linnaeus, 1758)
Except for trophic positimestimates (improved hereirtipe results oftis chapter has been
published as a peeeviewed publication: Santana, C. A. S., Wieczorek, A. M., Browne, P.,
Graham, C. T. and Power, A. M. 2020. Importance of suspended particulate organic matter in
the diet of Nephrops norvegicud.innaeus, 1758)Sci Rep 10, 3387.
https//doi.org/10.1038/s4159820-6036 %x
Author contributionsA.M.P., C.A.S.S. and C.T.G. designed the study and carried out the
statistical analysis; A.M.P. and C.A.S.S. wrote the manusprigpared the figures and
reviewed the manuscript. C.T.G., A.M.WhdaP.B. carried out the fieldwork, prepared the
samples and reviewed the manuscript. A.M.P. and C.A.S.S. obtained the funding.

Abstract

The extent to which commercially importdephropsiorvegicudobsters feed on particulates

in the wild is unknown, evethough this could be an important way for burdwelling
females to avoid starvation during tH€ | ong
a n d°N stable isotope values tissues with long and short turnover rates to provide diet
discrimination and compare this between males and females. Secondary objectives examined
sizerelated differences and calculated the trophic position based on the new results.
estimates indiaked thatamost half the diet (47%) was made up of suspended particulate
organic matter (POMsp alone. Fish was another important item in the diet, with plankton and
invertebrate sources coming much lower down in dietary importance. Significantly more
sugension feeding was observed in small or medium sized individuals than large ones in both
sexes. However, there were no-sebated patterns, despite females being restricted to burrows
for part of the analysis period. Female diet was almost identcatatles and POMsp

comprised a large component of the diet in both séXss.trophic position was estimated at
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3.50 which wasaround the middle point dhe range reported in previous studies (2.60 to

4.32).

2.1. Introduction

Dublin Bay prawnNephrops norvegis, is a decapod crustacean and an important economic
resource in Europe: global production of this fishery was 59,033 tons in 2016 of which the
United Kingdom and Republic of Ireland were the main producers, capturiog3@p/08 and
10,379 tons per annurespectively during 20:2016(FAO, 2016) Nephropgopulations are
distributed on semsolated mud patches which are assessed by ICES as separate Functional
Units (FU), however t hi s rng guntas; and somes FUs o t
periodicall display signs of oveexploitation(Anon., 2011i ordanet al, 2013) The Marine
Strategy Framework Directive and reformed Common Fisheries Policy (CFP) require
ecosystenbased fisheries management which observesactions among all components of

the ecosystem, including trophic interactioftdobday et al, 2011; Johnsoret al, 2013;
Mollmann et al, 2014) Although not currently managed under the CFP, key gaps and
ambiguities exist in knowledge df e p h r diep atbfeeding ecology which should be

addressed, given their economic importance and occasionakgptaitation.

Nephropsndividuals are known to be opportunistic predators and scavengers, which seem to
have a diet driven by prey abundance rather pray preferencéChapman and Rice, 1971
ParslowWilliams et al,, 2002; Bellet al, 2013; Watt®t al, 2016) Diet from stomach contents
analyses seem to be similar across a wide geographical range in theasbetim Atlantic and
Mediterranean, compodemainly of crustaceans, polychaetesjlluscs and echinoderms
(ParslowWilliams et al, 2002; Bellet al, 2013) A considerable contribution to the diet is
also made by fish in southern Atlantic and Mediterranean sarfled-Frau andGallarde
Cabello, 1988; Cristo and Cartes, 199H8pwever some mystery surrounds the extent of

feeding on particulates iNephrops In the absence of alternative food sources, such as in the
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aquarium,Nephropswas demonstrated to feed on planktonic itéanger than 30600 um,
which were later recovered frorhet stomach and intestine of the anirflado et al, 1993)
But, although some studies use particulate organic matter (POM) as the bas@&lieghiaps
trophic position estimatiorilLoc’h and Hily, 205; Watts, 2012)no studies have directly

measured themportance of particulate food items in the dieNephropsn its natural habitat.

The lifestyle of male and femaNephropsdiffers significantly as females are restricted to
burrows while broodingembryos over a long breeding period, from six to ten thmn
depending on latitud@owell and Eriksson, 2013)herefore, it is logical to ask whether there

are sexrelated differences in diet arising from these lifestyle differences. Restriction to
burrows for most of the year is evidenced by a lower pergerdbfemales in fisheries catches
during the breeding season, whicheidendedin Irish and Scottish grounds ovantumn,

winter and earlygpring (de Figueiredo and Thomas, 196F)r this reason, a seasonal decrease

i n nutritionabnoeas,t ahtauss ,b eie ne.p rossdtieracadmeaded with r f e m
late Spring and Summer when they are observed to be present in the catch and actively feeding
after releasing their boals, moulting and matinfSarda, 1991, 199%ohnsoret al, 2013;

Watts et al., 2016; Powell and Eriksson, 20137 biochemical index for estimation of
nutritional statuof femalesfrom the Clyde Sea in Scotland suggested that, although females
had reduced nutritional status in thter, this was not sufficiently low to indit@astarvation
(Wattset al, 2016) At the same time, growth in females is also much lower than in males

(Hayneset al, 2016)and the respective diets of males and females are still not fully understood.

Suspension feeding has been identified as a pesstitategy for females to survive starvation
while they are restricted to burrows during the long breggderiod(Loo et al, 1993) Since
suspended food in the form of plankton biomass is seasonally lower durwgteefemale
burrow-dwelling period(Pinet, 2003;0'Boyle and Silke, 201Q)we propose that females

instead feed on suspended POM (i.e. RM POMusprepresents a complex microscopic

26



Chapter 2 6 Tools to examine Nephropsd di et

mixture of living and nodiving organisms including phytoplankton, fecal pellets, detritus,
bacteria andcheterotrophs, but with distinct isotopi@luesfrom phytoe and zooplankton,
particularly in coastal aregslarmelinVivien, 2008; Stowasseat al, 2012) that can be an
important food source to many organisms. The main aim of this study was therefore to
investigate the relative importance of PQMin Nephropé di et (al l sexes)
examine sexelated differences in diet during the SpriBgmmer period. Secondary
objectives were to compare the diet composition between adult size classesightvespect

some dietary differences betweere temaller and larger sizes due to differing abilities to
compete over prey or to handle different prey iteftable isotopes analysis (SIA) was chosen

to complement information from previous stomach contemaysegfGualFrau and Gallardo
Cabello, 1988Cristo and Cartes, 199BarslowWilliams et al, 2002; Bellet al, 2013) SIA

can more fully represent PQMpand softbodied prey items in the diet as well as providing a
time-integrated view of feedingo mpar ed with a O0snapshotodé pr o\
analysigWieczoreket al,, 2018) SIA analysis on tissues with different turnover rates can also
demongtate diet compositions over distinct peridésy, 2006) For example, in the present
study,i*3C and{it® N stable isotope valués long and shorterm storage tissues were used to
compare signals iN e p h rdeetpeatvéeen males and females, both in the period when females
were in burrows during the leagb to spawning and the period after fersdlad spawned and
were actively feeding, maturing new gonads and mating. A final aim was to determine
Nephrop$é t c mogitiori based on new SIA results from the present skatypurposes of

diet discrimination and hypotheses testitite SIA data wer@analysed within a Bayesian
framework, an approach which is increasingly used to address ecological pr(®deriavid

et al, 1997; Carrasco and Perissinotto, 2010; Faet#i, 2011; Negretet al, 2016; Segura

Garciaet al, 2016;Villegaset al, 2016; Bosleyet al, 2017; Hermart al, 2017)
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This study examined the importance of P§&dyas a food source in the diet of wlphrops
comparing this with other food sources. The specific hypotheses tested were: i) suspension
feeding is higher amontpe smaller (more vulnerable) adults, either because they remain in
burrows to avoid enemiesr because they are too small to handle larger more mobile prey;
and ii) feeding patterns are selated, specifically there is higher suspension feeding in
females than males during the period when females are brooding embryos and restricted to
burrowscompared with the period pespawning when they are actively moulting, mating and

feeding outside of the burrow
2.2.Methods

2.2.1. Study area

The research was conducted an inshore population at Clew Bay in the west of Ireland.
Samples were collectedinCl&vay (53. 87eN and 9.64eW) on sub
by mud and sand and in water depths ranging frofé® $n (average 20 m). The tidal range is

around 5 m anthe residence time of water in the inner bay is likely to be short, ~ZAlags.,

1999, D01). Pot fishing forNephropss seasonal in this area and runs from Aplugust,

therefore the field sampling programme was limited to this period.

2.2.2. Sample collection

All samples includingNephrops and putative prey (benthic macrofauna, zooplankton,
phytoplankton and suspended particulate organic matter), were collected from the study site on

two occasions which were eight weeks apart, i.e. on 882014 (nominated Spr i ng | on¢
oré Spr i n,gependingron the tissliesee below and Tab1) and the 25uly-2014

(6 Su mme ror 6lSaumgnte ri Tablke2.1). Naphropswere collected by baited creels on

both datesAs Nephropsnteracts with benthic communities both on and beneath the sediment,

these potential prey items were obtained in twosvéy) via five 15 min bottom trawl, using
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a standard 2 m beam trawl with a chain mat, a stretched mesh (bar length: 20 mm) and a codend
liner with a knotless mesh (bar length: 4 manyl (2) using a day grab Van Veen 12.1260
cm?/ 3.14 L. A total of T different putative prey taxa were sampled from different groups:
tunicates, polychaetes, bivalves, gastropods, crustaceans and fislottondates (see
Supplementaryrable A2.1 in appendix 1). Zooplankton and phytoplankton were sampled on
both days using 57 cm ring diameter and 250 um mesh-@/plankton net towed behind the
boat (15 min tows). The choice of plankton net assuNegghropscan feed on plankton items
larger than 3000 um (Looet al, 1993). Assuming thatephropsconsumers fell within the
range of diet sources in an isotopelmt, we could be satisfied that no important food sources
were missing from the analysis (inde#us was the casesee Results section 2.3). To sample
POMsusp Wwater samples were taken via a Niskin bottle trigjerearound 1 m above the
seafloor. All samples were held on ice during transit and then transferre@t@a C f r ee z e
until processig for stable isotope analysis.

2.2.3. Stable isotope sample preparation
Potential Nephropsf ood &ésourced tiasdaiosvs phwteplarktonpando c e s s
zooplankton samples were cleaned under the microscope.sugQ%s concentrated by
filtering seawater (around 5 L was filtered for each sample) on precombusted glass filters and
stored fraen (2 0 e C) suspSBNEPMs were adiwashed to remove any carbonates, which
consisted of adding 1 ml 0.1M HCI, following the protocol developeddnpbet al. (2005)
All macrofaunal items that were dominant in both abundance and biomass in grabs were
sampled for SIA using various tissuegpending on the organism (s®epplementary dble

A2.1in appendix Xor details).

6 C o n s uNeyhmod tisfues were subsampled from the fisheries catch by selecting n=10
replicate individuals within each diree size classes (small, medium and laige)oth sexes

(seeSupplementary dbleA2.2 in appendix L After thawing at room temperature, carapace
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length, weight without chelipeds (to avoid bias due to claw loss) and sex was recorded for all
individuals Nephropstissue was sampled from musclailft and hepatopancreas for both
males and females, with hepatopancreas in this case representing atshargtorage tissue

and muscle representing a longerm storage tissue (see below).

Alltissuessam@d wer e oven dr i edatleast48h. ach driedlsanple at 6
was then ground with a mortar and pestle to a fine homogenous powder. Varying amounts of

l i pids amongst speci es an'disbtopsaluesifotrgmowed c an
from the tissue prior to measurem¢Rbstet al, 2007) Therefore, all source and consumer
samples underwent lipid correction of three 8 ml washes (or until the supernatant was clear) of

2:1 chloroform:methanol solvent according methodologietigpped byBligh and Dyer (1959)

Samples were again dried in the oven at 6 0 ¢
Aliquots of lipid extracted tissue of 480 0 ¢ g wer e wei ghed into tin
analysis.

Stabl e i s d%ampd@®N)bfalt sanopkes wenineasured at the Stable Isotope Core
Laboratory of Washington State University using an elemental analyser (ECS 4010, Costech
Analytical, Valencia, CA)onnected to a continuous flow isotope ratio mass spectrometer
(Delta PlsXP, Thermofinnigan, Brememnde x pr essed as parts per t
details can be found in the Supplementary Metl#&i4 in appendix L

2.2.4. Data analysis
The package SIMMR Stable Isotopes Mixing Models in BParnell, 2016)was used to
estimate the likely contribution of eaphtative food source to the dietldéphropdy solving
mixing equations for stable isotopic data within a Bayesian framework. SIMMR model outputs
are posterior probability distributions representindittedihood of a specific source being part
of the det of the consumer, with their respective credible inter&MMR was run based on

the following input datafi **C andii'®N isotopevaluesof consumers, mean*3C andii'°N
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isotopevaluesof sources i.e. putative prey groups and their standard deviations and estimates
for 13C and™N trophic enrichment factors (means and standard devidtises below).

For the initial analysis, to show the importance of P&yVin the diet and to ensuthat all

dietary sources were captured in the analysis, sources were divided into seven taxa/groupings:
(i) Crustaceans; (ii) Filter feeders; (iii) Fish; (iv) Phytoplankta);Rolychaeta; (vi) POMsp

and (vii) Zooplankton. Meanwhile, consumers wereuged in all possible combinations of

size (small, medium, large), sex (male and female) for long /-sdront storage tissues
(respectively, muscle and hepatopancreas), pmoyidi2 different combinations overall.
Comparison of diet between these consugreups formed the basis of further hypothesis
testing, i.e. statistical comparisons of O6ac
i n O0Stati st i.drelSIMMRmodal was run twiee lbasedisatoe valueqfor

both consumers and food sources) collected in each of the first and second sampling days. Next,
four experimental timé P e r weraldefined based on the combination of the two sampling
dates ad two different tissues representing a long (muscle) or @nepaitopancreas) residence
times i 0O(Table2.1). Residence time for muscle tissue was 81.1 days, obtained from isotopic
incorporation rates and discrimination factorsNaogonodactylus bréa (mantis shrimp)
(deVries et al, 2015) whilei dor hepatopancreas was estimated as 19.3 days. This was
calculated from thé3C haltlife for hepatopancreas tissues@allinectes sapidugVedral,
2012)(further details of these calculations canftmend in the Supplementary Method&.1

in appendix L

Trophic enrichment (or o6fracti oiCandio®es@3d f act
4 f &M weike chosen, based on estimates from mantis shrimp nfdeviéeset al, 2015)

which is thebest taxorspecific information available. Thesalues contrast with widelysed

values from previous metnalysis(McCutchanet al, 2003)that present averages from 61

different species of aquatic and terrestrial vertebrates and invertebrates iaty oftaxa:
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arthropods, molluscs, nematodes,dbjr fish and mammals (for information, values in
McCutcharetal.(2003wer e 0.5 N30 .ahd 2 .o fN)NevértBeleds, f or U
we chose the mantis shrimp valyegVrieset al, 2015) firstly, becausévicCutchanet al.
(2003)TEFval ues showed to be i nad%CquaaitNesoiopsi nce
values of consumers laid outside the mixing polygmecondly, on the basis that these
fractionation values were calculated from a decapod crustacean: taxombatgciness is

important due to evidence that TEFs are tagpecific due to shared physiological peeses

at taxon level[Vanderklift and Ponsard, 2003; Caaital, 2009; Suring and Wing, 2009; del

Rio and Carleton, 2012; Renst al, 2017) finally, the values indeVrieset al. (2015)

represented lipitorrected stable isotope ratios for consumerspaay, as also used in our

study, and were from a dishift-controlledlaboratory experiment.

2.2.5. Statistical design
Each group of consumestbjected to hypothesis testing included 10 replicate consumer
samples (n = 10). This sample size seems adequate tstrapped simulations, which have
shown an absence of large biases in statistical inference of stable isotope data with >8 replicate
consimer samplefPearson and Grove, 2018pr hypothesis testingpurces were combined
by the dombkcitn eo osfadusSIcMMRO package into dacti ve
polychaete, crustaceans and g ghyigplangtondandd s u s p «
zooplankton) . I n order to test our hypot hes:¢
by consimers were compared in several ways. B&ated differences in consumers were
examined across all 8 possilitte x 6 x 0 P e ronsqick.Gall coronbméations af males
and females in 4 time periods). Setated differences in consumers were examawrdss 6
combinations of 3 @®Sipza dhapddlSoumuste riThdsepergude r i o d s
represent an equivalent number @éding days but with the key differencethaS pr i ng | o n¢

included part of the period where females were broodingysebn Clew Bay, i.e. up until
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~10" April (Poweret al, 2019) whereasd S u mme rwad aonorgréoding period. Any
dietary differences associated with female brooding could be judged against males using this
comparison. Please note that, as they haddospleted their reproductive cycle and had
spawned, none of the females sampledaigtwontained embryo masses, however we could
assume that 892% of our sample (n= 60) of females had bred, based on previougdeork
Figueiredo and Thomas, 196ihomas, 1964; Thomas and Figueiredo, 1965; Farmer,d974

The suspension feeding contrilout was compared across each of the above groups using the
function6 ¢ o mp a r efrom theoIMMR package. This function gives the probablity

of O6any gpropartionsanconertreaém@nt being greater than the proportion of the same
sourceinanot her tr pa* 0085 rdnsidereditd itdicate significant differences

(Masson, 2011)

The trophic position oNephropswas determined based on tketope vduesof consumers

and prey according to a modified version of the followengationVander Zanden and Fetzer,

2007)
"YO _ 1 0 1 0 Tw (eq.2.1)
Wherd 0 is the isotopic signature of the consurNephropst is that of the food base

(hereinfilter feedery , o i s pdsitioa of the agesi i2=or pimary consumersand

w is an estimate of the average increasgthlper trophic position/ | ev
based on estimates for aquatic food w@bast, 2002,Vander Zanden and Fetzer, 2007)
However, becasie t h e NHEdsigrificantly IGwer for decapodsieVrieset al, 2015)

than for many other tax@ost, 2002McCutchanet al, 2003; Vander Zanden and Fetzer,

2007) we modified the e®.1 to incorporate this and prevent an erroneous underestimation of

N e p h rtroghis @bsiton, as follows:

YO p _ 1 0 md | O Tw (eq.2.2)
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Where 0.9 i &N df mantis SHERHddVoeset al, 2015)corresponding tahe
average increase @¥°N per trophic position/level; this was subtracted fromisloéope values

of the consumers in e@.1 to facilitate a more accurate trophic position calculation for a
decapod, as is the case in the present study. Becausmahipulation of the equation
underestimates the trophic position in one level, a correctianre@uired by adding one

trophic position / level at the end of the calculation, as seen hZq

For estimatindNephrop$overall trophic position, thisotope valuesn the tissues (muscle and
hepatopancreas together) of ainsumergn = 120)and fiter feeder sources (baseline)
sampled in both sampling days were usHte overall trophic position, as well as the ones
concerning the experimental time periodsSpr i nng Sp o ng,® Sumonretradldl on g 6
0 Summer weseh estintateéd according ta Bayesian approach by the package
tRophicPosition (QuezaeRomegialliet al., 2016) for R environmeniThe mean value and
standard deviatiorpé 3.27 and sd = 0.42, respectivety)previous trophic position estimates
(Loc'h and Hily, 2005Hill, 2007; Wdts, 2012were used to build a normal distribution which
was used as for distribution in the estimation of the trophic positidirophic position
estimates were compared by the functorc o mp ar e T w o Dfrom tthe ipdckagei on s 6
tRophicPosition (QuezaeRomegialliet al, 2016)with peic > 0.95 considered to indicate
significant differencedetween trophic positionaccording to the Bayesian paradigm (see
above.
2.3.Results

2.3.1. Importance of suspended particulate organic mattertoNe p h rdeep s 6
Consumer isotdp values fell within the range of food source isotopic values for all four time
periods (Figure.l), indicating that all majoNephrop® di et ary sources wer .
analysis and no important dietary sources were missing. Thigyameent betweeconsumer

and source values is a precondition for the SIMMR Bayesian mixing model to work adequately
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(Phillipset al, 2014) The SIMMR model outpuhdicatedthat POMuspand fish were the main
food sources for all consumer groups &énte periods in thanalysis. The estimated means of
POMesuspcontribution to the diet ranged between 124Y.4% but was generally high, >20%
(Supplementary Table A2.3 in appendix 1). Meanwhile, apart from fish, contributions from the
other sources (phyt@nd zooplanktonjlfer feeders, polychaetes and crustaceans) were much
lower, with means ranging from 21%5.6% (Figure 2.2). The estimated means for fish
contribution to the diet ranged from 18.50.9%. Therefore, the main question about the
importarce of POMuyspin Nephrop®d di et was accepted to be th
combining sources, the estimated means of 0
crustaceans and fish) ranged from42.6 . 2 %, whi |l e t hat i.coOFOMG$S US pen:
phytodankton and zooplankton) ranged from 26KA5%. More details on average
contributions from all food sources and pr
O0suspensi oNephfogbe ddiinegt6 ctaon b e s e enentary €able A28t i vel
and Supplementary Fig. A2.1 in appendix 1.

2.3.2. Sizerelated differences inNephrop® di et
There were some significatNephropssizerelated differences in suspension feeding (i.e.
POMsusp phytoplankton and zooplankton). The results showed that suspensiary femok
place significantly more in small or medium sized individuals than large ones. Surprisingly,
this occurred more frequently in male comparisons than in females. Suspendiog feas
significantly higher in the small and medium sized males compaidadger males in the early
time period, i.e6 Spr i n §" Marcha 898 May (Figure2.3). In the late time period, i.e.
6 Su mme r (4" IMayn-@%" July), it was significantly higher only in the small males
compared to large males (Figur&)2 For females, the small size class was significantly more
likely to suspension feed than larger ones indtt® p r i n perios (LB 129" day) (Figure

2.3). No significant differences could be detected between the size groups in either sex in the
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6 Su mme hime peribd (& - 25" July) (Figure 23). significant sizerelated difference in
suspension feeding in the diet i.eicp> 0.95 (provided by th8IMMR package according the
Bayesian paradigm).

2.3.3. Sexrelated differencesin Nephrop® di et
The compason of suspension feeding between males and females produced no significant
results across time periods including arch - 29" May (6 S p rl ion,gliich includes
part of the long breeding season of females, dhtldy - 25" July © S u mme ) whéno n g 6
both sexes are ndsurrow dwelling and capable of feeding outside of burrows (Figure 2.4).
The contribution of active feeding and suspensiedifeg to the diet of males and females was
also equivalent, with imperceptible differences observed betiteerexes (Supplementary
Fig. A2.1in Appendix) . Thus, the hypothesis of differe
related to the reproductivgde of females is not upheld at Clew Bay.

2.3.4. Trophic position of Nephrops norvegicus
The overall trophic posdn of N. norvegicusn Clew Bay, based on isotopic signatures in
muscle and hepatopancreas (considered together) was estimate®I36, benich represents
the mean of the posterior distributiomer allexperimentatime periodsThe trophic position
across different periods varied froB126(6 Sp r i n)go 3§ &u mihe r). Se@Tblg 6
2.2 and Figure 2.5espectivelyfor trophic position estimates arib% Bayesiarcredible
intervalsfor thoseestimatesThe trophic position estimates for the tineipdsé Spr i ng shor
ando S u mme rwere sigmificantlydifferent between them and from the other estimates
Gb6SpringSubomgddé 3 wmngedr andohQvr et)rdath geid> 0.95 (see non
overlapping 95% credible intervals in Figure 2.5).

2.4. Discusson

The primary aim of thisesearch was to investigate feeding on suspended particulate organic

matter (POMusp in wild Nephropsas this may be a mechanism of avoiding seasonal starvation.
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Before looking at its contribution to the diet, we could esthliliat we had captured alia
important dietary sources by the arrangement of isotop | u e s 3¢ n /N dirpdots U
(Figure2.1). The position of consumer tissues within the polygon of sampled food sources for
each of the four periods indicated thatimportant foodource(s) were missing in the analysis.

It is important to emphasize that Bayesian SIA models are extremely sensitive to variations in
the values of TEFs (Bond and Diamond, 2011). Indeed, if the commonly used TESfoalue
marine consume wereusedinth anal ysi s: %¥C 5an\d 02.133 RN Of.olr8 U3
(McCutcharet al, 2003)instead of thetaxece peci fi ¢ one used ¥erein:
and 0.9 N®D(deSrieset af, 2045), the isotope values of consumers would lay
outside thepolygon of sampled food sources for each of the four periods and thus the analysis
would be useless. Trophic enrichment factorswsr@oubtedly a critical point in SIA, since

they might be inflenced by many aspects e.g. taxa, diet, tissue type, envirbanctipid
extraction treatmen{€autet al, 2009).Perhapsfurther investigationsight confirm deVries

et al. (2015) 6 T ©OFSIAnENeph® ab eeengetarnunplausitdet e
values for themgonsidering all aspects abexeentoned or any other that might influence
those values.

At times, almost half (47%) of the diet Nephropswvas made up of POMs, These lobsters

did show variety in their diet, however, and drtimportant item in the diet was fish, while
plankton and ingrtebrate sources came far below these items in dietary importance. Reliance
on POMusp and fish, rather than on invertebrates, appears initially surprising considering
predominance of invertesites in stomach content analy&sarslowWilliams et al, 20@®; Bell

et al, 2013) However, many crustaceans are predatory on fish, which is apparently
independent of their sizélickmanet al, 2001). Capture of flatfish, for example, may present
little difficulty to Nephrops whose diet may also be subsidisedrfrdiscards arising from

inshore fishing activity in Clew Bay. The high level of feeding on particulate matter was more
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surprising, howeverrther burrowing decapod crustacelleotrypaea californiensjshas
recently been shown to be primarily reliant ddN®suspas a food sourc@osleyet al, 2017)

Due to their burrowing lifestyle and long breeding season in females, much effort hastgone
investigating seasonal starvationNephropgMenteet al, 2011;Rotllantet al, 2014; Watts

et al, 2014 2016). The ability to feed on particulate food sources would help to counteract
starvation brought about by these lifestyle restrictions. WKephropsindividuals were
maintained in unfiltered seawater in an aquarium, they showed an intermediate nutritiona
status between control animals with no access to food and those from the wild, which was
suggestive of suspension feeding, at l@asixtremiswith no other food availabl@_oo et al,

1993) The present results add to this by demonstrating the imperthsuspension feeding

to the diet of wild individuals, showing that they utilised this food source at a significant level.
Previous work has theorised that®&®3% of daily energy intake was available for growth from
suspension feeding at sufficient peutate densitie@ParslowWilliams et al, 2002) Although

our study does not address energy intake directly, our estimates of suspension feeding in the
diet often reached 50% (particularly in shtatm tissues). This likely represents a considerable
amauntof suspension feedinderived energy available for growth (Supplementary TABI8

in appendix L

In fact, it has long been acknowledged that R@Ns an important seasonal source of food for
benthic organisms iwinter (Riley, 1971; Darnaude, 20p3Not all suspended food particles
were equally important, however, for example phwtod zooplankton were far less important
than POMuspin Nephrops(Figure 22; Supplementary Tabla2.3 in appendix L Sediment
organic matter (SOM) could be anotherpontant food source for benthic organisms like
Nephrops A practical difficulty is distinguishing SOM from PQM, because the latter
eventually falls tole seafloor and therefore forms one component of the SOM. Although we

cannot discount the possibilitizat, as well or instead of feeding on PQM Nephropsalso
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picks POM up off the sediment while deposit feeding on a mix of SOM/POM, we do not have
evidence to support this idea. PQM and SOMcan showdistinct isotopic signatures
(Ziolkowska et al, 2018) For example, compared with PQM, SOM was shown to be
enri ch®d ainnd Ud e p°N dZiokalvska et al, i2018) Had SOM with this
(Ziolkowskaet al, 2018)profile been substituted for PQMpin the present studyyephrops
samples would have fallen outside the isotopic polygdnsAo , *Ct W Widplot in our

study showed no missing dietary items, which might have been edpeate SOM been
important in the diet. Other studies have also shown distinct POM and SOM sigfdilires
2007;Carrasco and Perissinotto, 201Bytue studies combining fatty acid analysis and SIA
may further disentangle the various sources of orgaaiticplates and their relative
importance, including sources found inside lobster burrasvg. Bosley et al. (2017
Furthermore, next generation seqci@g (NGS) such as DNA metabarcoding that allows the
characterization of many consumed species simetiagly (Pompanoet al, 2012) may be an
important tool to improve feeding ecology studies conceriNeghropsor other decapod
species.

The hypothesisuggesting a sizeelated difference iNephropsdiet was accepted for several
comparisons. Suspension feeding was higher in smaller compared to larger size classes for
males in particular, e.g. durifigS p r i n §" Marcha 296May (small and mediurmales
compared t o |Sumrgeelonin4"Mays P5" duly ¢smadl males compared to
large males). Males may suffer more competition for active food items than feialeter

et al, 2019)which may force smaller individuals to rely on parti¢elBbbod sources. The same
sizerelated differene, i.e. a higher proportion of suspended food in the diet of small females
compared with larger ones, was borne out in only one time period: $p r i nfpedimgh or t 6

on 10" - 29" May. This was not seenrfo t he equi val ent tSinmeue | at

shord  d"m 258 July. Interestingly, the sizeelated differences we observed did not appear
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to be related to a limitation on predation capacity in smaller lobsters. Indeed, at times, the
contributian to the diet by fish was even higher in smaller individuals than in the larger ones,
e.g.with mean values 0f8.1% versus 44.0 % and 44.7% versud 28 for small versus large

males in two of the four periods analysed (Figug& Supplementary Tabl&2.3 in appendix

1). However, without further research it is difficult to interpret the reason for this, for example,

it is possible that smaller indivda | s may feed on fisheries dis
leftover prey.

Although the isotopic signatdm long and shoitierm storage tissues varied substantially, there
was no difference in 0Springé and dSpaedner 6 d
(Supplementary Fig. A2.1 in appendix 1). The difference between long andeshostorage

tissues arises because these represent different time intervals, 19 and 81 days respectively.
Active feeding was higher in loAgrm storage tissues, wieas suspension feeding was
increased in shoterm tissues (Supplementary Fig. A2.1 in appendix 1). Withaher
experiments, the reasons for this are unclear, however.

The hypothesis related to segecific diets was rejected. Males and females wenankably

similar in diet, even in the Spring period"(&arch - 29" May), even though the tissues
sampl@ from this time represented a period when females were mostly broadingl

release at Clew Bay begins around the second week of April (Rdwer2019), until which

point, the females stay inside burrows to brood their developing emb@us resuls
demonstrate that this period of burrow dwelling does not prevent females from accessing the
same food items as males. It has been suggested ¢daigeoy females during the breeding
season may simply take place closer to the burrow matoh et al, 2013; Wattset al,

2016)or females may bury food within or adjacent to burrgwatts, 2012) Although the

sexes have similar diets, as shown in the present study, the overall opportunity for feeding may

be reduced in females. However, starvation axespecific reduction in nutritional status has
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been previously examined and found to be abgafatts et al, 2016) with corroborating
evidence from biochemical markers that suggest good nutritional condition throughout the year
in females(Rotllantet d., 2014) Although Clew Bay is a particularly shallow site, the same
major food groups (i.e. @hkton and particulates, macroinvertebrates and fish) are available in
deeper habitat&Chapman and Rice, 1971; ; Giahu and Gallard€abello, 1988; Cristoral
Cartes, 1998; ParsleWvilliams et al, 2002; Bellet al, 2013; Wattst al, 2016) Nephrops
diurnal emergence does vary with defithuriaet al, 2015)but we can think of no plausible
reason for this to interact with the availability of PQMor ather food groups. Therefore, we
believe the results are transferrable to otiephropspopulatons, although other locations
may have slightly different groups of macroinvertebrates (echinoderms, in particular, were not
abundant in the sediments at CleayiR

Based on isotopic signatures in the present stuidy,v e tropHiclle@el was calculated to be
3.50i.e. approximatelyin the middle point of therangeof previous estimates fdMephrops

2.60- 4.32(Loc'h and Hily, 2005Hill, 2007; Watts, 2012)hat were also derived using SIA.
Trophic position at S p r i n gvas signiicanty dower than the estimateat other time
periods(6 Ov e, )6 &Iplr 6 ndg S U mm g Bandd IS @ Mmtmé §, whilecan igvérse trend

was observed for the trophic positionda S u mm e which veas gigaificantly higher than

the onest the other time periodé Ov e, 6 &lplr ® N, S h 0 Napdd ISeamgn& . s hort
This output is consistent with a higher and lower consumption of fisk128 and POMsp
(12-23%)in 6 u mme r, ad welhagyith an inverse trend i S p rs ih o gsh and POMusp
consumptions respectively around-28% and 3247% (see Figure 2.2 and Table A2.3 in
appendix) It is important to emphasizbatSIA can reveal lower trophic status in cangers
compared with stomach contents analysis, becauskttee can underestimate stivdied
prey(Wieczoreket al, 2018) In the case dllephropsit would be almost impossible to detect

the fact that up to half of the diet derived from P&JMin stanach contents. Such
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disproportionate measurement of prey items acts to artificially inflate trophic position based on
stomach contents alone.

As the present study shows, smaller and mediised males fed on significantly higher
suspended food than largeres, therefore th@otential to suspension feed may be an important
mechanism for avoiding aggressive encounters over food between males. This is potentially
important because the growth (and hence biomass) of male individuals is strongly-density
dependat at Clew Bay(Merder et al, 2019):- densities at Clew Bay vary between 0 and 15
individuals per pot fishe(Poweret al, 2019) Body size also varies across fishing grounds
smaller Nephropsare found at FUs with higher stock densities, most likaslyaaesult of
reducel growth potential due to intraspecific competit{@ohnsoret al, 2013; Merdeet al,

2019) We suggest that feeding on POM is an important lifestyle adaptation in both males
(counteracting competitive interactions) and femalesr(@racting burrowdwelling) but that
Nephropdiet is remarkably similar in the sexes. The knowledge that fish is also an important
component of the diet in all groups examined at Clew Bay means that, in theory, reduced
subsidy from fisheries discards twasengers lik&Nephopsunder the EU Landings Obligation

could affect feeding opportunities for this species in the future.
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2.5.Tables
Table 2.1. Time periods sampled based on retentiondficerbon anchitrogen stable isotopes
in short and longerm storge tissues ilNephropsconsumers collected on 2 sampling days in
2014 (Supplementary Methods A2.1 in appendix 1 provide more details about residence time

calculations).

Period name Sampling day Tissue Residence time Period

Spring long 29" May Muscle 81days 8" March- 29" May
Spring short 29" May Hepatopancreas 19 days 10" - 29" May
Summer long 25" July Muscle 81 days 4" May - 25" July
Summer short 25" July Hepatopancreas 19 days 6 - 25" July
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Table 2.2. Trophic position dlephropsnCl ew Bay ( 2 0% )a iNlvaiese d o n
from different time periods represented by ldagn storage tissues (musc&Spr i ng | onc¢
ando S u mme yand sborternd storage tissue (hepatopancréaS.p r i n andosShuont niedr

s h o.rSeedrable 2.for relevant time periods.

Period Trophic Posibn
Spring long 3.53
Spring short 3.26
Summer long 3.72
Summer short 3.51
Overall 3.50
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3. Theoretical size at the onset of maturity and itslensity-dependent variability as an

option in crustacean fsheries management

This chapter has been published as a-pmgewed publicationSantana, C. A. S., Lordan,
C., Power, A. M. (2020)Theoretical size at the onset of maturity andi@ssitydependent
variability as an option in crustacean fisheries ngangent. Submitted to ICES Journal of

Marine Science.

Author contributions: A.M.P. and C.A.S.S. obtained the funding, designed the study, carried
out the statistical analysis, wrote timanuscript, prepared the figures and reviewed the

manuscript; C.L. praded the dataset for TSOM estimation and reviewed the manuscript.
Abstract

Theoretical size at onset of maturity (TSOM) for fembliephrops(Norway lobster) was
estimated by a new metthology based on probability distributions of mature individuals built
on physiological maturity measures (sidependent gonad staging). Onset of maturity using
TSOM varied froml 8-3 8 . 7 carapace length for the Irish functional management units
(FUs). These estimates showed a significant negative linear relatiorRhip @ . )6with
population density at all FUs / years, and a significant positive linear relationship with average
size in females (both mature and immat&®es  0). L& was linked tolie new TSOM metric

by a significant positive linear relationshiR?(= 0 . }4 This set of linear relationships
ultimately allowed TSOM anddggto be estimated without a requirement for maturity stages to
be distinguisheddA s  w ecbritributing to stock assessment and managemexeplirops
(e.g. in datdimited FUs) and itgotential for calibration of more routinelysed estimates,
TSOM might be applied in new species and naatalyses where size of maturity data are

scarce. This ew metric also bettedefinest he mat ur ity procdS0, si nce.
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Lsoand SBF rpresent sequential maturity events: i) onset of maturity, ii) 50% mature (from

gonad staging) and iii) berried females.
3.1. Introduction

The beginning of sexuahaturity presents great variability among species, populations of the
same species or even amondiwduals of the same population (Fontekgkho, 1989). The

range of size classes at which individuals in a population reactal maturityis used to
estimate a proxy that is used to indicate the size at which a population or stock reach the sexual
matuity, i.e. size of maturity (SOM) (Fonteldsilho, 1989) SOM is important for stock
assessment and management of valuable fisheries resources as this directly impacts various
management activities and practices, from the estimation of the spawnthkgpstential to
adoption of a minimum landing size e.g. Hilborn and Walters (1992). tioadlily, size and

age of maturity have been considered static for the purposes of stock assessment, however
contemporary research indicates potential spatial andaetvariation in SOM related to

fishing pressure and population density (LowdBegbier et al, 2011; Queiro®t al, 2013;

Haig et al, 2016; Waihecet al, 2017). As a consequence, periodic estimation of these life
history parameters recommendedThis is all the more important since densitygpendent

size structure has been shown instagean species such erway lobster, southern rock
lobster, Oregon shore crab and shaoged cral{Bailey and Chapman, 1983; Hines, 1989;
Briggs, 1995; McGarvewt al., 1999; Tucket al, 2000; Johnsoet al, 2013), as well as in
different fish species e.g. bicolor damselfish, perch, flatfish and haddock (Lorenzen and
Enberg, 2001; Hixort al, 2012). For some crustacean species, this dedefigndent size
strudurealso seems to scale with SQMines, 1989Briggs, 1995; Tuclet al, 2000; Queirds

et al, 2013). SOM may also scale with fishing pressure, e.g. in the rock lobster, although the
genetic and ecological drivers were difficult to separate (Polloclg)18B:thods to estimate

the SOM quickly, relialy and routinely are therefore required.
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Sexual maturity is a gradual process that includes gonad development, gametes maturation and
liberation of spermatozoids, ova or fry, to the environment (ForEles, 198). It is
associated with alterations both external morphology and internal physiology, on which
bases different types of maturity can be defined; physiological, morphometric and functional
(Waihoet al, 2017). Physiological maturity is definedthecapacity of individuals to produce
gamets (Waihoet al, 2017). In crustaceans, this is directly observed via primary sexual
characteristics: gonadal development and colouration in females and presence of
spermatophores in the vasa deferentia in sn@oQuaidet al, 2006; Queiré®t al, 2013;

Haig et al, 2016; Waihcet al, 2017). Morphometric maturity, on the other hand, is inferred
based on allometry in the growth of certain body structures (i.e. secondary sexual
characteristics) that may occatrthe onset of sexual maturity (MacDiarmidda8aintMarie,

2006). This allometry is theoretically related to physiological and biochemical changes during
sexual maturation, including differential somatic growth, activities associated with mating
behaviow and associated energy expenditure (Queiedsl., 2013; Haiget al, 2016). For
example, alterations in the allometry of chelipeds / appendix masculina (males) or abdomen
width (females) are essential structures related to antagonistic behaviour shigotrt
copulation (males) or an enhanced ciéygao accommodate eggs (females) (Farmer, 2974
McQuaidet al, 2006; Queirdst al, 2013; Haiget al, 2016; Waihaet al, 2017). It is important

to stress that morphometrics remain an indirect measureatdfrity that are potentially
complicated by #fjht differences in phenotypes from place to place (the latter may or may not
be associated with maturation). Finally, functional maturity is defined as the ability of
individuals to mate successfully and toguceoffspring (Queiréset al, 2013; Haiget al.,

2016; Waihoet al, 2017). This measure requires individuals to be physiologically and

morphometrically mature (Evames al, 1995; Haiget al, 2016; Waiheaet al, 2017).
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In female crustaceans, maturig/generally estimated by direct methods observation of
physiological characteristics (Farmer, 16;7dayakody, 1989; MacDiarmid, 1989; Briggs,
1995; Bianchiniet al, 1998; Tucket al, 2000; Menteet al, 2009 ; etvah UG Vi |
Peixotoet al, 2018). However, there is a variety of physiologicased criteria to define size

of maturity in female crustaceans, such as, the smallest female with ripe ovaries, carrying
spermatophores or eggs, the sizsslimost frequently carrying eggs, the madalldemales
carrying eggs, and so on (Evastsal, 1995; McQuaicet al, 2006). Estimating the SOM then
becomes a complicated issue since this will depend on the method employed in the estimation
and withoutstandardization, these estimates are notyeesmpared (Lowerrdarbieriet al,

2011; Haiget al, 2016). Unfortunately, estimates based on these primary characters are prone
to bias due to seasonality in the female reproductive cycle, which can isgmpkng artefacts
(Queiroset al, 2013). Fo males, the issue is even more complicated, where the determination
of physiological maturity requires observation of internal structures by expensive and time
consuming histological techniques (Farmer, X9 Rbtllantet al, 2012). Once the maturity

metic is decided and data collected, estimates can be compared using the size class at which
50 % of the females are sexually maturey)i(Morizur, 1983). However, these estimates may

still be under or overestmated due to the difficulty in sampling snealland immature
individuals, or due to misclassifications e.g. females with regenerating ovaries that can be

improperly classified as immature (Fontekgtho, 1989; LowerreBarbieriet al, 2011).

Estimating ®M from morphometric data i.e. morphologicalat ur i ty or 6 MSOMbS
proposed as an alternative to physiologlwased methods, since these are easier to obtain (at
least for males), less prone to seasonal biases, and enable identification of reiznzig
independent of gonad development (&rmid and SairMarie, 2006; McQuaicet al,

2006; Bellet al, 2013; Queirét al, 2013). Indeed, this methodology has been widely used

in crustaceans including edible crab (Hataal, 2016; Ondest al, 2017), Caribbean lobster
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(Cusba and Param@017), Urugayan lobst€BeverineRodrigueset al, 2016); spiny lobster
(Evanset al, 1995), spotted spiny lobst@tvanset al, 1995; Wynne, 2016), mangrove crab
(Leme, 2005) andmarbled fiddle cralb(Hirose et al, 2013). Morphological maturity is
generally identified after investigating changes in allometric relationships, usually size of
structure O0x06 relative to carapace, i denti f
relationship, usually @ parial regression. Still, Conaat al. (2001) suggest that bivariate
analysis, on which identification of MSOM relies, may be inappropriate in crustaceans, due to
inconspicuougrowth stanzas in this taxon. Previous studies on morphological maturity in
Norway lobsters estimated MSOM based on different body structures and geographical areas
to be approximately 284.6 mm and 2464.09 mm carapace length (CL) for females and males,
respectively (Farmer, 19@4Hillis, 1981; Moriet al, 1996; Maynou and Sda&, 197; Tucket

al., 2000; McQuaicet al, 2006; Queiro®t al, 2013). One drawback related to the MSOM
estimation in this species was the great variability arising from use of different body structures,
which prevented a reasonable choice of the ngstopiate MSOM, as seen in Queirésal.

(2013).

To further complicate matters, morphometric and physiological maturities are not necessarily
synchronized and represent different snapshots in the individual reproductive cycle that prevent
absolute comp&onsbetween them (Haigt al, 2016; Waihcet al, 2017). LowerreBarbieri

et al. (2011) note the absence of methods that can definitively distinguish between immature
and mature marine organisms, stating that approaches linked to other featuresatdithiom
process, such as brain chemistry, endocrinology or aspects of the liver (due to its active role in
vitellogenesis), might address this issue. However, improvements in analytical approaches
such as probabilistic maturation reaction norms andsstai techniques could also be

important tools to address this matter (LoweBegbieriet al, 2011).
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The main aim of the present study was to propose a new methodology for estimation of the
size at the onset of maturity called the theoretical sizeeabrisé of maturity (TSOM). The
proposed methodology is based on probability distributions of mature female carapace lengths
that were built according to physiological maturity information provided from annual stock
assessment exercises. Theoretical pritibabdistributions of immature female carapace
lengths were then created using information extracted from the probability distributions of the
mature ones. The new method uses data routinely collected in stock assessment exercises by
national responsiblergankations. This fact simplifies the task of estimating the size at the

onset of maturity and is less tineensuming than other approaches.

The particular case study for this new application is the Norway |lds{@nirops norvegicus
(henceforth calledNephrogs) which is the most valuable crustacean species exploited across
the Europe Union with capture of 56,696 tonnes in 2017 (FAO, 2020). This species can be
found on the continental shelf and slope across the northeast Atlantic, south to Portudlal, as we
ason grounds in the Mediterranean, Adriatic and Aegean seas, where it inhabitsadetad

muddy grounds that are assessed by ICES as separate functional management units (FUs)
(Johnsoret al, 2013). Due to occasional ovexploitation of some of #se F$ (Anon., 2011;

Lordan et al, 2013), there is some concern about the sustainability of this species and

employment of robust methods in its assessment and management are necessary.

Secondary objectives in the present study were to estimate the ©&female Nephropsat

different Irish functional units, as well as to test the hypotheses of an inverse relationship
between TSOM and population density (Sarda, 1995; Queir@, 2013). To determine

whether the new method is robust, TSOM was compartidexisting measures including:

smallest berried female (SBF), size at 50 % maturigg,(L whi ch represents |
standardé in routine use current$S9QM, dedroagge

carapace |l engths rfdspmat ure and mature) a
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3.2. Methodology
3.2.1. Theoretical size at the onset of maturity
3.2.1.1. Dataset

The dataset used for estimation of the TSOM in females was provided by the Marine Institute
(Republic of Ireland). It consisted of annual time series (ZB) of Nephropscarapace
length (CL) across lIrish FUs (Tabg1) with classification of physiolagal maturity stages
(females) according to Mengt al. (2009). From this dataset, females were distinguished as

either (i) immature or (ii) mature, where (i) corresponded to matutdgesl termed

OFemal e _Pal ed in the da tatustedtages -&,n.e maturing) corr

sexually mat ur e, and ovigerous f emal es,

OFemal e _Darkd or O6Female Eggs6é in the datase
3.2.1.2. Probability distributions o f mature females

Subsets of mature female CLs were obtained from asao#les of each FU in the time series

(sample sizes are given in Taldd). Probability distributions of CLs were fitted for each
subset by the R pack-Mdgleran Dutangl 2085). Different$oims ( De | i
of probability distributionsrformal, lognormal or gamma) were fitted depending on the FU /

year (fitted distributions and respective goodrafskit plots are provided irBupplementary
FiguresA3.1-3.6). Females caidered for probability distribution fitting purposes were the

ones tlat had already started the process of maturation and were classified as maturity stages
2-6 as stated above. Critical points (faffein Figure 3.1) were estimated by the function
6guane()6 of the oO6fitdistrplusd package, s u
female with a carapace length (&kurd less than this critical value was P(fakure< CPhature)

= 0.05, i.e., CRaurewas efined as a cudff for female CLs, b&w which is not common to

find any mature individuals

57



Chapter 3 0 Tools to examine Nephropsé Mat ur i ty

3.2.1.3. Probability distributions of immature females

The original idea was to fit probability distributions of immature female CLs by the same
methodology used for the muge ones. However, it was observed thrabability distributions

fitted using this procedure seemed to be biased, possibly because i) probability distributions of

CLs from samples of immature individuals are expected to be-sighwed (as larger
individuals are more likely to be sampled) aiid populations follow the exponential

di stribution of survivorship governed by t h
higher relative frequency of smaller and immature females only in the initial c§Dedsey,

1947; Ricker, 1975Sparre andvenema, 1998 Also, field sampling methods may not
adequately take smaller individuals into account because, as suggested by other studies, this
category of individuals is largely restricted to burrows to avoid gired or antagonistic
confrontations, ad is rarely seen in the catches as areSult  teana R020) . Obser \
example, the plot of real frequency data of
fitted nor mal probab3d2l.i tTyh ed esnhsaidteyd d @auw revaen einrc gH
refers to the probsabafl iGLly sohfo ritnemandgbta®n mieBm anhne
= 0.03. The Ilikelihood of getting a represert
popul ation of i mmature afndf vihbduags smhbkelter tl

indi vidual shi sResut émel y kiehngthe8 omm) a=h ol .eQ 3 ,P(

probability of smaller and i mmdtowswidirlnda i gel
i f small er i adguatelydansidersd inathie esampliog processT o tshd Isv e

undseampl i ng i ssue, theoreticaof eixnpmoanteunrtei afle npar
were built, considering information obtainec

onesdesasri bed bel ow.
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A noegativearaadbe foll ows the expobensifhem
inverse of the scale parameter b (expectedvalue)i f it s probabi3li)ty der

and cumul ative di3Xt)r ialrwet, i are sfpwercatiived yGed.he f
Pg hAD (e3l)
08 @ p AN (e32)

A schematic ofte approach is then shown in Figdé.For t he purposes of
theoretical exponenti al di stributions, t he
female | onger thamttaahCeéPa ma tde PEDRE&>EBLEE po
0.01 (i.e. an extremely low cumulative probability). Based on the reciprocal of this cumulative

probability: P(Clmmaure O fafe) = 0.99,t he par ameter C of the ex

esti matngd38ywsand theoretical exponenti al di s
simulations of theoretical freque3kqgy fairs ttrhie
sameualnnsamples from which probabili@Thedi str

criticailmmpodsestimaledCytfeunct i on O gBeaxspe( )pda cokfa ¢ eh e( F
Te am, ,skdhthdt the cumulative probability of any immature female e@tapace length
(=CLimmaturg longer than this critical value was P (hature> CRmmature) = 0.05, i.e., ClRmature
was defined as a cuoff for female CLs above which is not common to find any immature
individuals (Figure3.1).

3.2.1.4. TSOM estimation
CPmat @B dmaCEret ermine three intersal sobfpoearftpye
number simmal &6 6GPum@Pureangat P ( F3ilgAucrceor di ng t o
definition of the maturityemailti calr apaicret $ er

be unlikely totdhecuwsreciomdt hentrearnwgpd @afbove. | t

( GRmat uaPlurer efers to a transitional period fr
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defined as the megtohi Weéyetiot find thg theor
and was termed t he31lT)SOM hienttehrevoarlet(iciagurse z e

was defined as the singl e poiChdnaud<n sTiSdOeM)t h=e

PCLmawe > TSOM) , i . e., t he any mmatumetorn matire) pjemaleb a b i | i
with carapace length, shorter (or longer) than TSOM respectively, are thedshmeh ough t hii
can be estimated arithmetically,s tamdawbiser va
the different for ms toefd piroo btahbei Ifirteyq udeinsctyr idbautt
the 6TSOM6 was estimated in practice using a
of both i mmature andemgtadeaktclrytandl spmuht ar
the TSOM iotlramsedcdaidnt o the theoretical S i
definamd; ®Rmhtuvi@Piurespectively, as the cumul a
redefined 1| mmet wrre tamcd|Imgptoi nts at the itera
out by the functions o6quantil ei(mhdamRendCR g e x p (
were edddedfyi gradually and simultaneously rec
(CLimmature > LR mnat i {CLmatlte < GRt)reby 0. 0000001 each it

di fference between these jhaWoCe fvhakkd O 1 poi nt s

Using the method above, TSOM i mt darhwaltd mee rse

6annual TSOMs6é per FU).
3.2.1.5. Sensitivity test

The sensitivity of TSOM estimation to differ

bof the theoretical exponenti al di stributior
pottsr of the probability distei@6usj owasof ny es
for one fishing ground [/ year, I . e. FuU22 (Th
considered for the critical points of the pr

CL s :P(Clbatue< CPmature) = P(CLimmature> CPhnature) = 0.05; and (ii) P(Chature< CPhnature)
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= P(CLimmature > CPrnature) = 0.01. The assumptionustdor s et tbpagampt eheof

t heoretical exponenti al di stribution of i m
supposn tibns (s teuwunulative tptolzbility tofhany immature female with
carapace length (=Ghmawrd longerthanthenat ur e cr i t innGwad CRRu@) Mt i o P ( (
extremely low. Thus, P(Ghmature > CPnawrd Was considered always less than Ozbisl

assumed the following values: 0.001; 0.002; 0.005; 0.02; 0.03 and 0.04. It is important
highlight that, forthess umpt i on (ii) above, along with th
parameter of the theoretical exponential distribution: R{&dure > CPnaturd = 0.02, 0.03 or

0.04, there was an inversion in the extremes of the TSOM intervak{taPCRmmaturd, 1.€.,

CPmmature> CPhature Thus, in these cases, thd er ati ve process for TSON

by gradual |l y anndcrsiamulntgantehoeuslileyvel s of signi
mature critical points, T$@QNMtiemtdernYalr edadi aagl
t heoretical size at the onset of maturity. T

deviation and average values of ®Hhar ameéet eoff

esti martaemgfe t hhe TSOM interval and the TSOM it
3.2.2. Size at maturity (Lso) and smallest berried female (SBF)

For thepurposes ofinalysing the adequacy of the new metric concerning sequential maturity
events over time, comparisons were made between metrics representing (i) onset of maturity

(i.e. TSOM), (ii) mature (i.e. 40) and (iii) berried females (i.e. smallest ledrfemale).The

Lso andSBF were obtained for eadhU / year i n SBiFweere tobtamed by er i e ¢
subsetting the berried femal esRBadetpaokapgel
Core Team, 2020) that gi vesThdaveage side SBFrfnonm v al u
CL) for each annual sample, as well as proportions of berried and mature females that were
shorter than the TSOM estimates were calculategestimates were obtained from maturity

ogives produced from the proportion of nmratundividuds in each length class by logistic
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regression model (glm, family binomial, o0l og
et al, 2020). Only models that presented a good fit to the logistic curve (i.e. well defined and

complete ogivesSupplementar FiguresA3.7-3.12in appendix 2were included.
3.2.3. TSOM relationship with average carapace length and &o

The relationship between estimated TSOM and

investigated by fitting a Iliennegatrh noofdied ke Lwi ften
i mmature and mature) as the i ndepeendlehnet TvSaOM
metric was also | inked wistbhy tfhiet ttirnagdiat iloinnaela

time with TSOM as tvnei dmndwegse ntdlreennt  swsae d raitbd .ep r
These model s were t henouadseudshteon ptrheed i ncett hToSAdOsM

the previous sections did not provide an ade

of FU / yeagsointhbepfobability distribution
mo d e | ugsedstfimma.t Lobn addition, simul ations we
existence of a Ilinear rseldattic@uipsghliiggmebnett aneye nMel

A3ih appendi x 2
3.2.4. TSOM versus population density

The hypothesis ofehapbbobeahipl bgt weerr ISEOM a
was investigated by fitting a |Iinear model w
vari abl e oann dd epnospiutlyatpier FU / year as the ind
esti nautpepshe(meyAIlalml eapp)enwdarxe 20bt ained from al
television (UWTVet sak0égsa, (&t ] LR 2dneeatt Pal !l e

2 08la , b, c) .
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3.2.5. Estimation of Lso metric using regression analysis

AnnusdstLi mates obtained in the present study
regression) wer e seocmp arae ce swiotbht aa mrewa lbyL r egr e
dif erent appr onaocth erse,quwhriec hmandyo data about the 1
as follows: (i.)@nBly tcloantbirne qqwi regs &@Bs i nput onl
of f emal,e asnadmp(lieis) b3 @dbti hgautmn gresq.as | nput
poupl ati on density of t-hb@r rFelc t keadi N95 a% alh ystedt
intervals (10,000 runs) Wwbhee Reptaickhkatged biomt e

Ripley, 2019) .
3.3.Results
3.3.1. Theoretical size at the onset of mturity (TSOM) estimates

TSOM estimates from atnmeoawl€ bdalmpd &.sé fvramti eae 1f r
The Smalls (FU22) in 2002 to |l argest values
(Ta®2)e. TSOM estimates ad the cgpeateBan&nmpual
estimates rad8i hgmimhrGim B016 mm di fference),
the functional unit with the | e2st9 amn (Cdl (\R2a
mm di f f Ehe ethecRJ$resented moderately ranging annual TS@Mmates with

differences of between 4 mm and 6.6 mm CL between minimum and maximum values. Some
annual samples were not considered in the analysis due to issuemgntfi¢ probability

distribution i.e. incoristencies related to the lower tail of the distribution (s&gpiots in
Supplementary Figures3.1-3.6 in appendix 2, which is extremely importantor the
estimationof TSOM. In such cases, TSOMs were predicfeom the linear relationship

between TSOMand meanCL of females derived in this study (see below). These annual
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samples were the following: FU16 (2011, 2012 and 2017); FU17 (2006, 2010 and 2017); FU19

(2002) and FU22 (2006) and are indicated using giglylighted values in Table 3.2.
3.3.2. Sensitivity test

The sensitivity teshofs htohme dt It ehaart e ttihcea | p ae xapoent
i mmat ure f emalaaogf€Ltshe nTISOMei nterval were ver
assumptions used in the semnbmiratnigveidt yf rtoers t0 . (1Ta
The shortiendte(r[MEDMurkaPhde was [ 21.rlgnoge2 1716 wnimt |
CL, while the | ongasdgfewha. § 9m@,Cl22.THe wd ddf f
(CV) of fpoafr atmee étrheaxepnoet atadi stri bution of in
t hreangfe t he TSOM interval were 30.4 and b55. ¢
esti mates themselves were | ess sensitive to
mm CL with7” a%aG¥l,off S®HM esti mates from this ex

a 22 mm CL, and further mor e, the TSOM esti ma

at the midpoint of. this range (& 21 mm CL)
3.3.3. Size at maturity (Lso) and smallest berried female (BF)

Lsoesti mates varied from 20. 4 SouthCGdst (RUMY)IAr an C
2007 and 2018 respectively, to 32.2 mm CL in Porcupine Bank (FU16) in 2007 @l2ble
Lsopesti mates presented gSowhaGoassdgroundsniitasismmdtes var i al
ranging from 20.4 31.9 mm CL (11.5 mm difference), while Labadie, Jones and Cockburn

Bank was the functional unit with least annual variability saranging from 24.3 27.7 mm

CL (3.4 mm difference). The other FUs presented annual essivafgng from 3.8 mm- 9.0

mm CL difference between maximum and minimum values.

| ndi vi dual wsrBlkghlg \sriablen@rigieagsfrom 15 mm CL in Western Irish Sea

(FU15) in 2003 to 37 mm CL in Porcupine Bank (FU16) in 2009 (Talg but the avexge
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SBF ranged far less, from 24-142.7 mm CL across the FUs (Taldd). The proportion of
berried females shorter than the 3JIHES&bptwas me
for FU15 in 2003 (4.1 %), FU19 in 2005 and 2008 (25 and 2.8 %, respectindlyjli?2 in

2008 (11.5 %), while the proportion of mature femaldk r(aturity stages plus berried

females) shorter than the TSOM was al ways 1in
3.3.4. TSOM relationship with average carapace length and o

There was a significant l i near relationship
lengt h iNepfheanmapleess FU / years (i.e. in&=luding
0. 40001 Fi3@wuepl emenARrn Aphladlihxi s2 rel ati on

the form of the equation bel ow:

"YYOODopuv o ) eP3.)
Smmi |l arly, there was a signidfoacdnTSPNsi hi yem

across FU /| vy%arOsp4(0B0]= F43.8up,plR menA3Bin Tabl

appendi XxThaZ s relationship took the form of t1
0 prdo X T GY'YU (0 e 34.)

The equations above wersevausueeds twhemr edi cwa ST S
obt ai n t hdus®issuesiniffitimg thegosobability distribution of matures and / or the

logistic model for lsp estimaton d har ose for the following cas
in BQO72@B11 @1l 520d 7,; Aran Grounds (FU17) i n
South Coast (FU19) n 2002, 2 Dabatlie,domes an?l CatkbyrnBgnkE U2 02 1) i n
204113, 2015 ahlhe 29m&8l 1 andFU22) i n 2BQ2fo20014

detail s) .

Simulabndbnsmed that there is a signidfdifant |
= 63&=40.B7, 9PupplOe ndeOnltAs8BL.3S umpipd erme nA iy Tabl
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applem . 2 The relationship betsweeokthbe sf mumat

equation bel ow:
0 PO X PP @3/ (el5)
3.3.5. TSOM versus population density

A linear mod el revealed a significant i nver

1]
_

popwlnatdiensity across th#&= FUp6t0,09le aF 83py rFe

Suppl emenA3bny Tdablserel ationship took the for
YYOOQ®U 180®@Q¢ i (BDFB.)
3.3.6  Estimation of Lso metric using regression analysis

Thesoelst i mates derived from .34gradfdsiaboveandliy:
obtained independently of any information ab
the estimates obtai-madurfirtoyn dgtade® 4R @amra@p & d teanil
Tab35¢g . Thberbeased 95 Wscohfedenmatesattroml re
over |l apped t hemaotnuersi tfyr oong i lveeBsy)t(hd e tnalii lcsatimgTa
was no significant d i fafnenruean c ee saamomagt etsh eo bg ati

met hods.
3.4.Discussion

The prbmecyioe of this study was to develop
onset of Nmegthyroipthyati mvoi ds some of thhe | ssue
proposednethodisd heor eti cal size at t heiswvwemssmle, of ma
can be easily implemented, and provides alternative information from other physiclogical

based metrics. TSOM is built using lengtfaturity data, therefore it is basically
physiological maturity metric, however it can be extrapolated to leingtfuency data (i.e.

when no maturity readings are available). This was done in the present study through eq. 3
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(YYOOopUL @6 0) that has higR=poe8dkpdi veqpiowes

only the mean CL of the female sampl es. withol

Before discussing advantages in detail, we first discuss how the TSOM behaves in relation to
other maturity metricgrirst, it is imporant to acknowledge that maturity is a process and that
there Iis a oOrelational order & among various
including TSOM, could be expectedendspphpihbede
at whiwchmf50ndi viduals in a sample are matur
maturity metrics is whether t heir basis 1is
status/ presence of berried-SB) anduakcksai sdal
suchsgasOr, whether the metric relies on indir
of morphol ogi cal Morphometric dstynatésiofkmaturivy §ke@ MSOM are

indirect, therefore, although these are usefuharespect thahey can be carried out year

round, these measurds factacontain major assumptions. For this reason alone, it is important

to note that we do not necessarily expect morphometric and physiological maturities to be

synchronized (Waihetal., 2017).

Dealgi with physiological maturity measures (
present study) , we believe that t hese al so
process of Nemphuotuonit ni s al s o omota rpeo stshiebm g
al soedHaiad®016). Annual TSOMs developed in thi
6onsetdé of maturity, as they are based on ¢
mateurand i mmature f emalteisan Tdfeyt lag ec ama pagpgea o
when the stock starts the process of mat ur a
mature stock. Wherdasedoebeéer mphegso atrleq iefi & thse

spawning of thlkestlhalkf (&BFt)jhe opjo wud talt @ ro nt haa re
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maturers. Given this |l engthy preamble, what

by these different measur es?

Concerning otrhdee rr edleastciroinbaeld aboee] omestst bhnt b
estimates at32gacPPnFy gTabkteof 91 TSOM esti ma
hi gher than tdeestciomatesp.onfdhing dccurred- at Po
9,0122 and 2014se@vs ttihmatSeOM éf L33.7 [/ 32. 2, 31.0
ana8.2 [/ 23.5 mm CL, respectively; Aran Grou
22. 4 mPoutldoast(FU19) n 2018 with est i natabadhdie,f 2 3. 5
Jones and Cockburn Banks (FU2021) in20dbt h esti mates ofexé. 6 |/
cases of inversion in thesgedanti ocharhootrideratb
% of the cases), perhaps devwarusle RU /t hyeear g rv

basoeidi near regressi o032)(gnmwédy challuced iam TBaddlid i

error. Anot her explanation could be related
i mmature indsamplues susedebei mahesata Icertai
(FonFel 698, 1989) ,e hoawerveetr ,bd halsudisdait ed wi th
Il nitially, some SBFs seem to be inconsistent
t hahe TSOMs, but it is important to emphasi z
singlel gfrseanmk | 6 mature iindividual among t hc
femal es at each FU, and they arlendeoed,hn eicte swsaa

case that the proportion of SBFs shorlt es) t h:
across the annual sampl es of t hous3lnds | of r
addi tion, when the vyear |l ywUmgaratho few abse rcrao nesdi dfe
instead, the annual TSONM uensnairnya timeesa @$\Berresolf o w a
Il n any case, the size of maturity must defir

than any one i ndiownit-edelsoji nl198DFy. sObsk&r yi ng t
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TSOM esti mates ar e motruer irteyp roefs etnhtea tH Usse (osft otch

TSOMs are based on probability distributions

Theerelsti mateBi s -8Rudymm2CL% corroborate and o
Lseresti mates feempbretsedatf an f f eeraessniter i tAed ainm i © h e
from-22.9 meiChuéi redo and ThomaMcQUBI6F ;etfTual
2006 ; Bel | et al ., 2013) , as wel-530.a% mmtCLlnha
dé&i gueiredo and Thomas, 1967;eMpall 228etlR&I3i r
al . 1998et Maha @®t A ARDdrlgateBeua R 0499t i mates ar e
and hence more conservative trRraspeEsOMvest i i
of estimating spawnfhg Bbochki bhi mmemsbkaodi agt s
there wouldahc&ebgabestregsagge of TSOM est i ma
any case TSOM presennce diitf fepreende d end o rtrnhaet i cotn

i mma+i wrad ur e sequenti al process and represent

Despi treeptrheesiernt i ng slightly different sgquant.i
metric, sincditneamre ried aai dnsbIApO:beptB¥EEN t he
T OYYO R 0 .Pder)h.aps mor ESOMami gh t clckallyisberda tbieo nf
Lsesti mates. As TSOM represents the beginnin
anepesagptawni ng individuals at this size shou
virtually i mpossi bl e tossdumptiinognui mihghtn bheheu
i nformative pri oceesstfiarateasl iilnr aat iBoany 88@QMaln app
can help calibrate Bayesian approaches i mpr ove on | ogi stig regr e
estimati on, whichheepdoporoivenesti matere in
classes, due to an ineviitacawdles uinm effaptadsd mad mmw
Filho, 1989; LowerreBarbieriet al, 2011).I n addi t i on, it i's i mport

whi ch ctkhestsatra s the process of maturation, S
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physiological diBanged Ige addvitihg ptad t erns bet wee
These must also be considered in g$dhessmantin
purposes (BeverTfhensanre Hdl ohskE350Df. sexual ma
for resndaendi ng the reproductive strategies of
out put (eNMc, Qui2a0i 0d5 ) . TSOM can be used to provi
guantities when dafpador s si t miadoendmesree. cgark sisopnod a
species of conservation fiunhpho ridsafnfceer)e nt E srsoelnet
e X i smeitnrgi ¢ s, representing a new quantity whi

mat uration, and which does measumemeeatasbgasree

The great advantage of the TSOM mesthddel oqy
showed by sensitivityCM ecsft) t.ddedomdhta mutimelyi n t h
collected by national organizations respible for the assessment and management of
Nephropsstocks. ICES (2006) recommends tN&jphropssize ofmaturity estimates must be

based only on data collected within a specific tiwiedow as the onset of spawning can be

biased by sampling artefactsasiated with seasonal breeding / burdwelling cycles of the

mature females (Sarda, 1991; Johnebal, 2013; Powelland Eriksson2013; Wattset al,

2016; Santanat al, 2020). Therefore, one potential issue with TSOM would be bias caused

by the sasonality of the female reproductive cycle if the initial maturity data on which TSOM
calculations were bliiwere obtained at the wrong time of year. To address this, an important

result in the present study was the very simple relationship that regf#d With the average

carapace length of females (matarelimmature) in the time series. This is available in this

study by eq3.3 and34 (Y'YO O op v T8 G Oa nld pBOX T SEYYD,0 wiPt h R

84 and 40 %whiceagresses issueenbmseasonal data. Indeed, when both are
combined, ont @ mean CL of female samples (all fem

stage) IS necessarysonet presljcastwes TEOMe aasd]
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cases i n theeagrrley,entthestluadtyt.erClwi | | qrBd pr por a
as shoiwmlbuyesR, however it malyi mevedEgB@hteas st &
is consistent with a positive relationship between SOM and mean CL previously observed in
Nephropsby Tucket al.(2000) in the Firth of Clyde. Although, similar to many fisheries data,

one potential drawback of its use is where larger individuals are underrepresented in heavily
exploited populations. It has been suggested in previous studiesizbselective modility

(e.g. from fishing) can induce evolutionary changes in body sizes within populations, however

the extent to which these are important compared with ecological (ddepiyndent
suppression of body size) and physiological eff¢etg. temperatwgze relationships) is hotly

debated (Kuparinen and Merilda, 2007; Swetiml,, 2007; Haiget al, 2016). InNephropslittle

evidence of heritable selection (genetic effects) is clear from genetic structuring, with little or

none seein the Atlantic (Stamis et al, 2004; Gallagheet al, 2018), likely due tdiighly
dispersindarvae (McGead¥gt al, 2020) and hence weak reproductive isolation. Rather, there

is strong evidence for ecological size effects due to dedsipgndent suppssion of body
size,including recent evidence from tagging studies in Ireland that growth was lower-in sub
ordinate males in higher density patches (Meede, 2019). Hence, we think that ecological

rather than evolutionary effects on body size rostaire relevant in thicase. One question we

can therefore ask is: does density also scale with size of maturity?

Related to the above question, an inverse relationship between annual TSOM and population
density was found for females across Irish FUsiengdresent study. Thigas unsurprising for

the reasons outlined above, and because there is-astadiilished inverse relationship between
density and body size Mephropsacross EU grounds: higltensity grounds hawdephropof

smaller body sizes (Brgg, 1995; Tuclet al, 2000; Johnsoet al, 2013). However, although
Queirés et al. (2013) found a similar relationship between maturity (estimated using

morphometric techniques) of maNephropsand population density in Scottish waters,
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surprisingly, asimilar trend was nabbserved in females. Nevertheless, 28.0f the present

study indirectly supports this observation, as it scales with bodylse&k en t oget her ,
r e s demanstrate the necessity to manbslgphropsstocks in separate fumahal units with
individual population density, body size, and maturity characteristics (see also Briggs, 1995;

Queirdset al, 2013).

Size of maturity is a critical parameter in stock assessment of commercially harvested fish
stocks as it forms the bas§ estimating the spaving stock biomass (SBB). Applications of

the new TSOM method described in the present study provides a flexible measure of the SBB
from lengthmaturity data, albeit a slightly more generous estimate (since it is lower / reached
earlier) than is providedybLso. We have shown how this can be extrapolated, via.8a@rgl

3.4, hence SSB can be estimated with no information apart from {&egtlency data. Further,

the negative relationship between TSOM and population density providggeoximation of

the spawning stock and recruitment from underwater television surveys via the population
density vs TSOM (R= 60%, Figure3.5). TSOM and its relationships with other metrics might
also contribute to improvements in stock assessmentnamdgement olephropsin data

limited European FUs, e.g. those without reguladgnpled lengtmaturity data, and might be

used to calibrate are routinelyused estimates e.gsd- It might even be applied tmales
Nephropsanda range of new species eig macroecology settings, where a comparable size

at maturity metric is required for lots of species, where lefrgtijuency data exists, bwhere

regular size of maturity data is limited or patchy.
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3.5. Tables

Table 3.1. Functional managememits (FUs) with sample sizes of mature female Nephcopsidered for estimation of the theoretical size at

the onset of maturity (i.e. O6TSOMO6) in the present study.

Sample size (n)
Functio
200200200 200200200200200200201201201201201201201201201

FU1S5 332783804710275356602310323423480804579478361532214175
FU16G6 - - - 14 - 2 20:2360979496112 91f13€32523830487¢130
FU1l7 - 160332526221 72:21614529244681342438340450:398229227
FU19 - 16(28¢25(128 79¢22828016215827223828020156¢252135192
FU2021 - - 5 - - 8 8 - 24724¢ 98 137116 24:.:27¢211159292
FU2?2 - 95723713252433664737275314478276404275292181285306362
FUl3rish Sea West FUli@orcupine Bank FULIAr an Ground:
FUliSout h Coast FU20-2abadie, Jones and CFU2iZTThe Small s
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Table 3.2. Theoretical S isozee siza tlassaiwhieht50%oof therfeantles are sexually malu® @nd émallest berried female (SE

for femaleNephropsat Irish FUs: Westa Irish Sea (FU15), Porcupine Bank (FU16), Aran Grounds (FU17), South Coast (FU19), Labadie, Jones and
Cockburn Banks (FU2021) and The Smalls (FU22). All values are given in carapace length (mm). The greyed values indestimagsanere obtained by

regression analysis (eq. 3.3,3. 4 and 3.6).

Year FU15 FU16 FUl7 FU19 Fuz2021 FU22
TSOM Lsgo SBF TSOM Lsgo SBF TSOM Lso SBF TSOM Lsg SBF TSONM Lsg SBF TSOM Lso SBF
2001 19.123. 17 - - - - - - - - - - - - - - -
2002 19.¢24. 19 - - - 21. ¢4 24. 22. 21.€ 24. 24. - - - 18.422. 23.
2003 19.¢€24. 15 - - - 20. 7 23. 23. 23.131. 24. - - - 22.526. 23.
2004 20.524. 170 - - - 22.123. 22. 19. & 23. 26. - - - 25.026. 21.
2005 20. 5 25. 22 - - - 21. ¢4 24. 23. 21. ¢ 25 17. - - - 22. 2z 24. 22.
2006 20. ¢ 23. 19 - - - 19.(22. 17. 25.¢:28. 23. - - - 20. 2z 25. 21.
2 070 19.723. 20 33.7 32 - 19.1204 - 25.1727. 27. - - - 20.723. 20.
2008 19.723. 17 31.C¢ 30. - 21. ¢ 24. 24. 25.026. 22. - - - 21.:c22. 17.
20009 20.123. 21. 32.¢€29. 37. 20. ¢ 22. 22. 23.¢€27. 23. 23. 25. 28. 21. 7 24. 20.
2010 19.122. 22 29.C29. 27. 22. % 22. 17. 25.729. 26. 21. 24. 25. 23.¢€24. 16.
2011 20. 5 22. 19 28. 4 29. 24. 23.024. 24. 22.:26. 23. 22.24. 23. 23.:528. 24.
2012 19.121. 20 30. € 27. 30. 21.€ 23. 23. 21.726. 24. 21.  24. 25. 20. ¢ 25. 20.
203 18. 22. 21 27.128. 32. 21. 2 23. 17. 21.¢25. 22. 25.26. 26. 22.:24. 21.
2014 20. C22. 19 28. 2 23 - 23.024. 26. 22.¢€¢26. 21. 22. 27. 27. 23.C25. 23.
2015 20. ¢ 22. 21 25. 7 27 - 22.127. 23. 22.231. 23. 22.]1253 28. 21.¢€ 24. 23.
2016 19.¢22. 20 24. ¢ 27 24 22. 2 24. 21. 24.428. 24. 26. 26. 25. 20.723. 20.
2017 19.¢22. 20 23.% 25. 25. 21.€ 24. 22. 23.%827. 26. 22. 27. 24. 20.722. 21.
2018 19.¢23. 20 23.123. 22. 20. ¢ 22. 22. 23.:520. 25. 23.26. 26. 21.122. 21.
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Table 3.3. SedsSiOM wistt y mtae £t i fnont htethé&mal |l s (FU22) in 20pb&yr ammen eirdeorfi n

exponential distribution mefu@RL]Jofanidmmateui enmiae ma lee s inhRMAERa) €r 3 O hia tRII( € d
< f@dlRlhne respectively]. Theusesdummtit be PmeésEHIOMse sidiymdtoe t he above FU
of wvariation (ratio beawerage healsua@anadfartdhelevetatooneamnidmat e D thi ena rodie

TSOM interval and TSOM itself

P(Gdcre @GR LANRI( Chmatur &EFnaluy P ( Chmaur &GP hire b CPmmature CRature TSOM
0.05 0.01~* 0.20 14. 8 22.7 21.1+*
0.001 0.30 9.8 22.7 19.5
0.002 0. 27 10. 9 22.7 19. 9
0.005 0.23 12. 8 22.7 20. 5
0.05
0.02 0.17 17. 4 22.7 21. 7
0.03 0.15 19. 4 22.7 22.1
0.014 0.14 21.1 22.7 22. 4
0.001 0. 33 13. 8 20. 7 19. 1
0.002 0.30 15. 4 20. 7 19. 6
0.005 0. 26 18. 0 20. 7 20. 2
0.01
0.02 0.19 24 . 4 20. 7 21. 4
0.03 0.17 27 .2 20. 7 21. 8
0.014 0.16 29.7 20. 7 22.1
b Rangfe TEOMer val TSOM

Coefficient of wvariatic
30. 4 55.3 % 5.7 %
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Matur i

8 ank

Table 3. 4. Mean small est berried female (SBF i n mm, acarsapzaec eatl etnhget h

(TSOM) acrosst ilanaslh uni t s: Western I rish Sea (FU15), Porcupine

Cockburn Banks (FU2021) and The Smalber riFUR 2f)e mdNl[Aess iinmitclag er ¢ hi@md c tt ihv
FU15 FU16 FU17 FU19 FU2021 FU22

veal Mear < TSO Mear < TSOM Mear < TSOM Mear < TSOM Mear < TMO( % Mear < TSOM

200 24. 0.3 - - - - - - - - - -

200 25.; 0.6 - - 31. ! 0 27. 0 - - 30.

200 25. ! 4.1 - - 29. . 31. | 0 - - 28 .

200 26. ! 0.3 - - 29 . 0.6 31. 1 0 - - 31. ! 1.7

200 26. ! 0 - - 30. ! 26 . ! 25.0 - - 30. | 0.2

200 25. 1.3 - - 24 . . 34. 1.6 - - 27. 0

200 26. ! 0 N A NA NA NA 31. 0 - - 26. ! 0.6

200 25. 0.8 N A NA 29 . 0 32. 1 . 8 - - 25. | 11.5

200 26. 42 .- 0 28. | 0 32. ! 0. 31. 0 28. ! 0.8

201 26. ! 40. 1.3 28. i 0 32. 0 30. ! 0 29. 1.

201 25. 1.0 39. ! 33. ! 0 32. 0 25. 0 30. 0

201 24. " 41.° 27 . 0 32. . 0 27 . ! 0 30. 0.

201 26. ! 41 . 29. | 1.3 31. 0 30. 0 30.

201 25. 0.6 N A NA 30. ! 31. 1.0 30. 0 31.

201 26. | 0 N A NA 31. ! 33. 0 30. 0 28. ! 0

201 25. 0 33. 1 0.25 32.! 10 32. 1. 4 32.° 1.9 28 . 1.2

201 25. 0 34.! 0 31. . 31. | 32. . 28. i 0

201 26. 0 30."! 0.16 30.: 32.! 33. 28. | 0.7
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Table 3.5. lpestimates (mm CL) for femalephropsat Irish FUs: Western Irish Sea (FU15), Porcupine Bank (FU16), Aramr@s (FU17), South Coast (FU19), Labadie, Jones and Cockburn

Banks (FU2021) and The Smalls (FU22) obtained in this study from lenatiwity data by logistic regression (maturity aggy Lso) and linear regressiom.4® andLse® Pwithout requirement

for distinction of maturity stagthrough two different approaches: (i) by combing eq.3.3 and 3.4 (derived in this study) with mean CL (mm) as inpukgeonétréclestimation and (ii) by
combining eg. 3.6 and 3.4 (derived in this study) with populatémsity (burrows/rf) as input for the § metric estimation. Biasorrected 95 % confidence intervals are provided for comparisons
of the different estimate$ o, Lsg® a £06dd )L

Year K i - i -
Lso Ls 8 Ls §° Lso Ls 8 Lsg° Lso Ls 8 Lsg°
- - - - 24. - - 22. -

- - - 31. ¢ 25. - 26. 4 25, -
- - - - 23. - - 26. -
- - - 25. ¢4 24, - 24. % 25. -
- - - 28.&€26. 25. 25.723. 24.
- 32. - - 27. - 23 24. 25,
- 30. - 26. C 26. - 22.424. 25,
29. ¢ 31. - 27.¢€ 26. - 24.124. 25,
29. 7 29. - 29.C27. - 24.¢26. 25.
29. 7 28. - 26. € 25. 25. 28. 2 25. 25.
27.€ 22. 25. 26. 5 24. 25. 25. € 24. 24.
- 28. 26. 25.724. 25. 24. ¢ 25. 25,
23.528. 26. 26. & 25. 25. 25. 2 25. 24.
- 27. - 31.C25. 25. 24. 97 24. 24.
27.526. 25. 28.C26. 25. 23.3224. 25.
- 25. 26. 27.725. 25. 22.424. 24,
23.225. 25, 20. 4 25. 26. 22. €24, 25,
Bi@a®rrected 95% confidence interval
(24.8, 2 (25. 6, (23.8, 2¢E
(26.4, 2 (25. 1, (24.2, 2Et
(25.9, 26. (25. 4, (24.9, 2E
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3.6. Figures
0.121
0.081
2 Immature
S Mature
0.041
TSOM Interval
TSOM
0.007 G 9
CI:)immature CPmature
0 50 100

Carapace Length (mm)

Figure 3.1. Explanatory plot showing probability distribution aftune femaléNephropgCL,
mm), theoretical probability distribution of immature femblephrops critical points (CPs),
TSOM interval, and theoretical size at the onset of maturity (TSOM) after the TSOM interval

has been collapsed. P (x) is the probgbdinsity of carapadengths.
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Figure 3.2. Plot showing frequency distributions of immature and mature féleplegopof
The Smalls (FU22) with their respective fitted probability density curves, the theoretical
frequency distribution of immature fexle Nephropswith fitted exponential curve and area
under the density curve of immature femidephropsindicating the prbability of female

Nephropswith carapace length less than 18 mm CL.
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AN

301 TSOM =3.15+ 0.63CL

TSOM (mm)
N
O

207

25 30 35 40

Average carapace length (mm)
Figure 3.3. Linear regr essiitoinvanordell atsihammws migp
NephrTesgposM ( CL , mm) and the mean c¢c drepphaoesl!| e
(i mmature and mature) in the sample, with ar
Sea (FU15), Porcupine BAhKk) ( FEdAB)h Goast Gf B
Jones and Cockburn Banks (FU202l1l)ntaedvdaheofn

predicted values in grey.
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Figure 3.4. Linear regression model showing
Nephihiopsd TSOM (CL, mm) enkattiumatt e¢d dfart am i Ine nt gt
annual evalFlbegprpepsented for Western I rish Sea
Grounds (FU17), South Coast (FU19), Labadie,

Small s (FU22). 95% confidence interval of th
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Figar®. Linear regression model showing a si

NephiT&M ( CL, mm) and pogyl, atwionrh daenmsuiatly v(ail
prsented for Western Irish Sea (FU1l5)SouRdrcup
Coast (FU19), Labadi e, Jones and Cockburn B:

confidence interval of the predicted values
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4. Morphometric size at the onset of maturity and discrimination ofNephrops
norvegicus(Linnaeus, 1758) populations across a gradient of population density in
the northeast Atlantic

Author contributions: A.M.PandC.A.S.S. @signed the study and carried out the dtatib

analysis; A.M.P. and C.A.S.S. wrote thamascript, prepared the figures and reviewed the

manuscriptC.A.S.S., AWandC.S.carried out théab work A.M.P. and C.A.S.S. obtained

the funding.

Abstract

Morphometric techniques can be used in the assessment and management of fishery resources,
for example, in the estimation of population parameters such as the size at the onset of maturity
or on the identification and characterization of fish stocks (stirkification). The main aim

of the present study was to estimate the morphometric sizesat of maturity (MSOM) of

male and femaldlephropsacross Irish and Scottish functional units and to test the hypothesis
of a potential inverse relationship bew®nthese estimates and population density on these
grounds. Secondary objectives were to exanpossible morphometric discrimination of
Nephropgopulations across the functional units in the sty if this exists, to test whether

it can be linked talensity on thefishing grounds. MSOMwas estimated, based on different
body structures of ma$ and females, including the male first pleopod, which was used for this
purpose for the first time. A series of morphometric variables were discovered to have
sigrificant allometric growth relatiorgps that were potentially indicative of sexual maturity

(i.e. were potential secondary sexual characteristics). However, due to the great variability in
these MSOM estimates, mainly across different body structureddaubetween years within
grounds,it was difficult to choose the mosgpresentative metrito represent the MSOM.

Furthermorethe study wasinable to identify anignificant inverse relationship between
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these various estimates and population densltywever, it was possible to discrinate
samples morphologically across the Moray FirththFaf Clyde, Western Irish Sea and Aran
Grounds in females and between the Western Irish Sea, Aran Grounds and Moray Firth in
males. Therefore, this study showed, tiee first time, morphometric vation in Nephrops

populations among a variety of funaia units in the northeast Atlantic.

4.1.Introduction
Morphometric analyses have traditionally been an important tool in ecology, aiding ventures
such as the taxonomatassification of species, identification and characterization of different
populations andllometric relationships among body structureg@Rith and Reyment, 1971).
In terms of sustainable management of valuable fishery resources, these tools hasedeen
for the purposes of stock assessment including, the estimation of population pesraoneie
as the size at the onset of maturity instagceans (Evaret al, 1995; Leme, 2005; Hirosst
al., 2013; Haiget al, 2016; Severindrodrigueset al, 2016;Cusba and Paramo, 2017; Ondes
et al, 2017) and identification and characterization otlststructure in a variety of species
(Elliot et al, 1995; Tzengt al, 2001; Paramo and SaiRtwul, 2010; Cheat al, 2015; Siddiki
et al, 2016; Kalateet al, 2018). Besides this, the size/age at which sexual maturity is attained
is also essential infmation for the estimation of spawning stock potential which performs a
primary role in the stock assessment and management of fishery resources (Fonteles Filho,
1989; Hilborn and Walters, 1992).
Morphometric analysis has been used as an alternativeysioppgicatbased methods in the
estimation of the size at the onset of maturity (SOM) because it is easier to obtain and less
prone to seasonal bias (Queistsal., 2013). The morphometric approach for estimation of
SOM is based on the allometry of @nt body structures (secondary sexual characters, see
Hartnoll, 1974) at maturity, e. g. chelae, abdomen and first pleopod. Allometry can be defined

as a disproptional increase of any body structure of an individual relative to its body size
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(Bartelset al., 2010). It is called positive allometry when the body structure increases faster
than body size or negative allometry when the body structure increases thlaaére body

size (Bartelst al, 2010). The morphometric approach has been extensivelgrobed as a

tool for estimating the SOM iNephrops norvegicug-armer, 1974a; Hillis, 1981; Moet al,

1996; Tucket al, 2000; McQuaiakt al,, 2006; Queiréstal., 2013) which is the most important
shellfish resource exploited in Europe with landin§56,696 tonnes in 2017 (FAO, 20).

One important issue for the sustainable managemexemfirops norvegicuhereatfter called
Nephrop$ is that the body sizand SOM in this species seems to be dependent on the
population density (Briggs, 1995; Tuekal., 2000; Johnsoat al.,2013; Queiré®t al, 2013;
Merderet al, 2019 da Silva Santana, C. A&t al, 202, and potentially on environmental
conditions / hhitat characteristics, such as water temperature / redox state and granulometry
of the sednent at different grounds (Tully and Hillis, 1995; Maynou and Sarda, 1997;efuck
al., 1997). Densitydependent qocesses (e.g. suppression of size, reproductitgupuetc.)
which act in a negative way as stock sizes get too high (relative to thecapagity) have
implications in the managementéphropsstocks because highdensity grounds may have
more compnsatory potential to counteract fishing (Ricke€d54; Beverton and Holt, 1957,
Merderet al, 2019). This means that more fishing can tdkeein a stock that exists at high
density as, in theory, this should serve to prevent negative delegigndentactors coming

into play. Understanding these faxg is of primary importance in helping to determine what
the appropriate level of fishingxploitation may be. If there are large differences in density
across fishing grounds, as is the casgdephropsdensitydependent effects on body size and
weightalso has implications for minimum landing sizes, especially if this impacts on size at
matuity. Leading on from this, periodic estimation of the SOM is needed, particularly if this

seems to be densitlependent, because population density can fluctuaterding to the
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fishing pressure exerted on the fishing grounds and, hence, monitoriggirede(Queiré®t

al., 2013).

The main aim of this study was to examine a range of morphometric variablesyhatlivate
onset of maturity ofdifeereneody steubiBed M hdles and Eeraates,
including one structurenever used befe in studies about morphometric matuyritlye male
first pleopod that is modified for copulation. After estabhghthe most promising body
structures for this ppose, a followon aim was to verify a potential inverse relationship
bet ween t Ipreomairicatnsaturity nmatoias and population density across the grounds
in the study. Such a relationship was alyeabserved for the theoretical size at the onet o
maturity across Irish groundda Silva Santana, C. A&t al, 202]).

Secondary objectivewere to examine possible morphometric discriminatiomNephrops
populations at a variety of Irish and Scottfghctional units, to identify the main characters
contributing to such discrimination, before finally investigating any link with population
density across these grounds. There have been previous suggestions that morphometric
discrimination ofNephropgopulations seems to be related to the sediment agnou and
Sarda, 1997). In additioNephropsiemonstrates a preference for particuladgsaof sediment
but only up to a threshold that results a deshaped response betwddephropsdensity and

% silt+clay in the sediment i.e. a positive responseeoisity up to ~60% silt+clay and a fall

off in the density response at higher silt+clay patages (Campbetit al.,2009; Johnsoet

al., 2013, Merderet al, 2019). Thus, the hypotheses tested ajethere is an inverse
relationship between MSOM andmgation density across the grounds analysed in the;study
(i) Nephropspopulations can & morphometrically discriminated across Irish and Scottish
FUs and (iii) functional units with significantfiifferent population densities presé&tgphrops

populatons with distinct morphometric structure (defined below), whkphropspossess
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similar norphometric structure at grounds which lack significantly different population
densities.

Morphometric techniges are an effective tool at delineating populatiomcstire and are one

of the simplest and most cesffective tools to identify and charactaFi aquatic resources
stocks, assemblages and populations (Ghext, 2015; Siddik et al., 2016), especiaifnen
apparentlyno genetic structure exists e.g. beeanfsshared spawning grounds or weak genetic
structure in open populations that is commosdéen in marine organisms. In fact, genetic
studies reveal a lovevel of differentiation amonglephropspopuktions across the Atlantic
and Mediterranean (Maltagtiaet al, 1998; Passamonét al, 1997; Stamatiet al, 2004;
Streiff et al, 2001), apd from some significant differences between northeast Atlantic and
east Mediterranean populatioby mitochordrial D-loop DNA markers (Gallagheet al,
2018). By ontrast with the genetic approach, there is a single study by Maynou and Sarda
(1997) thatrevealed spatial morphometric variation betwd&phropspopulations in the
Catalan Sea. Thusttle is known about morphological variation across the randéepfrops
geographical distribution and it is fair to question whether there is any morphovaetiluility
amongNephropspopulations in the northeast Atlantic? Understanding haivitapphology
interactions (Gome®t al, 2016) is important because it may eal a link between
environmental and morphological variation. This might clarify the eimwiaty relevanceof
morphological variations by evaluating whether any specific feature enhandesdtienal
capability of individuals in distinct environments. addition, strongly varying morphometric
features could be used in a range of applicatsued as seafood traceability initiatives in the
trade of live or wholé&ephrops

Nephropsis the mos valuable crustacean species exploited across the Europe Thien.
sustainability of this valuable fishery resource is of great concern for Europe &lniarities,

since some FUs periodically display signs of eseploitation (Anon., 2011; Lordaet 4d.,
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2013). It is expected that this study will contribute to @renrobust stock assessment and

management of t his speci eBramevooik Deectivel amady O T h

(@}
—

ref or med Common Fisheries Pol tbasgd figh€ss P)
management that observes interactions among all componehésesfosystem.
4.2.Methods

4.2.1. Sample collection
Samples were supplied from the following funceibaonits FU15 (Western Irish Sea), FU17
(Aran Grounds) and FU22 (The Smalls) in Ireland, &mch FU9 (Moray Firth) and FU13
(Firth of Clyde) in Scotlandsamples were collected by: (i) beam trawl consisting of 30 minute
tows at 2.5 to 2.7 knots at 24 bas in FUL5, (i) 4m beam trawl with 20 mm liner deployed
at 10 randomly selected stationdHU17 and FU22 (2012018), and (iii) BT 149B trawl towed
at speeds dbetween 2 and 3 knots for periods ranging from 0.5 to 1.5 h in FU9 and FU13.
Survey timing were as followsFU15 (2624 August 2018), FU17 (138 June 2017 / 196
June 2018), FU22 (97 August 2017 / 126 August 2018) and FU9 and FU1328 June
2018).After collection, samples were stored in freezers aboard the respective research vessels
before being shipped to the laboratory for analysis. The numiNgmiropsanalysed per year
/ FU can be seen Bupplementary dble A4.1 in appendix 3.

4.2.2. Morphometric measurements
After thawing at room temperature, 19 / 17 morphometric measurements warddakach
male / female individual in the sample. Except for the modified first pleopodliesirall the
other structures have previously been considerdtephiopsmorphometric maturity studies
(Farmer, 1974a; Hillis, 1981; Moset al, 1996; Tucket al., 2000; McQuaidet al, 2006;
Queirodset al, 2013). All relevant body structures and measurement dimeresions  srh 0 w n
Table4.1 andFigure4.1, respectivelyThe measurements for the appendix masculina and male

15tpleopod were taken to the nea@§t5 mm by optical microscope at 10x magnifiwat The
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measurements for the other body structures in samples from FU17 and 22 in 2017 were taken
to the nearest 0.05m by vernier calliper, while measurements from all other samples were
taken with Mitutoyoelectronic Calliper Absolute IP 67 (0.01 mnsotution / £ 0.02 mm
accuracy). The maturity stage for females was recorded based on gonad colouration / size and

preence of eggs on the abdomen (Mente et al. 2009).
4.2.3. Statistical analysis

4.2.3.1.Size at the onset ofmaturity from morphometric data (MSOM)
The estimation of the size at the onset of maturity was carried out on untransformed data by
segment regression models as désd in Queirdst al. (2013). Carapace length (CL) was
considered the independent varebhd all other morphological structleagths/widths were
dependent variables. The segmented model determines the allometric relationship between the
dependent anithdependent variables by fitting two or more straight lines to the data, which are
conneced at O br e aHe pate bfmldtige growthbhanges, as identified by a change
in the respective slopes. Segmented regression models were fitted for gepetient
i ndependent var i absleegsme fouRe(dogyeo,t2008). Thipackkge g e 0
estimates breakpoints by itamat from an initial value. A set of initial values was built from
an interval (mean CL + 1 standard deviation) in 0.5 mm dteps the lower to the upper
extreme of this interval, and the model was run as many @ number of initial values
in this set. A single output was expected for all runs, independent of the initial value at each
run, otherwise the analysis was ddesed inconsistent. In additionvalues related to the
6gapd ( par ame teegap betwearn the e &ttedistraggisiels toming from the
model) were recorded, withvialues > 2 indicating problems in model convergence (Muggeo,
2008). The Daws test (Muggeo, 2008) was used to check whether there was a significant
difference betweethe slope parameters of the two sthaiignes coming from the model. When

these two straight lines presented significantly different slopes according to the tBslyitse
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MSOM estimate was defined as the value of the independent variable (= CLa&sb06th

the intersection point (brep&int) between the lines. The coefficient of variation (CV i.e. ratio
between the standard deviation and average value M3@M estimates) concerning the set

of MSOM estimates from different body structures witthie FUs were then calculated for
each BJ / Year group. It was established in this study that a CV higher than 5% indicates high
variability.

Additionally, linear regessions were carried owith log transformed dataf carapace length
(independent variab) and dimensions(length, width or depthpf eachbody structure
(dependent variabldghat presented significant breakpoints in the segmented regreBsmn

aim was to checkthe existence andype of allometry between these body characteasd

carapacéength according to the equation below:

M Y aENQD TR oo édeq.l)

Where9 and 8 representespectivelythe dimension of thébody structureandthe carapace
length of anyindividual in the study, whileA andA are repectively the slope and asdtig of
the irtercept[l 1 &] of theregression lines abovaentioned The relative growth between
the body structures and carapace length was classified as falipusometric growthwhen
the slopavasnot significantlydifferent of 1 (b = 1) and (ii) allometrigrowth whenthe slope
was significantly different of 1, in this case negative allometric growllen0 < b < 1 and
positive allometric growthwhen b > 1 Significant difference betweeh and 1(isometric
growth) was assessed lmpservation of the ®%6 confidence interval of the regression e
slopes obtained fronthe log-transformedinear regressions abowveentionedlt is important
to highlight thatit is expectedcthanges in relative growth of body sttues to CL after the
MSOM will be consignt with thetype of allometry obtained bihe log-transformedinear

regressioni.e., body structures with positive allometric growth will increase the rate of relative
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growth to the CL after reaching the MSOMhile the opposite is expected for bodyustures
with negative allometric growth. Coneeéng structures with isometric growth, it is expected

that the segmented regression analysisnaiidetermine any breakpoi(WSOM).

4.2.3.2.Discrimination analysis of Nephropsmorphometrics across FUs
Canonical disriminant analysis (CDA) was carried out to investigate the existence of
significant differences in the morphometric structure of males and females (separately) among
the grounds: Moray Firth (FU9), Firth of ClydéU13), Western Irish Sea (A8), Aran
Grounds (FU17) and The Smalls (FU22dditionally, classificatory discrimination analysis
was carried out to examine the classification success of males and females (separately) in the
fishing grounds abovmentioned Only samples obtained in 28 were consiered in the
discrimination analysis since all morphometric measurements were made with the same
instrument (digital callipers, see above) with identical precision. Theretorglss obtained
at FU17 and FU22 in@L7 that were measured withaogue verrar callipers were omitted
from the discriminant analysis (although these were included in MSOM estiniatee
above). I n this study, &émorphometric structu
obtaired from the morphometric maasments of bdy structures, which characterize
Nephropssamples at each FU considered in the study. The morphometric structures were
considered distinct whether they presented significantly different centroidoyeolapping
confidence intervals).
Before the CDA, th measurements were standardized for body size, according to a method for
correction of sizelependent variation in morphometric characters suggested by Elliot et al.
(1995) using Eqg. 1 below:
0 0O 0j0 (Eq.2)
Wherel is the standardized measurement;is the original measurement; is the standard

length of the specimen (carapace length)is the overall mean of the standard length for all
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lobsters from all the samples in each analysis larglestimated athe slope of the linear
regression betweeh T & andi T & for all lobsters in the analysis. The correlation
coefficients between each pair of morphometric characters wetkathbefore and after the
removal of the size effect. It was expected tha correlation coefficient between these pairs
would decrease after the removal of the size effect (@hel, 2015). Only standardized
measurements with Pearson correlation fomeht less than 0.70 were included in the
discrimination analysis. The CDandthe classificatory analysis wewarried out using the R
functions described in Koutecky (2014) which are based oR fh&ckagevegan(Oksaneret
al., 2013). There was no ressity to check the samples for normalitgce theveganpackage
uses permutation significance tests which overcome the requirement for normal distributions
in the morphometric measurements (Koutecky, 200#)ile the assumption of similarity of
populdion covariance matricdailed, the analysis was carried cat itis not considereds a
requiredprerequisite for using CDA (CreQastillo et al, 1994). Furthermore, Cocozzelli
(2008) emphasizethat CDA can be used with confidence, since therevislerce thatit is
quite robust to the violation of assumptions of samples normality hemadogeneity of
covariance matrices

4.2.3.3.MSOM, morphometric structure and population density
Population densities ofNephrops across functional units were obtained from annual
underwater television (UWTV) surveys carried out from 2001 to 2018 by the National
Institutes in charge of the stock assessment of this species (ICES, 2019a, b). The mean of the
annual estimates of populat density was calculated for each FHale4.2) and these values
used to investigate any pattern between population density across the FUs and MSOM.
Significant MSOM estimates considering each body structure separately were compared by
leastsquares liea regression with the mean of the annual poputadiensity estimated able

4.2) from each FU / year group. According to Queigisal. (2013), to assure credible
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regression models, regressions were only calculated when there were atdepsticant
MSOM estimates for the body structure in questnoss the FU / year groups.
To investigate any densiyependent pattern among morphometric structures (identified in
CDA) across the FUs, significant differences in annual estimates of pgopudansity athese
FUs were first tested using Kruskadallis and Dunn (poshoc) tests. After that, the similarity
/ dissimilarity in morphometric structure Nephropswvas tested among FUs with and without
significant differences in population density permutatia significance tests included ithe
veganpackage

4.3.Results

4.3.1. Size at the onset of maturity from morphometric data (MSOM)

MSOMs were estimated wusing pairs of morphol o
breakpoi nt sr eignr essesg nodnnsi, e dawhaelr es tirnuct ur e di mens
vabl as veindepesdenZhbari(abl e) . MSOMs <can be seen

respectlTiavbdiB4,4 FOor most of the morphometric f

in femal es, MSQ@QMteptoismatbil @n Wdese rfeosrulotnse we
of the following reasons: -v(ail)uetshe n20 derl san
obstrumeeel thietting), (ii) the segmented rel
was -sniogqirciafnt |, or (1 i) therteheverangld foferentt
provided to the model. The morphol ofgiicant st

MSOM estimates across t-ttar a&plsc ef owi dftehnda | veist hy
esmates per 7 FU / years analysed.

Severalrestrgwmoteu signi ficant MS OM easptpiemadti exs
mascul i nd%p | aenodp 06d®li, f iwé & ht se ggtini mat es for al | t
the st-Cdusheé€L|l ehgbhba@dmal gepdanumbeé @it si g

of 7 FU [ yexeept$r MSBM estnvates gf females in The Smalls (FU22) in
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2018 and males iMoray Firth (FU9) in 2018 (CV = 3.29 and 0.11%, respectivedgeTables

43-44),t he MStOIMmeetses gener ated by tduirfefsertemd msped
presented great variability even whewi dihegea
significant breakpoint. For exBmpkepat §oee
MSOMhat was ~9 mm small ecr ehhlmahendgeh MEOMt heo
Year; while at FU17 in 2017 (CVe=s20u88 W) esyv
even higher (Tgbdtegp 1INemm h@Lk, was there any ¢
mao phometric structuregeerorngmaiiwafidel)spr mat e
As many individuals were damaged, the sampl ¢
greatly reduced for some DaodW24sd) tTrhec tfuorl e so wliin
body stirncatewmrseastire¢ lb@ti irve gr owtelctho ntgh ¢ IC@GY, MSFOLN
WL 2 L, Cut D, Cutbwtaand E@wtslpr sel y, AdeN r eCalsed d a
t hefiorr boa$h welkders s o men snaCueesMWrMWE 2Cr uL and Cr
t here wase aimrnaittretedodd i v eCLg rvohwt thenaflaere e s ame bod
structuohes oppositFaurwaer nbse,r vVAM . amall-CWL 2 WL 2
exhibitend endmeaser eaxad eietbbt hee aq@rtowdtihf fteo ec
f urmntail lTuniitss . hmgbt itgihdat eblthiti ve growth of bo
CL after rewzdhi mguMSIOM i nconsistent with the
strudtseredgh. Ined hbdis, f ox ctelpd ad yeidia bslpdsa 4. 5 a
4 ,6especftoirvemal,es Bxampfleensal ®efs. segmented regr
structures which gave signadiwalnk o@®s iesstkmt nd
concer miaie tolfe r elf atbhiowWleyctpm o @ haf aaetdh MSOMp e of
all omanr peespeatupel ¢ e gthadreAd adh d TabAe&s3 A4, 2

in appendi x 3.
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4.3.2. Discrimination analysis of Nephropsmorphometrics acrossFUs
Correlation coef fi cicemarsa chteetrwse eonf moarlpehso mernt d i
after the removal Toafb43aszdd. eTH e cd o eafrfei sihemtns i v
high before theéeegoemdert i varwedrteisdasaeb sbtuatn tti hael sl «
after st amfdatr e zemeaeor ements of the morphom
mor phometric structure measur emeenrt sorpredclealt
0.70 and, t hus, me a s urienmetnh ess eo f p aoinrlsy woenree sct
anal yhei shii ghly corr &lTaetl €dl Bha iarCd evEd i doTr 8 himlael e s
47, wi th ETel and Ctel r e mabvle,d @rrwVh & h-d &GoaWw
Cut D f orTafbddea IWeTel,GuW and CutW removed from the analysiBable
49 shows summarized results for the canonical discrimination analysis carried out to
investigate differences in the morphometric structure of male and féhepleropsper FU.

The analysis for both males andnfales presented 2 significant canonical axesgareectors
(Table 4.9), which together explained 89.5 and 89.0% of the variation in the overall
morphometric structure respectively for males and females among FUs. Scatterplots of the
scores from 3 canorat axes (CAl, CA2 and CA3) for morphometric cltaees of male and
female Nephropsrespectively are shown iRigures4.2 and4.4. The analysis could easily
discriminate morphometric structures of males among the grounds with a high degree of
separation beteen Western Irish Sea (FU15), Aran Grounds (Flhd the group formed by

the following FUs: Moray Firth (FU9), Firth of Clyde (FU13) and The Smalls (FU22), which
presented a high degree of overlap. There was a certain degree of overlap in the macphometr
structure of females at all FUBigure4.4), however the plot of the morphometric structure
centroids with their respective 95% confidence interviigure 4.5) shows three distinct
groups: (i) Aran Grounds (FU17); (ii) Moray Firth (FU9) and The Sen&U22) and (iii) Firth

of Clyde (FU13) and Weatn Irish Sea (FU15)The following structures contributed
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significantly (p < 0.05) to the discrimination of the samples: (i) BL, CW, AbW, CruL, CutL,
CutD, WL2ML, WL2-CL, WL2-CW, AM and PI1, for males an(d) BL, ETel, AbL, WL2-

ML, WL2-MW, WL2-CL and WL2-CW, for females(seeTable 410). Obviously, the first
canonical axis (CAl) was the most important component contributing to separation among
populations. For males, thedifferences werexclusivelydue to shape changes related to the
lengh of the first pleopod and appendix masculiisaeTable 410 and Figure 4.§ while for
femalesthey were primarily due to shape changes related to the length and width of the second
walking leg structuresWL2-ML,WL2-CL and WL2-MW) andto longitudinal body shape
changes, such as abdomen,-&lson and body lengsi{AbL, ETel and BL, sedable 410

and Figure 4 Concerning the second canonical ai3A2), differences among female
populations were associated to mpimological changes related to the same structures
contributing tathe discrimination in the first canonical apisis WL2-CW (seeTable 410and

Figure 4.4. For males, the differencesthis canonical axis (CA2) were due to shape changes
related to thdength and width of the second walking leg struesu(WL2ML,WL2-CL and
WL2-CW), length and depth of chelipeds (CruL, CutL and Cu#i3)well as longitudinal and
transversal body shape changeshsasbody length (BL) and abdomen and carapace width
(AbW and CW) respectivelyfTable 4.10 and Figure 4.2} is important highlight that the
measurements of primary importance in the first and second eigenvectors were respectively
first pleopod (0.30and carpus length of the second walking leg (0.47) for maltes carpus
length ¢ 0.58) and width of the send walking le(0.47) for females (se@&able 410).

The classification success of the discrimination analgsiged betweed2.87100% and 6
85.48%individuals correctly classifiedespectively, for maland femaléNephropsacross the
grounds considereith the study Tables 411-4.12). As expected by observation of a certain
degree of overlapf femalescoredor thegrounds discriminatebly the CDA (contrasting with

lessoverlap inmalescores seeFigures 4.2 and 4)4the classification success wasvir for
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female than maleSimilarly, lowestclassificationsuccessvas observeth grounds where the
morphometric structures of individuals could not be discriminated by the @D$e grounds
include: () The Smallggrowed with Moray Firth and Firthf&lyde) with 42.87% of males
correctly classified and (i) The Sma(tgrouped with Moray Firthand Firth of Clyde (grouped

with Western Irish Sea) both with 0% of females correctly classified.

4.3.3. MSOM, morphometric structure and population density
We requred at least 5 valid MSOM estimates per body structure (out of a possible 7) to carry
out the comparison between MSOM and population density. This requirement was only met
for the following body structuresf males: crushepropodus length, appendix maboa and
first pleopod. However, there was no significant relationship between these structures and
population density across the grounds considered in the study (defilsglementaryables
A4.4-A4.6 in appendix 3)Few valid MSOM estimates were availile in females to make a
comparison with density.
KrusWadll i s / Dunn tests showed significant d
and females) among the FUs(whi ¢hrtdr médCl gde
Western FU1586hhiSQeha density groupod,; (ii) Aran
(FuU22amoderate density groupob6l awddénsThd y Mgr a
hypothesis of similarity / dissimilarity in anpphometric structure dflephropsamong grounds
with / without significant differences in population density was rejected. The morphometric
structure of mal@&lephropsrom Firth of Clyde and The Smalls, which were FUs of high and
moderate population densitgspectively, were grouped wiephropsrom theMoray Firth,
which is characterized by low population density (Begire 4.3); while the morphometric
structure bfemaleNephropsn Moray Firth (low density) was grouped with the one from The

Smalls, cheacterized by moderate density ($egure4.5).
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4.4.Discussion
The main objective of this study was to determine the size at the onset of maturity using
morphometric criteria and to test the hypothesis of an inverse relationship between this metric
and populdon density in the grounds considered in thisdgtuUnforunately, despite
discovering some morphometric features which consistently gave rise to statistically significant
allometric breakpoints, particularly in malephrops most of the morphometricased
maturity OMSOMOG r e s uty within RJN gearggobupy (C\e 2 5%, sear i ab
Tables4.3 and 44). For this reason, it was difficult to choose which morphometric measure
was the most representative, as was also noted in previous studiest(@Lck000; McQuaid
et al, 2006; Queiré®t al. 2013). Ths alone is a major issue, but there may be otfaersor
example, inconsistency between the type of allometry of body charactdrsedrehaviour of
their rate of relative growtto CL after MSOMort he i rregul ar pattern
allometry andthe behaviour of theate of relative growth to CL after MSOM, with the same
body structure @senting contrasting types of allomefppsitive or negativeandbehaviour
of the rate of relativegrowth (increasing or decreasing after MSOM) dfferent FUs
Observing the existence of different type of allometric relationskipgs. sigmoidal allometry
(e.g. Rasmussen and T} perhapdld-gahsfornédany segréentédo v § ,
regression models are not appropriate to describadhel type of allometricefationships in
NephropsIndeedKatsanevaki®t al.(2007) pointed out that these models are not adequate to
describe allometric relationships of some marine spedibsy siggest, for example, that
guadratic and cubic modelseathe best models to describe allometric relationshigs/an
species of decapod crustace&sch adfNephrop$. sand ghost shrim{Pestarella tyrrhena
and marbled rock cralP&chygrapsusmarmoratu$, repectively. These authors state tlittte
allometrc exponent(c) in eq. 1 is not necessarily constant and it may change either

continuously or abruptly at ogteagsformedcandb r e a k |
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segmented regression aysb may confoud positive with negative allometry or isometric
with allometric growth and vice versd@/ynne (2016) suggestfor examplethat, because
allometric growth takes place only during a certain period of the life cycle, segmented
regression angsis should idetify two breakpoints (not one) related to the Imegng and end

of the period of allometric growth (see Coreral. 2001 for other reservations with using this
method).Observing what was discussed abdte, variability in MSOM estimateg)cluding
variable allometric growth relationships (positive oegative)and variability of MSOM
estimatesmay be due to the inability of the method to identify the beginning and end of the
period of allometric growtlor even to estimate pointauly related toNephros @naturity.
However further investigations migtdiarify these issues.

Supposing logransformed and segmented regression analysis are adequate to describe
allometric relationships itNephrops the discussion will contireu highlighting th& despite
extremely small sample sizes (n = 10), crusher dimaaglength, depth and width) of females
provided significant breakpoints, with SOM estimates in the range 2328 mm CL at
FU22 in 2018. These results contradict theedgs that largesample sizes are essential for
identifying significant segmentaélationship in morphometric analysis (Queirds et al., 2013),
although they might be lucky accidents. Most of the MSOM structures showed an irregular
pattern, providing sigficant outputs fo only some of the FUs analysed in the study. Finally,

it was dificult to decide based on MSOM estimates, which structure is the best for
morphometric SOM estimation. Perhaps the appendix masculina and the male first pleopod
(consideredor the first timein this study) are good structures for males, since they prbvide
significant estimates for all the FU / years studied. Additionally, these structures (appendix
masculina and male first pleopod) provided consistent results at 25.0%5&8 @2mCL,
respedtely, with previous studies in Irish Sea by McQuaid et al. (2@Q0®6) that reported

MSOM estimates obtained from appendix masculina in the range2823nmCL across a
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variety of stations at this ground. The MSOM estimate obtained &@pendix mascula for

Firth of Clyde in this study was also consistent withdhe obtained by Queir@s al. (2013)

for the same site and body structure (both ~27 mmCL), although the result obtained from the
male first pleopod in the present study was a little bitdndR9.96 mmCL) for the same site.

It is important to emphasizddt there is a relational ondbetween the different maturity
metrics with size at the onset of maturity preceding the size at which 50% of the sample is
mature (lso) and smallest berriedri®le, as discussed da Silva Santanet al.(2021) In that
regect, the significant MSOM meares identified in the present study remain difficult to
interpret. We note, for example, that whatever body structure used, MSOM estimates for
females in thisstudy fluctuate in an irregular pattern around the dstimatesreported in
previous studiesor Moray Firth Firth of Clyde Irish SeaAran GroundsandThe Smallgde
Figueiredo and Thomas, 1967; Twetkal, 2000; McQuaickt al, 2006 da Silva Santanet al,

2021). In other words, the same body structure provM8©M estimates that are higher than

Lso for some grounds and lower for others.

There was no significant inverse relationship between MSOM and population density,
contrasting with Queirés «l. (2013), vino reported two significant inverse relationships
between MSOM (from crusher length / appendix masculina) and population density for males
in Scottish waters. Similarlyda Silva Santanat al. (2021)showed that there was an inverse
relationdip betweenhe theoretical size at the onset of maturity (=TSOMjemales and
population density in Irish waters. Possibly, the absence of a significant relationship herein is
due to the low number of points in the regression analysis Bpending orthe body
structure), since Jenkins and Quintafysscencio (2020)tate that regressions with sample size
less than 25 (n < 25) may be inaccurate or unstable.

Secondary objectives of this study were to show variation in morphometric structure in

Nephropspopulations from Irish and Scottish FUs and to test the hypesthbat such
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variations were related to a gradient in population density values across these sites. Indeed,
significant differentiation in morphometric structure was evident on differenngspuvhich

was somewhat surprising, given the openness of thgeédgtions from a genetic viewpoint.
Recent studies have shown a substantial gene flow among these stocks (Matad)ia898;
Passamontet al, 1997; Stamatiet al, 2004; Streiffet al., 2001), probably as a result
highly-dispersing larvae (Mc&dyet al, 2020). The canonical discriminant analysis could
discriminate male and femaNephropsacross the sites considered in the study.

However, the hypothesis of a link between morpktric structure and density across the FUs
was rejected since mhometric structure of females in The Smalls and of males in The Smalls
and Firth of Clyde, sites of moderate (Smalls) and high (Firth ofe}lgdpulation density,

were not significantly dierent from those of females and males in Moray Firth (FU9), a
functional unit of low population density. Maynou and Sarda (1997) have shown a link between
the morphometric structure dfephropspopulationsat different sites in Mediterranean Sea
and thetype of sediment on these grounds. Since there is a dome shhgieohship between

the sediment type (silt+clay content) and population density (Cangthell| 2009; Johnson

et al, 2013), it was expedalethe hypothesis linking morphometric structared population
density would be accepted.

It is important emphase that, despite the fact that the hypothesis linking density and
morphometric structurieas beerformally rejectedwe believe that populatictensity still has

a role in shaping morphomatal structure ofNephropspopulations, sincene CDA could
discriminate the morphometric structure Me&phropsfrom sites of contrasting densities to
some extenexcept for Firth of Clyde and The SmaiieeFigures 4.3 and 4.%, however Firth

of Clyde ha a known densitgize gradients operating within Kote that his discrimination
based on morphometric structure is independent of body size since this was standardized prior

to statistical analysis.
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Sediment type (granulometry specifically the siltyctapntent), which influenceslephrops
density (CampHeet al, 2009; Johnsoet al, 2010) probably idirectly affects morphometrics

via density effects on morphometrics. Other environmental conditions among the studied sites
such as differences in alkaiy, current pattern, temperatures, turbidity, angimnmental
impacts could also affect morphometry (Marr, 1957; Maynou and Sarda, 1997; Siddik et al.,
2016), or (more likely?) these could-eary with sediment type. Another factor may be habitat
usage Vermeirenet al. (2020) showed a close relationsliptween magrhometrical traits in

crab species, such as differences in the eyestalks length and position in the carapace and distinct
habitats with differing necessity of telescopic or stereoscopic Vther studies have
suggested a functional link betere habitat sage / characteristics and morphological traits in
different aquatic organisms, e. g. claws of portunid crabs of different trophic niches éEreire
al., 1996), carapaces of benthic and pelagarine shrimps (Duartet al, 2016), legs of
bentic and swinming crabs (Marochi and Masunari, 2016) and locomotion appendages of
amphipods (Kralf- i @tal;, 2020). Vermeiremt al.(2020) highlight that various factors have
some influence on the amphology of organisms (e.g. sexual variation, allometric relatio

diet, phylogeny) and suggest an integrative and rfadtor approach in future studies. Please
note, that all the stues mentioned above compared morphometric traits across species, by
contrast with the present study, that has compared these ithitsame species. Future studies
may indicate the extent of influence which habitat usage has on the morphologicalesructur
of Nephrops particularly the second walking leg, that is extefactive in some ecological

and social tasks (see below).

Gomeset al.(2016) emphasize that morphological traits are linked to the environment and act
to maximize the ability of an indidual to accomplish ecological and social tasks, assure
survivorshp and improve reproductive capacity. Indeed, the most importaiyt ftructures

for the discrimination oNephropspopulations across the FUs in this study were the first
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pleopod (males) ahsecond walking leg (males and femal€able 4.10). These two bog
structures (first pleopod and second walking leg) are activedyg by maléNephropsduring
copulation (see Farmer, 1994 The second pair of walking legs is also actively used by both
male and female for digging burrows (Maynou and Sarda, 1997), vaeinickrery important
means of providing a protected shelter agam&dation and antagonistic interactions,
including the lengthy embryo brooding period for females. Perhaps distinct widgisgapes
are related to the degree of difficulty in excavatimg burrows on different types of sediment
across the FUs, whichoald induce growth and development of walking legs of slightly
different shapes, but only further investigation might gjatifs hypothesis. The lack of genetic
structure means that this stibe an ecological difference that is stimulated by the envenhm
rather than one that is determined genetically.

Besides the male first pleopod and second walking leg, other bodyustsicontributed
significantly to the discrimination dflephropsacross the FUS: appendix masculina and claw
variables (CutL, Cutand CruL) in males, and abdomen (AbL) and claw (CruD) variables in
females. Appendix masculina and female abdomen areddtathe reproductive process in
Nephropsa functional appendix rsaulina is essential for a successful copulation (ldaad,
2016; Waihoet al, 2017), while a longer and wider abdomen enhances the capacity for
egg/embryo carrying (Farmer, 1974a; Ma@let al, 2006; Queirégt al, 2013; Haiget al,
2016; Waihoet al., 2017). The claws are related to sexual selection of miajetefnales),
foraging, as well as as fighting for burrows and sexual mates (Sbragiaglia2017), which
may be intensegspecially in sites of high population density that host more sgjgeemales
(Merderet al, 2019).

This study has shown thidephropsfrom the Irish functional units (Aran Grounds, The Smalls

and Western Irish Sea) in this study can be considered distinct regarding their morphometric

structure Figures4.2-4.5). Surprsingly, despite the fact that the male and female samples from
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The Snalls were discriminated from the other Irish FUs, samples from this ground could not
be separated from the Scottish FUs at all, regardless of the large geographic distance separating
thee grounds. Further investigations might explain which factorsaasiated with the
similarity in morphometric structure of samples from these grounds. Concerning the Scottish
samples (Moray Firth and Firth of Clyde), only female samples could be disatau
according to their morphometric structure, however, iinmg@ortant emphasize that the
centroids of the female morphometric scores of these two FUs were very close one to the other
as indicated by the almost overlapping 95% confidence intervigisr€ 4.5), what indicate a

low degree of separation between them.

The percentage of correctiglassified individuals supports the output of the CDA with three
well separated groups of males withawerlappingmorphometric structurdi) Western Irish

Sea (00% individuals correctlglassified), (ii) Aran Gorounds (100%dividuals correctly
classified) and (iii) the cluster Moray Firffirth of ClydeThe Smalls with68, 69.57 and
42.86% individuals correctiglassified, respectivelyNaturally, the lower peentage in the
classification of individuals at Moray Firth, Birof Clyde and The Smallshen compared to

the other FUgeflects the existence of overlappingorphometric structureamong them.
Concerning females, the percentafsuccess in the clafisation was lower when compared

to mal esd, c o erlappibgmorghdmetnigstrustures Hor tiiemctional units in

the study, with a high degree of overlagtween some of thenihe percentage of individuals
correctlyclassified was: (i) 52.94%Moray Firth), (i) Firth of Clyde (0%), (iii) 75.61%
(Western tish Sea), (iv) 85.48% (Aran Grounds) and (v) The Smalls (0%).

Tzeng et al. (2001) state that the following factors may confound the morphometric
relationship in a poulation: (i) sexual dimghism; (ii) time of sampling; (iii) allometric
growth and (iv) tate of maturity. We believe that the first three factors above were not an issue

in the present analysis, since it was carried out separately for males and falithlesamples
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were colected in the summer of 2018 and all measurements were correctbe effect of

body size. To account for the final factor ¢
restrict group comparisons to specific length claskesvever, maturity wasat an issue in

other studies on variation in the morphometriciciire of decapods, such as the-spdt

prawn (Tzenget al, 2001) and the southern pink shrimp (Paramo and -Bail, 2010), so

arguably, the same may be true Kephrops

This study showd, for the first time, variation in morphometric structureNgohrops

populations in the northeast Atlantic and presented canonical discrimination analysis as a
potential tool to separate these populations. In addition, it shinepopulation densityeems

to be an important factor influencing the morphometriccsétme of some populations of this

species, as well as highlighting structures (male first pleopod and second walking leg) of
primary importance in discriminating treegopulations. Finallytipresented the male first

pleopod as a potential body structfoedetermination of the onset of maturity estimation using
morphometrics. It is expected that the findings of this investigation might contribute to the
managementfoNephropsstocks, obseivn g 6 The Marine Strategy Fr
reformed CommonFi s heri es Policy ( CF P-based fisleraes req.

management that observes interactions among all components of the ecosystem.
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Table4.1. Morphometric measurements used r

sexspecific differences. Pleasee Figure 1 for further details on body structures and measurement dimensions

mor phol ogi cal
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Ssi ze at

mor phometri

oionsneptevioasf studiea iNephrops including . e .

Measurement Abbreviation Sex Previous studies Dimensions
Abdomen length AbL Male / Female McQuad et al. (2006) Fig. 1(a)
Abdomen width AbW Male / Female Tucket al.(2000) Fig. 1(a)
Appendix masculina AM Male Farmer (1974a) Fig. 1(b)
Body length BL Male / Female Mori et al.(1996) Fig. 1(a)
Carapace length CL Male / Female Maynou and Sarda (1997 Fig. 1(a)
Carapace width Cw Male / Female Maynou and Sard@l997) Fig. 1(a)
Carapaceelson length CTel Male / Female Mori et al. (1996) Fig. 1(a)
Crusher propodus depth CruD Male / Fem&e Queiréset al, 2013 Fig. 1(c)
Crusher propodus length CruL Male / Female Queiréset al, 2013 Fig. 1(a)
Crushempropodus width Cruw Male / Female Queiréset al, 2013 Fig. 1(c)
Cutter propodus depth CutD Male / Female Queiros et al., 2013 Fig. 1(c)
Cutter propodus length CutL Male / Female Queirodset al, 2013 Fig. 1(a)
Cutter propodus width Cutw Male /Female Queiréset al, 2013 Fig. 1(c)
Eyetelson length ETel Male / Female Mori et al.(1996) Fig. 1(a)
15 pleopod Pl1 Male This study Fig. 1(b)
24 Walking leg Merus Length WL2-ML Male / Female Maynou and Sala (1997) Fig. 1(a)
2" Walking leg Merus Width WL2-MW Male / Female Maynou and Sarda (1997) Fig. 1(a)
2" \Walking leg Carpus Length WL2-CL Male / Female Maynou and Sarda (1997) Fig. 1(a)
24 Walking leg Carpus Width WL2-CW Male / Female Maynou and Sala (1997) Fig. 1(a)
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Table4.2. Annual population density (burrows®dro bt ai ned from annual under
surveys carried out across alyriFgh tehn d FSJRQOt,t iFs hr tfl
Western Irish Sea (FU15)\ran Grounds (FU17), and The Smalls (FURRES, 2019a, b)

Year FU9 FU13 FU15 FU17 FU22
2001 0.16 0.71 - - -
2002 0.24 0.76 - 0.79 -
2003 0.33 0.87 0.99 0.94 -
2004 0.29 0.95 1.00 1.08 -
2005 0.40 0.94 1.02 0.81 -
2006 0.21 0.88 0.97 0.46 0.49
2007 0.24 0.60 0.93 0.69 0.37
2008 0.21 0.85 0.77 0.41 0.36
2009 0.19 0.72 0.83 0.52 0.36
2010 0.18 0.84 0.90 0.63 0.37
2011 0.17 1.04 0.88 0.51 0.41
2012 0.14 0.68 0.91 0.33 0.49
2013 0.21 0.96 0.78 0.33 0.41
2014 0.15 0.64 0.83 0.28 0.53
2015 0.16 0.88 0.79 0.40 0.49
2016 0.18 0.94 0.84 0.29 0.31
2017 0.19 0.75 0.90 0.31 0.55
2018 0.19 1.06 0.85 0.40 0.31
Mean (burrows m) 0.21 0.84 0.89 0.54 0.42
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Tabdlde Size at t hef eormbbbepth wafp smmad tued tfyr owomth mor phometric data (i .e. O0MSOI
(FU13), Western Irish Sea (FU15), Arani éGnbupntisvabBllaimaosersd o bVM&a O Biyeall |
structures at each functional uni t NA indicates o significant all ¢
Size at matuoinsgNeopphHfeopm| mor phoveONMi cmmdlat a
Structur FU9 FU13 FU15 FU17 FU2?2

2018 2018 2018 2017 2018 2017 2018
Abdomen | engt N A N A 21.(8n1=24 25.(2n9=23 26 .(0n3=25 N A N A
Abdomen widt! N A N A N A N A N A 32.(2n5=23 N A
Body hl engt N A N A 21.(8n9=22 N A N A N A N A
Carapace widt N A N A 21.(5"250) 17 .(8=23 27 .(0n6=25 31.(4n2=22 N A
Carapateon |« 25 .(4n6=50 N A 23 .(5n6=2 4 N A N A N A N A
Crusher 1l engt NA N A NA NA NA N A 22 .(2n6=10
Crusher widtt NA N A NA NA NA N A 22 .(6n4=10
Crusher deptt N A N A N A N A N A N A 23 .(7n1=10
Cutter lengtt N A N A N A N A N A N A N A
Cutter width 37 .(1n8=30 N A N A N A N A N A N A
Cutter depth 37 .(In7=30 N A N A 34.(8n3=95 N A N A N A
Ey-eel son | enc¢ NA N A 22 .(0n7=2 4 NA 21 .(/n0=25 N A N A
2" 4\, L. mer us N A 19.(6n9=214 N A N A N A N A N A
224, L. merus N A N A N A N A N A N A N A
24y, L. carpu NA N A 33.(4n0=1 8 NA 22 .(5n4=19 N A N A
224, L. carpu N A N A N A N A N A 20.(In0=1 8 N A
CV ( %) 20. 33 N A 19.27 37.7 10.73 24.31 3.29
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Tabldé 8i ze at t he omMNseethesfp $meattuverdi tfyr ot moa Pedo, meCtLr inom) d a tMeo r (aiy. eF.i rdMS ( FU
Westersth ISea (FU15), Aran Grounds (FU17) and The Smalls (F&22)bady sDE
each functional wufiictantNAalilnodmectartiecs bnroe askipgoniin t
Size at thei onsEépmfdoemt mor pho:me@mMr {mmdat a
Structur ¢ FU9 FU13 FU15 FU17 FU22
2018 2018 2018 2017 2018 2017 2018
Abdomen | engt N A N A 33.(2n9=25 N A 30.(4n0=2 14 27 .(Mn2=2 4 N A
Abdomen width 35.(6n0=45 35.(0n4=65 N A N A N A N A N A
Appendsgumine 35.(6n8=44 26 .(6n8=43 25.(02948) 20.(2n1=12 22 .(4n6=10 27 .(0N0=42 27 .(0n7=15
Body | ength N A N A N A N A N A N A N A
Carapace wi dt N A NA 32.(8n8=25 24 (n9=21 N A NA NA
Carapateon |« N A N A 26 .(6n0=24 N A N A N A N A
Crisr |l ength N A 27 .(9n7=51 26 .(9n1=13 29.(9N0=54 25.(54=98 29 .(8n9=11 36.(3n9=30
Crusher widtt N A 23 .(5n0=51 N A N A N A N A N A
Crusher deptt N A N A 29 . (2n71=1 3 N A N A N A N A
Cater l ength N A 31.(9n9=49 25 .(5n0=80 N A 26 .(0n0=11 N A N A
Cutter width N A NA 26 .(2n0=80 N A 29 .(8n8=11 NA 33.(3n7=35
Cutter depth N A N A 26 .(2n4=80 N A N A N A N A
Ey-eel son | enc¢ N A NA 26 .(7n8=2 4 N A 24 .(2n9=2 4 27 .(6nd=2 4 NA
15p log o d 35.(6n3=44 29 .(9n6=58 25.(6n3=24 19.(6n6=12 22 .(4n3=23 25.(1n0=42 27 .(32=15
2" 4y, L. mer us N A N A 33.(1In2=19 30.(7n0=15 N A N A N A
2" 4y, L. mer us N A N A 33.(0n4=19 N A N A 29.(34=21 29 .(3n2=10
2" 4y, hrpas | e N A N A 26 .(5nMd=19 32.(In6=15 N A N A N A
24, . Lcarpus N A 31.(2n4=6 2 23 .(2n4=1 9 N A N A NA NA
CV (%) 0.11 12.87 12.11 20.88 12.50 6.17 13.23
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model (dbepemraancthiavha mpig @olvin a)eaf sb gdy f g t

mor phometr.i

@mu v

ouutp concerning type of al |l omnmerturcyt uarned troe |Gt iavfet egrr diSidd/e qufe mtcdries t bechher pahpsade
from Moray Firth (FU9), Firth of Clyde (FU1l3a, | WedqtFdJ2r2)I,r iassh wsd d
growtthmhdygf structures di mensions to CL after MSOM. .

. 2 Slope . . .

Ground Year Trait N r Intercept b 5 5% Cl97.5% CI Diagnosis MSOM  Relative growth after MSOM
FU9 2018 Pl1 43 094 -1.37 0.87 0.80 0.94 Negative allometry 35.63 decrease growth rate
FU13 2018 CruL 51 097 -0.48 1.28 1.21 1.34 Positiveallometry  27.97 increase growth rate
FU13 2018 Cruw 51 095 -222 134 1.26 1.43 Positve allometry  23.50 increase growth rate
FU13 2018 CutL 63 093 -0.50 1.28 1.19 1.38 Positive allometry  31.99 increase growth rate
FU13 2018 WL2. CW 62 094 -3.17 1.17 1.09 1.24 Positive allometry 31.24 increase growth rate
FU13 2018 PI1 57 0.74 -085 0.72 0.61 0.84 Negative allometry 29.96 decrease growth rate
FU15 2018 Cw 242 099 -0.87 1.06 1.05 1.07 Positive allometry 32.88 increase growth rate
FU15 2018 CruL 137 0.88 -0.70 1.34 1.26 1.42 Positive allometry 26.91 increase growth rate
FU15 2018 CruD 139 0.89 -2.50 1.33 1.25 1.41 Positive allometry 29.27 increasegrowth rate
FU15 2018 CutL 115 096 -040 1.25 1.20 1.30 Positive allometry  25.50 increase growth rate
FU15 2018 Cutw 120 0.96 -2.25 131 1.26 1.35 Positive allometry 26.20 increase growtlnate
FU15 2018 CutD 120 0.88 -2.79 1.37 1.28 1.46 Positive allonetry  26.24 increase growth rate
FU15 2018 WL2-ML 196 095 -0.64 1.04 1.01 1.08 Positive allometry 33.12 increase growth rate
FU15 2018 WL2-MW 196 096 -3.38 1.22 1.19 1.26 Positive allomety  33.04 increase growth rate
FU15 2018 WL2-CL 195 095 -161 1.0/ 1.03 1.10 Positive allometry 26.54 increase growth rate
FU15 2018 WL2-CW 194 095 -3.07 1.13 1.10 1.17 Positive allometry 23.24 increase growth rate
FU17 2017 Cw 217 097 -0.86 1.05 1.03 1.08 Positive allometry 24.79 increase growth rate
FU17 2017 CruL 54 097 -0.09 1.15 1.10 1.21 Positive allometry  29.9 increase growth rate
FU17 2017 WL2 CL 152 090 -1.65 1.07 1.01 1.13 Positive allometry 32.16 increase growth rate
FU17 2018 ETel 249 0.88 1.40 0.91 0.87 0.95 Negative allometry 24.29 decrease growttate
FU22 2017 CruL 115 096 -0.27 121 1.16 1.26 Positive allometry 29.89 increase growth rate
FU22 2018 CruL 29 097 -0.34 1.23 1.15 1.31 Positive allometry  36.39 increase growth rate
FU22 2018 Cutw 35 097 -188 1.21 1.13 1.28 Positive allometry 33.37 increase growth rate
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Tabl ©®u4 pautl oogr anlsd egmedsi on model bet wee(ndaeap ened e it th ravt a rpifr aoltvlo elye ds tsri Wati U ri e

out put concerning type of altometuyeahd Cé&l aftee HYB6OMt ke oakbu seh)e dbef @ ff geon
from Moray Firth (FU99tefrnrithmi of £¢ydeFUFI)ILI3)Ar &M Grounds (FU17) and

growfhbody structures dimensions to CL after MSOM.

Ground Year Trait N r2  Intercept Slope Diagnosis MSOM  Relative growth after MSOM
b 2.5% Cl 97.5% CI

FU9 2018 CutD 40 090 -210 1.13 1.01 1.26 Positive allometry 37.17 increase relative growth
FU15 2018 Cw 250 095 -1.04 1.10 1.07 1.13 Positive allometry 21.57 increase relative growth
FU17 2017 Cw 239 097 -0.85 1.05 1.03 1.07 Positive allometry 17.84 increase relative growth
FU17 2018 ETel 250 0.97 1.19 0.98 0.95 1.00 Negative allometry 21.7 decreaseaelative growth

FU22 2017 Cw 230 098 -0.93 1.08 1.06 1.10 Positive allometry 31.42 increase relative growth
FU22 2017 WL2 CwW 230 0.88 -3.01 1.11 1.05 1.17 Positive allometry  20.1 increase relative growth
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Table4.7. Correlation coefficients betweenifgaof morphometric characters of m&lephropsefore(lower diagonal matrix) andfter (upper diagonal matrix) the

removal of size effect. One structure was removed from the analysiscasali where it was one opair with correlation coefficientsidggher or equal to 0.70 after

size standardization (i.e. in ETel and CTel correlations, indicated in bold).

Variable wke
CW ETel CTel AbL AbW CruL Cruw  CruD CutL CutWw  CutDb ML MW CL cw AM PI1
BL 0.58 0.91 0.82 0.60 0.33 0.54 0.47 0.24 0.33 0.37 0.26 0.25 0.31 0.02 0.21 0.05 0.28
CW 0.99 0.60 0.62 0.44 0.26 0.54 0.51 0.30 0.37 0.35 0.20 0.30 0.25 0.27 0.23 0.11 -0.03
ETel 1.00 0.99 0.91 0.64 0.34 0.53 0.48 0.26 0.36 0.39 0.26 0.27 0.35 0.11 0.21 0.12 0.29
CTel 0.99 0.99 1.00 0.67 0.34 0.58 0.53 0.28 0.44 0.43 0.27 0.38 0.36 0.30 0.27 0.16 0.22
AbL  0.99 0.98 0.99 0.99 -0.18 0.44 0.38 0.20 0.35 0.33 0.23 0.23 0.25 0.17 0.22 0.11 0.06
AbW  0.93 0.93 0.93 0.94 0.89 0.48 0.46 0.24 0.31 0.38 0.25 0.32 0.44 0.28 0.37 0.04 0.11
CruL  0.96 0.97 0.96 0.97 0.96 0.96 0.61 -0.06 0.60 0.45 0.43 0.54 0.13 0.45 0.19 0.10 0.01
CruWw  0.95 0.96 0.96 0.96 0.95 0.95 0.% 0.37 0.52 0.10 0.32 0.38 0.15 0.29 0.17 0.05 0.07
CruDb 0.93 0.94 0.94 0.94 0.93 0.93 0.93 0.97 0.31 0.10 0.25 0.33 0.15 0.20 0.23 0.09 -0.05
CutL  0.96 0.96 0.96 0.96 0.96 0.96 0.98 0.96 0.93 0.59 0.25 0.48 0.15 0.40 0.18 0.12 -0.06
CutW  0.95 0.96 0.96 0.96 0.95 0.96 0.96 0.93 0.91 0.96 0.38 0.32 0.30 0.25 0.28 0.04 0.07
CutD 0.91 0.91 0.91 0.91 0.90 0.91 0.95 0.94 0.92 0.90 0.93 0.16 0.11 0.13 0.10 -0.04 0.11
ML  0.95 0.95 0.95 0.96 0.95 0.95 0.96 0.94 0.93 0.95 0.94 0.88 0.15 0.44 0.17 0.04 0.06
~ MW 094 0.94 0.94 0.94 0.94 0.95 0.91 0.91 0.91 0.91 0.92 0.85 0.91 0.07 0.44 -0.15 0.16
§I CL 0.89 0.91 0.90 0.91 0.90 0.91 0.92 0.90 0.89 0.91 0.90 0.84 0.92 0.86 0.11 0.12 -0.10
CwW 0.92 0.93 0.92 0.93 0.92 0.93 0.90 0.91 0.91 0.90 0.90 0.84 0.90 0.92 0.86 -0.09 0.05
AM 0.83 0.84 0.84 0.84 0.83 0.78 0.79 0.77 0.75 0.78 0.76 0.70 0.79 0.76 0.79 0.76 -0.17
PI1 0.80 0.77 0.81 0.80 0.78 0.75 0.73 0.74 0.71 0.73 0.74 0.71 0.73 0.74 0.66 0.73 0.50
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Table4.8. Correlation coefficients between pairs of morphometric characters of fétepleropefore(lower diagonal matrix) anafter(upper diagonal matrix)
the removal of size effect. One structure weamoved from the analysis in all cases where it was oagaf with correlation coefficients higher or equal to 0.70

after size standardization (i.e. in CTel, CruW and CutW correlations, indicated in bold).

Variable wee
BL cw ETel CTel AbL AbW CruL Cruw  CruD CutL CutW CutD ML MW CL cw

BL 0.12 0.51 0.39 0.36 0.16 0.08 0.01 0.04 0.18 0.12 0.20 0.10 0.16 -0.20 -0.04
CwW 0.86 0.22 0.19 0.11 0.07 0.17 0.29 0.27 0.05 0.03 0.10 0.04 0.16 0.03 0.15
ETel 0.97 0.89 0.84 0.65 0.26 0.17 0.20 0.19 0.26 0.10 0.21 0.10 0.18 -0.06 0.04
CTel 0.97 0.89 1.00 0.70 0.23 0.23 0.30 0.21 0.35 0.08 0.23 0.20 0.19 0.18 0.18
AbL 0.97 0.88 0.99 0.99 0.25 0.28 0.36 0.25 0.31 0.11 0.27 0.23 0.17 0.08 0.21
AbW  0.88 0.81 0.91 0.91 0.91 0.02 -0.03 -0.02 -0.17 0.61 0.14 0.05 0.05 -0.01 0.03
CruL 0.97 0.97 0.97 0.98 0.98 0.79 0.43 0.38 0.45 0.04 0.22 0.32 0.13 0.18 0.18
Cruw 0.94 0.95 0.95 0.95 0.95 0.76 0.95 0.76 0.41 -0.06 0.25 0.17 0.30 0.00 0.21
CruD 0.92 0.93 0.92 0.92 0.93 0.74 0.93 0.97 0.35 -0.04 0.31 0.15 0.21 0.01 0.14
CutL 0.89 0.75 0.90 0.91 0.90 0.71 0.96 0.94 0.92 -0.55 -0.19 0.26 0.02 0.07 0.26
CutW  0.54 0.46 0.55 0.54 0.55 0.74 0.54 0.50 0.49 0.26 0.71 -0.01 0.09 0.06 -0.04
Cutb 0.84 0.72 0.84 0.84 0.84 0.75 0.94 0.92 0.91 0.69 0.77 0.06 0.18 0.09 0.08
ML 0.93 0.81 0.93 0.93 0.93 0.84 0.95 0.92 0.89 0.88 0.49 0.79 0.11 0.29 0.30
~  Mw 0.92 0.83 0.92 0.92 0.92 0.82 0.91 0.91 0.88 0.83 0.53 0.81 0.87 -0.03 0.24
§' CL 0.85 0.76 0.86 0.88 0.86 0.77 0.87 0.83 0.81 0.80 0.50 0.77 0.87 0.80 0.20

Cw 0.92 0.83 0.92 0.93 0.92 0.83 0.94 0.92 0.90 0.88 0.48 0.79 0.90 0.89 0.85
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Tabdl9e@Out put for camdniamall ydkii scrciamirn ed out based
and fMdMemaHieops series of Scottish and Irish func
(FU13), Western I rish Seaad HWl5)S mBA rgam ed@rU2upnrdosp

explained and cumul asiivgen igpfaiocpaonrtt a b Ra x®@me eCOMADayTr

well as the | evel of significance of the respec
Mal e Femal e
Resul ts
CA1l CA2 CA1l CA2
Ei genvalue 0.95 0. 71¢C 0.6275 0.73833
Proportion e 51. 3 38. 1 61. 99 27.0
Cumuleatpirwpor 51. 3 89. 5. 61. 99 8900
pval ue 0.00 0.00O0 0.001 0.03
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Tabdled Coefficsiegnisf ifoanf{thel ganprd€ri@desd by t he
di scri mahgtsien based on mor phomeiNephpbdpayieatsiuare
across I|lrish and Scottish functional unmtef S
such populations in theodyheashbchads sgosthdinief ge

t he discpvankindt 0ibm Iaaled

CAl CA2 p-val u

Mor phometric st

Mal Fema Mal Fema Mal Fema
Body length 0.03 0.3 -031 -0. 2 0.0 0.0
Carapace width 0.01 0.1 0.13 0. 2 0.0 O.
Eyetelson length N A 0. 2 NA -0.1 N A 0.0
Carapaceelson lengt N A N A N A N A N A N A
Abdomen length -002 0.1 0.10 0. 4 0.2 0.
Abdomen width -001 0.0 014 -0. 1 0.0 O.
Crusher propodus length -005 -0.1 0.15 0.1 0.0 O.
Crusher popodus width 0.00 N A 0.11 N A 0.0 NA
Crusher propodus depth 0.01 0.1 0.01 0.3 0.4 0.0
Cutter propodus length 006 -0.0 0.17 0.3 0.0 O.
Cutter propodus width 0.02 N A 0.06 N A 0.4 NA
Cutter propodus depth 0.04 0.0 -0.17 0. 3 0.0 011
24 Walking leg Merus Length -001 -0. 2 0.27 0. 2 0.0 0 01
2" Walking leg Merus Width 0.02 0. 3 0.04 0. 4 0.2 0.0
2"d Walking leg Carpus Length  -0.05 -0. 5 0.47 0. 3 0.0 0.0
2nd Walking leg Carpus Width 0.04 0.0 0.23 0. 4 0.0 0.30
Appendix masculina -0.29 N A -0.01 N A 0. 0 NA
First pleopod 0.30 N A -0.03 N A 0. 0 NA
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TablldCl4dassi fication success for the di sNeerpihmiomast
l rish and Scottish fisBhohgClgyde nhdWestMomrmyl rFii gl h
Smal | se Siazn@ |l ( n) r e fierdd vtia utaH es mwnmbd grs eadf aft er t

automatically removed during the analysi s.

Population FU9 FU1l:! FUl1l! FU1 FU2.Sample Correrx

Moray Firt 0 6 0 17 2 25 68
Firth of C 0 16 0 6 1 23 69.57
Il rish GEBEW1 0 0 82 0 0 82 100
Aran Groun 27 0 0 0 0 27 100
The Small s 0 4 0 0 3 7 42.86
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Tabl 2Cl4dadsi fi cati on s uococne sosf ftohre tnmoe pdiosnidrd ip hico gt
in I rsedt aingdh fi shing grounds: Moray Firth, Fir
Small s. Sample size (wi)duelferanaloy $edce @meitendre rt hod

automatically removed during the analysi s.

Population FU9 FU3 FU1l! FU1 FU2.Sample Correc

Moray Firt 3 2 3 9 0 17 52.94
Firth of C 3 0 9 0 0 12 0
Il rish GEBEW1 3 3 31 4 0 41 75.61
Aran Groun 53 1 5 3 0 62 85.48
The Smalls 2 0 0 2 0 4 0
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4.6.Figures

ChL*

ETel’

Figure4.1. Body structure measurements considered in the study of variation in morphometric
structure and morphometric size at the onset of maturity (=MSOMephropspopulations
across Iriskand Scottish functional units: Moray Firth (FU9), Firth of CIy8&13), Western
Irish Sea (FU15), Aran Grounds (FU17) and The Smalls (FU22). Full descriptions of body

structures can be seen in table. Photo credits: Adrian Walsh and Conor Smyth.
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CA2 (38.18%)
;

Moray Firth (FU9)
® Firth of Clyde (FU13)
Irish Sea West (FU15)
e Aran Grounds (FU17)
* The Smalls (FU22)

CA1 (51.36%)

Figure 4.2. Plot of the morphometric scores obtained from the deaabliscrimination
analysis based on morphometric measurements of body structures iNepal®psfrom:
Moray Firth (FU9), Firth of Clyde (FU13), Western Irish Sea (FU15), Aran Grounds7(jFU1
and The Smalls (FU22). The proportion of variation explaingdhe different eigenvectors
(CAlandCA2 - 51.36 and 38.18% respectivegnd significant bodgharactergBL, AbW,

Cw, Cru, Cut, CuD, WL2-ML, WL2-CL, WL2-CW, AM and PI) for morphometric

discriminationare displayed in the plot
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< 4
.
;\? J
®
5 *
N
<<
&)
(\II —
+ Moray Firth (FU9)
+ Firth of Clyde (FU13) @
+ Irish Sea West (FU15)
< - |+ Aran Grounds (FU17)
The Smalls (FU22)

| | |
-5 0 5

CA1 (51.36%)

Figure 4.3. Plot ofthe centroids of morphometric score#th respective 95% confidence
intervals obtained from the canonical discrimination analysis based on morphometric
measurements of body strums in maldNephropsfrom: Moray Firth (FU9), Firth of Clyde
(FU13), Westernlrish Sea (FU15), Aran Grounds (FU17) and The Smalls (FU22). The

proportion of variation explained by the significant eigenvectors (CA1 and CA2) are displayed

in the plot (51.36 and 38.18 Y&spectiely).
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CA2 (27.00%)

Moray Firth (FU9)
® Firth of Clyde (FU13)
Irish Sea West (FU15)
® Aran Grounds (FU17)
* The Smalls (FU22)

CA1 (61.99%)

Figure 44. Plot of the morphometric scorestaimed from the canonical discrimination
analysis based on morphometric measurements of body structures in Xephtepsrom a
variety of Irish and Scottish functional units: Mor&yth (FU9), Firth of Clyde (FU13),
Western Irish Sea (FU15), Aran Grals(FU17) and The Smalls (FU22). The proportion of
variation explained by the different eigenvectors (GAHCA2 - 61.99and27%, respectively
and significant body characters (BETel, AbL, WL2-ML, WL2-MW, WL2-CL and WL2

CW) for morphometric discriminain are displayed in the plot.
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CA2 (27.00%)
0
|

-1
\

+ Moray Firth (FU9)

o — | + Firth of Clyde (FU13)
=+ Irish Sea West (FU15)
+ Aran Grounds (FU17)
@ The Smalls (FU22)

-6 -4 -2 0 2 4
CA1 (61.99%)

Figure 45. Plot of the centroids of morphometric scores obtained from the canonical
discrimination analysis based on morphometric measurements of bodyrssuin female
Nephropsfrom: Moray Firth (FU9), Firth of Clyd¢FU13), Western Irish Sea (FU15), Aran
Grownds (FU17) and The Smalls (FU22). The proportion of variation explained by the
significant eigenvectors (CAl1 and CA2) are displayed in the plot996khnd 27%,

respectively).
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5. General Discussim

5.1.Discussion
The research presented within this thesis contemplates two essential functions for the
sustainability of biological populations: feeding and reproduction. The owdjaittive was
to provide tools to examine diet and populationturity of Nephrops norvegus on Irish

yshing grounds.

In Chapter 2, stable isotope analysis within a Bayesian framework was choséntas @ | t o
assess Ne pThechoxresvias thsea thedact that this approach is more appropriate

to identify ©ft bodied prey, which arentirely destroyed by the digestive process, as well as
microscopic suspended food such as plankton and suspended particulate organic matter, which
would bedifficult to identify by stomach content analysis. In addition, staadtope analysis

can showseasonal differences in the diet due to distinct turnover rates among different tissues
such as muscle and hepatopancreas, that therefore represent differentgshetsna the diet

of the individuals analysed. Key findings g investigation abowephropseeding ecology

include the importance of suspended particulate organic matter in the diet of male and female
Nephropsof different sizes, which was suggesteia possible strategy for females to avoid
starvation during th breeding period whendf remain in burrows incubating their eggs (de
Figueiredo and Thomas, 1967; Farmer, 1974c, Sarda, 1991). The research has also showed
significant difference in the osumption of suspended particulate organic matter among
individuds of different sizes, @&cially a higher consumption by smaller male individuals
when compared to the larger ones. Thus, suspension feeding was also suggested as a possible
strategy of smétr individuals to avoid antagonistic encounters (in the searcfobd) with
aggressiveand dominant larger males, especially in sites of high population density (Bell et
al., 2013; Sbragagliet al, 2017; Merdeet al, 2019), as well as a feeding ségy of smaller
individuals due to their inability in handlingriger or more mobile preySbragagliaet al.
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(2017) has shown the existence of dominance hierarchies irNepleopsn the laboratory
controlled environment, which showed increased burrosupancy by largedominant
individuals. This fact seems to cordiet the hypothesis thathigher consumption of PQM,
among smaller individuals compared to larger ones is due to sialdaropspending more

time in burrows to avoid predation or aragstic encounters with larger dominant individuals,
however, Skagagliaet al. (2017) empasized that the laboratory environment in their
experiment was extremely different from the one in the wild, which can be less competitive,
considering that individals can change burrows or even build new ones. In addition,
Shraggliaet al. (2017) statd that very little is known abolNephropsecology in the field in
relation to size and sex. However, the investigation described in Chapter 2 contributes to fill
this gap, at least in relation tdephropsfeeding ecology in the . Overall, the high
corsumption of POMispobserved in the stable isotopes analysis, irrespective of the size, sex,
season or time interval considered in the investigation, provides eritleatblephropspend

most of their time in burrows, either fifteor possibly even depitgeeding in an environment

rich in organic matter, and that this species spends a much reduced period outside the burrow
environment, to scavenge or forage mobiieyp moult, mate and fight for their burrows (Bell

et al, 2013).

In Chapter 3, the mainm was to developane&wt ool t o assess size at
in female Nephrops which was called theoretical size at the onset of maturity (TSOM).
Secondaly, this tool was applied to femaMephropsacross a variety dfish fishing grounds

and the output compared to other maturity metrics, as well as linked with population density
across these fishing grounds. The new methodology is very simple antneshsuming

than other methodologies used for estimating stzmaturity, since it uses data routinely
collected in stock assessment exercises by national responsible orgasidai®important,

becauseéensitydependent size structure has been shioverustacean species such as Norway
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lobster, southern rock Igker, Oregon shore crab and shagsed crab (Bailey and Chapman,
1983; Hines, 1989; Briggs, 1995; McGarvetyal, 1999; Tucket al, 2000; Johnsoet al,

2013). Furthermore, for some crastan species, this densitgpendent size structure also
seemsda scale with SOM (Hines, 1989; Briggs, 1995; Tetlal, 2000; Queirést al, 2013),

as well as with fishing presee, e.g. in the rock lobster, although the genetic and ecological
driversin such cases are difficult to separate (Pollock, 1995). Themetivodology is based

on lengthmaturity data that allows it to be extrapolated to leriggquency data and even for

the TSOM to be estimated when no maturity readings are available (sB8:€Y."Y0 0

o v T® 6 ), which is one of the key findings related to this new methodology, since it
seems to address the fact that physiologiesled methods tend to be prdoebias due to
seasonality in the female reproductive cycle (Queabtsl, 2013). Thus, TSOM can be
calcul ated based on physiological maturity f
of year, and once baselines are established, in otheswbare this is not possible, e.g. where
maturity surveys take place at ierped times of year, or in years where surveys are disrupted

or delayed for whatever reason, TSOM can be estimated from carapace length (CL). More
broadly, the estimation of mattyifrom CL may also be very useful in metaalyses focussed

on onset of mirity, e.g. across crustaceans, or this could be used to generate hypotheses in

macraecology.

Other key findings in Chapter 3 were the existence otdedihed linear relationsps between

the TSOMandk( whi ch i s the ¢&i ndussdrrenthafdressnatonaf ar d 6
size at maturity), and also with population density (see eqd3.4: p Box T 6Y YO and
eq.3.65YYO DU g ® U 18 ®@Q¢ i) Thedattemllow both Lspand TSOM to be estimated
without maturity readings and therefore can address the issue of a data gaps or potential
seasonal biases related to the estimatib Lso (although, it must be stressed again that a

baseline must first be estalblesd for these relationships to be used with any confidence).
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Furthermore, the equations abawentioned (eq. 3.4 and eg. 3.6) can proviggdstimates
when the traditiolamethodology (logistic regression model) fails, for various reasons, as

outlined inChapter 3.

In Chapter 4, the main objective was to examine some morphometric variables that may
indicate onset of maturity (6 M&addandfemdes s ed
including one new structure, the male first pleopod that is neadiér copulation. Some body
structures, such as appendix masculina and male first pleopod (considered for the first time in
this study), seemed to be good structure®BOM estimation, since they provided significant
estimates for all the FU / yearsudied, which were credible, and these were consistent with
independent estimates for a couple of grounds in the Mattern Atlantic. An example would

be an MSOM of 259 mmCL (based on appendix masculina) and 25.63 mmCL (first pleopod)
for Western IristSea which were similar to estimates reported by McQetzédl (2005, 2006)

for this area (in the range 24286.9 mmCL for appendix masculina across a variety of stations

as well as the estimate based on the appendix masculina for Firth of Clyde, described in Chapter
4, that was consistent with the estimate ini€hseet al. (2013) for the same body structure,

both estimated at around 27 mmCL. Despite this, most oftB®M results showed great
variability within FU / year groups (CV > 5%, see table 3 and 4). The same issue was also
noted in previous studies (Tuek al, 2000; McQuaicet al, 2006; Queiré®t al, 2013). We
believe that the variability in MSOM estimatescluding variable allometric growth
relationships (positive or negative) observed in the investigation, may be due to the inability of
the methodo identify the beginning and end of the period of allometric growth, as observed
by Wynne (2016) in his w& about Spotted Spiny LobstéPdnulirus guttatusin Anguilla,

British West Indies. Indeed, Conahal. (2001) stated that growth stanzas in taosans may

be too subtle that prevent MSOM to be identified by segmented regression models. For more

resenations about segmented regression models and the influence of the dataset on the analysis
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of allometric growth, see Clayton (1990). Secondary objestin Chapter 4 were to examine
possible morphometric discrimination dfephropspopulations at a varietpf Irish and
Scottish functional units, as well as to identify the main characters contributing to such
discrimination, before finally investigatingny link with population density across these
grounds. The key finding of this section of the study demnatest, for the first time, the
existence of morphometric variability amoNgphropspopulations across sites in the Nerth
eastern Atlantic. This wasmewhat surprising, given the openness of these populations from
a genetic viewpoint (Maltagliagt al, 1998; Passamonét al, 1997; Stamatiet al, 2004;
Streiff et al, 2001). Gallagheet al. (2018) have recently shown that there is no evidefce o
genetic structuring in Atlantic stocks. Indeed, becahlsphropsare so distantly spread as
larvae (very éw are retained on the native grounds and wide dispersal is common, see
McGeadyet al, 2020), there is no reason to assume that there are refvechatiers in north
Atlantic populations. Although the hypothesis about the existence of a relationshgebe

the morphometric structure Niephropgopulations and population density across the grounds
in the study was formally rejected, in fact, thékationship partially held, except for The Smalls
(FU22) and Firth of Clyde (FU13). It is important to dmapize that the Firth of Clyde fishing
grounds present a wekhown densitysize gradient operating within them, with low density
across northern ps of these grounds and high density across southern ones €ffatk
1997a, b). In addition, other eneirmental conditions among the studied sites such as
differences in alkalinity, current pattern, temperatures, turbidity, and environmental impacts
could also affect morphometry (Marr, 1957; Maynou and Sarda, 1997; Siddik et al., 2016).
Alternatively, theséactors may cevary with sediment type, the latter being tightly linked with
Nephropsdensity because the proportion of mud (silt+clay) has a éfraped response with

Nephropsdensity (Campbekt al, 2009; Johnsoet al, 2013). Thus, a series of erviimental
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factors could appear to affect morphometriesthe ultimate factor: density, and its effects on

morphometrics.

5.2. Future work
Recommendatias for future research on the feeding ecolog{ephrops norvegicuhapter
2) include estimation of troph enrichment factors (TEFS) for this species. Another research
topic (thought during the research) would be the development of a package (pios§tbly
environment) that could suggest the best TEF based on the species considered in any particular
diet investigation by stable isotope analysis, however, Heiah}. (2018) seemed to have the
same insight and anticipated a R package that can suggesisthehoice TEFs for mammals
and birds, based on Bayesian inference that considers information on tleetyissuand
feeding ecology of the consumer. Perhaps this package might be extended for decapod
crustaceans and other species. Additional topicesaarch could be to explain the reason for
the differences between active and suspension feeding indathghortterm storage tissues
across the seasons considered in the study (Supplementary Fig. A2.1 in appendix 1), i.e.,
consumption of suspension feg increased in shetérm storage tissues, while higher active
feeding was observed in lostgrm storagetissues (perhaps, this is due to inappropriate
turnover rates considered in this study for these tissues what may be itself another topic for
future work). The reason for a higher consumption of fish by smaller individuals when
compared to the large ones some occasions (Figure 2.2, Supplementary Table A2.3 in
appendix 1) may also be a topic for further investigation. Furthermore, additional ttmlies
seasonal comparisons are needed since this aspect of this work was relatively preliminary.
As stated bfore (see discussion in Chapter 2), future studies combining fatty acid analysis and
SIA may further disentangle the various sources of organic particulates (e.g. Bosley et al.,
2017) and their relative importance, including sources found doetiithos ad inside lobster

burrows.Furthermore, next generation sequencing (NGS) such as DNA metabarcoding may
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be an important tool to complement SIA investigations and improve feeding ecology studies
concerningNephropsor other decapod species.

Finally, as discgsed in Chapter 2ediment organic matter (SOM) could be another important
food source for benthic organisms likkeephrops however there is a practical difficulty in
distinguishing SOM from POMsp because the latter eventually falls to theflsea and
therefore forms one component of the SOM. Thereftirere would be important future
investigations to clarify the mechanism by whidephropseed on particulate material in the
wild and answer questions such as: Nlephropsgather flocculant material, wafor the
material to deposit in their burrows or actively filter feddi#e answes for these questions
might confirm the results obtained hergihatNephropscan actively feedndthat POMsuspis

an important food source fahis speciesand furthercontribue to fully understandinghe

feeding ecology of # Dublin Bay prawn.

Future recommendations to develop the research described in Chapter 3 might be to improve
the TSOM methodology developed for femiiephropsfor example, to verify the theoretil
exponential distribution representing samples of immature individuals (for purpose of TSOM
estimation) by comparing it with the actual probability distribution of immature individuals
collected according to an adetg experimental design, one that designed to obtain
representative samples of immatures, i. e. from extremely small to larger immature individuals.
The latter might be quite difficult; however, this would show the robustness of the theoretical
exponenial distribution of immatures to bignconfidence for applications of the methodology

in future research. Another potential research topic to verify / improve the robustness of the
new methodology is more related to mathematics statistics, i.e. furthestigation of the
TSOM according totatistical theory including the topology of the TSOM interval with its
specific properties. Additional topics might be to verify the validity of the methodology

considering maléNephrops other geographical areas witiffdrent abiotic parameters (e.g.
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water temperature) and other taxonomic groups. Investigations might also be carried out to
verify the utility of TSOM in calibrating more routinely used estimates egaks for example

using Bayesian theory. Finally, @ther interesting topic concerniddgphropsmaturity would

be resorption of the ovary in females, since this process is not fully understood with gaps
regarding how ovary resorption affects the fecundity and reproductive capacity of the stock, as

well as what factors rule this process (seecBer et al., 2020).

Future recommendations to develop the research described in Chapter 4 might be investigations
to clarify which factors, besides population density, play a role in determining the
morphometric structe of Nephropspopulations. Anotheropic would be to investigate the

role of habitat usage in moulding the morphometric structunephropgopulations and, for

this, the focus could be the entire biological community. For example, besides considering
Nephropspopulation density as an isdéd factor in the analysis, the inclusion of other factors
such as the density of all organisms on the ground or population density of prey and predator
should be considered. This last factor (predator density) tageithehe habitat characteristics

can play an essential role moulding some morphological structures, since Goah€2016)

have shown that the link between morphology and habitat use is mediated by refuge use.
Perhaps the density of prey, togethehviiabitat characteristics might be iamportant factor

as well, because it can imply different strategies and usage of different body structures during
the process of predation. To illustrate this point, consider a general ecological requirement for
Nephrgs: burrow building- perhaps the sipa of appendages such as claws or walking legs
might determine the difficulty of performing this ecological task. The shape of these structures,
or other appendages, might also vary with the density of predatorshdhevidensity of prey,

or with sedimat type. For example, will crusher morphologyN#phropsn a site rich in soft

bodied prey items be similar or different to thaiN&Ephropsn a site rich in harghell prey?

For research questions like thidyelieve that an ecological approach comsidg interaction
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among individuals of the entire biological community (including abiotic variables) will be

important for obtaining robust results.

As discussed in Chapter 4, there are s@msiges concerning the estitioa of the MSOM such
asagreat vamability in theresults andnconsisteniesbetween allometry and behaviour of the
relative growth of body structures to CL after MSOM, whae potentially linked to a
weaknessn the methods currently used to deterenthe type of allometric growth ofody
structures, as well as to estimate the morphometrical size at the onset of maturity. Therefore, it
would be very importarfor future researcto investigae the best type of statistical modelr f
estimating reliably the type of allometry and MSOM\ephrops Furthermoreheterogeneity

in the morphometric structure dfephropspopulations acrosthe North-eastern Atlantic
evidenced in the preliminary study reported in Chapteuggests the ed for further studies
on the dnvers of morphometric vaation in Nephrops It would be important thathese
investigations willinclude abiotic variables such as genature, salinity, density, type of
sediment as wellasother methods of classification (e.&AP, Random Foresbr CART),
which might allow toestablisha phenotypenvironment correlatiofior the morphometric
structuresas well as to impravthediscriminationand classification success concerning the

morphometric structure dilephropsat the grounds in the study

Finally, we believe that, foNephrops population density is an owvarching theme, and
everything needs to be evaluated in toatext. McGeady (2020) has shown that recruitment
variation on vaous grounds due to suppdjde issues (including larval retention and larval
imports flom outside) can be linked to adult density at-l@eruitment grounds. Added to this
is how the reariting population responds to the sediment type (i.e. once tleelaave arrived,
how manyNephropseach ground can support). It would be interestingotoare sediment

granulometry (including silt+clay content) across all the European Fiephropsto see
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how well this correlates with density as part of a largaaystlt is already known that density
scales with body size across the European FUs@BritP95; Tuclet al,, 2000; Johnsoat al,
2013) but how this scales with silt+clay content woalttl further understanding to the

ecological requirements dfephrogs across the range.
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7. Appendices

7.1. Appendix 11 Supplementary Material for Chapter 2

Appendices

Table A2.1. Putativenacrofaunal prey species and tissue type analysed for-gatipe ratios, along with

mean isotopic signatures.

Group Species N° Tissue type Group nmean + SD
samples analysed i3C G°N
Sampling date 1: 28May-2014
Filter feeders  Turritella communis 3 Foot muscle -172+1.29 99+0.70
Aequipecten opercularis 4 Adductor muscle
Tunicate sp. 2 Whole body
Terebellidae sp. 1 Whole body
Pecten maximus 4 Adductormuscle
Ostrea edulis 4 Adductor muscle
Polychaete Nephtydiae sp. 4 Whole body -15.90+0.64 11.24+0.03
Crustaceans Liocarcinus depurator 4 Cheliped muscle -15.47 £0.80 13.00+0.44
Pagurus bernhardus 4 Cheliped muscle
Necorapuber 4 Cheliped muscle
Carcinus maenas 4 Cheliped muscle
Palaemon serratus 4 Cheliped muscle
Crangon crangon 4 Cheliped muscle
Cancer pagurus 1 Cheliped muscle
Fish Trisopterus minutus 1 Dorsal muscle -16.57+0.34 13.75%+0.70
H. platessoides 1 Dorsal muscle
Limanda limanda 4 Dorsal muscle
Callionymus lyra 4 Dorsal muscle
Merlangius merlangus 4 Dorsal muscle
Sampling date 2: 23uly-2014
Filter feeders  Turritella communis 3 Foot muscle -17.85+0.84 9.35+0.47
Aequipectempercularis 4 Adductor muscle
Tunicate sp. 2 Whole body
Terebellidae sp. 3 Whole body
Anomia ephippium 4 Adductor muscle
Polychaete Nephtydiae sp. 4 Whole body -1458 £+ 0.22 11.28+0.72
Crustaceans Liocarcinusdepurator 4 Cheliped muscle -15.49+0.59 13.05+0.48
Pagurus bernhardus 4 Cheliped muscle
Necora puber 4 Cheliped muscle
Carcinus maenas 4 Cheliped muscle
Palaemon serratus 4 Cheliped muscle
Crangon crangon 4 Cheliped muscle
Cancer pagurus 4 Cheliped muscle
Fish Trisopterus minutus 4 Dorsal muscle -17.22+0.41 13.03+0.56
H. platessoides 4 Dorsal muscle
Merlangius merlangus 4 Dorsal muscle
Callionymus lyra 4 Dorsal muscle
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Table A2.2.Nephropssize classes of males and females sampledd8rviay and 28 July

2014 for stable isotope analysis. Size classes defiaed based on the range of carapace

lengths of the samples (27-38.10 mm). Small individuals were defined as the ones with CL

O 36 mm, | arge individual s wer weretthe enesomtre s wi t

CL between these values (388 mm).

Sampling date Sex Size class Range of Carapace length (mm)
29-May-2014 Male Small 27.3034.00
Medium 37.3043.70
Large 45.2058.10
Female Small 30.7035.30
Medium 39.0043.30
Large 44.6050.40
25-July-2014 Male Small 27.5035.80
Medium 38.4041.40
Large 48.2056.50
Female Small 27.7033.70
Medium 36.4042.70
Large 44.0055.10
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Table A2.3. Average contributions of the main food sourcé&efhropdiet at Clew Bay, in different periods:S p r i n(§" Marchi29' Mlay 2014),6 Spr i n

s h o(L0"-@9" May 2014),6 S u mme (4" May-a5 July 2014) and S u mme r (6251 duly 20d4). POM = suspended Particulate Organic Matter.

Spring long Male Female Spring short Male Female
Small Medium Large Small Medium Large Small Medium Large Small Medium Large
POM 35.3% 26.1% 16.8% 24.5% 22.9% 19.4% POM 47.4% 35.7% 32.0% 47.4% 405%  33.5%
Phytoplankton 23% 4.8% 43% 55% 4.2% 5.3%  Phytoplankton 4.6% 5.6% 59% 3.6% 5.2% 5.4%
Zooplankton 28% 52% 54% 55% 5.3% 6.5%  Zooplankton 5.5% 6.8% 7.4% 4.4% 6.3% 6.4%

Suspension feeding 40.4% 36.1% 26.5% 35.5% 32.4% 31.2% Suspension feeding 57.5% 48.1% 453% 554% 52.0% 45.3%

Filter feeders 3.1% 59% 6.4% 6.2% 6.1% 7.5% Filter feeders 6.6% 8.1% 8.6% 5.2% 7.6% 7.5%
Polychaetes 3.4% 74% 7.5% 12.2% 7.1% 8.7% Polychaetes 7.1% 8.7% 9.0% 5.7% 8.3% 8.4%
Crustaceans 50% 10.4% 15.6% 152% 12.3% 18.4% Crustaceans 10.6% 14.1% 146% 10.6% 13.1% 13.6%
Fish 48.1% 40.2% 44.0% 30.9% 42.1% 34.2% Fish 18.2% 21.0% 225% 23.1% 19.0% 25.2%
Active feeding 59.6% 63.9% 73.5% 64.5% 67.6% 68.8% Active feeding 425% 51.9% 54.7% 44.6% 48.0% 54.7%
Summer long Male Female Summer short Male Female

Small Medium Large Small Medium Large Small Medium Large Small Medium Large
POM 21.9% 19.1% 12.0% 22.7% 20.0% 20.6% POM 37.7% 39.6% 285% 40.7% 37.0% 34.1%
Phytoplankton 5.3% 55% 5.9% 5.5% 5.2% 3.7% Phytoplankton 3.6% 4.4% 9.5% 3.9% 3.7% 4.3%
Zooplankton 5.4% 59% 59% 59% 5.7% 3.8% Zooplankton 3.7% 4.5% 9.8% 4.1% 4.0% 4.5%

Suspension feeding 32.6%  30.5% 23.8% 34.1% 30.9% 28.1% Suspensionfeeding 45.0% 485% 47.8% 48.7% 44.7% 42.9%

Filter feeders 3.9% 40% 42% 3.9% 3.8% 2.7% Filter feeders 2.7% 3.3% 62% 3.0% 2.9% 3.3%
Polychaetes 3.9% 41% 42% 3.7% 35% 2.7% Polychaetes 2.8% 3.3% 55% 3.2% 3.0% 3.4%
Crustaceans 7.6% 8.6% 7.0% 9.9% 8.5% 5.6% Crustaceans 4.8% 6.1% 12.4% 5.4% 5.8% 6.8%
Fish 52.0% 52.8% 60.8% 48.4% 53.3% 60.9% Fish 44.7% 38.8% 28.1% 39.7%  43.6% 43.6%
Active feeding 67.4% 69.5% 76.2% 65.9% 69.1% 71.9% Active feeding 55.0% 51.5% 52.2% 51.3% 55.3% 57.1%
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‘Spring long' / Male '‘Summer long' | Male
154 154 154 15 4 154 154
10 - 10 10 10 10 4 10 o
5 54 54 5 5 5
o A/ oA A o~ o4 I o4 i >
Small (n=10)  Medium (n=10) Large (n=10) Small (n=10)  Medium (n=10) Large (n=10)
‘Spring long’ / Female ‘Summer long' | Female
154 164 154 1 154 154
104 10 4 10 4 10 10 4 10 4
5 5 5 5 5 5
2] N x © @ N T © © o T @ o« N T 9 © [ T N T e @
g Small (n=10)  Medium (n=10) Large (n=10) Small (n=10)  Medium (n=10) Large (n=10 -
- , . , , , Suspension feeding
= Spring short' / Male Summer short' | Male _ _
o Active feeding
% 15 15 15 - 15 154 159
5 5 5 5 5+ 54
Small (n=10)  Medium (n=10)  Large (n=10) Small (n=10)  Medium (n=10)  Large (n=10)
'Spring short' / Female '‘Summer short' / Female
15 154 15 - 159 15 157
10 - 10 104 10 10 104
54 54 54 54 54 5
0, L . o4, 04, .l. . 04, * . o4, 0, .l. .
S?narl (no=10°) Meodiu?n (:1=100) L;rg; (n115) S?nalol (no=100) Meodiu?n (;=100) L;rg; (no=100)
Proportion

Figure A2.1 Probability distributions of the contributions of active and suspension feeding tottbéNigphropsn different periods during Spring and Summer
2014:6 Sp r i n(8" Marohn2§®May 2014),6 Sp r i n @0"s2¢oMvay 2014),6 S u mme (4" May n2§"&uly 2014) andd S u mme r(6"s 28 r t
July 2014)
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Supplementary Methods A21
Further details about stableisotope analysis

Isotope analysis was carried out at carried out at the Stable Isotope Core Laboratory of
Washington Stateniversity (see also main text). The samples were converted iatodNCQ

and separated with a 3 naggchromatography (GC) column connected to a continuous flow
isotope ratio mass spectrometer (Delta PlusXP, Thermofinnigan, Bremen) and Stable Isotope
Rai os ( R) were expressed in U notations as

equation:

18 Yoai bPaoAai addA EQ. (A2.1)

The internationally accepted standards for carbon and nitrogen were: Vienna Pee Dee Belemite
and atmospheric nitrogenespectiely. Samples were normalised through internal running
standards (acetanilide and keratin), which were previously calibrated using sucrose reference

material and was shown to be precise (mean =806 . 9 2 N 30 an@ 6.04 & @.12 foti
ut>N).

Further details about residence timert) estimates

Sometimes isotopiesidence timeé =t6 9 f or di fferent tissues ca
the literature For example, thet of the 13C and®N isotope signatures in muscle tissue of
Nephropswasestimated from mantis shririfalso a decapod) and defined to be 81.05 days,

which was the mean of the values for’3C and®®N residence times in that studyhen

literature provides only estimates\aflues for isotopic halfives (©; ) in the tissue or tissue

specific turnover rates J, i @an be estimated, by the following equatioiigmas and

Crowther, 2015)

i 00; Tag Eq. (A2.2)

i 0 pj_ Eq. (A2.3)

As the mantis shrimp study (deVries al, 2015)used above only considered muscle and
haemolymph tissues, the value for the residence tinNnephropshepatopancreas tissue was
estimated from thé&’C haltlife of Callinectes sapidugblue crab) (Vedral, 2012) i.e. a half
life of 13.4 days. From this wa, a residence time of 19.3 days coulddbaved from Eq.

A2.2 aboveand, as they are both decapods, this value was also used for residence time of
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Nephropshepatopancreas tissuenéily, as there were two tissue types and two sampling days,

four timerelated sampling intervals were defined (see Table 2.1 of main text).
Code and other material

The code and other file®ncerning Chapter@nd output not included herein will be avhla
at https://github.com/Caes&antana/PhD_Thesis_Scripts.git

Supplementary Referencedor Chapter 2

deVries, M. S., del Rio, C. M., Tunstall, T. S., Dawson, T. E. Isotopic incorporation rates and
discrimination factors in mantis shrimp crustace&ieS Onel0(4),1-16 (2015).

Thomas, S. M., Crowther, T. W. Predicting satef isotopic turnover across the animal
kingdom: a synthesis of existing dalaAnim. Ecol84,861-870 (2015).

Vedral, A. J. Blue crab residency and migration in the Mobile Bay estuary: a stable isotope
study investigating connectivity (PhD Thesis). i\dersity of Alabama (2012). Available at:
http://acumen.lib.ua.edu/content/u0015/0000001/0001038/u0015 0000001 _0001038.pdf
(Accessed: 01/09/2019).
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7.2. Appendix 271 Supplementary Material for Chapter 3
Suppl ement ak3. Met hods
Simul ation ofshliSOMvirten aatvieornage se¢ar apace | eng:

Logistic models were used to siMapghiepsai ffe
normal distributions built with randomly gen
of the hypot INethirdbegplmad emp | efsheofsi mul ati ons wer
100 di ff er emmtn dw(dl arsepe cftoirv edlsy ,att hwehiscihz el cd nad
females are sexually mature) were generated
stancarndatdon, each pair of wvalues <correspon
Nephfemal es (i mmat see @&amdtmat urnadXdomBandener ¢
lso t he pGarn@domfet éirsferent Adyglsosdulcdmeeded sl ¢ elga

17— | 1 &eq. A3.1)

Wh emn,le,f anddare respectively the proportion mat
| ogi stic| ®Oe@r eandi en ze class of the sample. T
100 didmepresntof MNatphne e mahlee hy p otNeepthircoapls s e
f e maalbeosueent i. omAdd er t hat, TSOMs were estimate
described in previous sections of this stud
TSOM asyae tLr i ¢ s .

Code and other material

The code andther filesconcerning Chapter&nd output not included herein will be available
at https://github.com/Caes&antana/PhD_Thesis_Scripts.git
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Table A3.1. Annual population density (burrow&)m bt ai n e d
Western Irish Sea (FU15), Porcupine Bank (FU16), Aran Grounds (FU17), South Coast (FU19), Labadie, Jones and Cockbtln2 @2l)kand The Smalls

(FU22).

from

annual

under wat er

Appendices
tel evision

Year FU15 FU1l6 FU17 FU19 FU2021 FU22
2001 - - - - - -

2002 - - 0.79 - - -

2003 0.99 - 0.94 - - -

2004 1.00 - 1.08 - - -

2005 1.02 - 0.81 - - -

2006 0.97 - 0.46 0.21 0.44 0.49
2007 0.93 - 0.69 - - 0.37
2008 0.77 - 0.41 - - 0.36
2009 0.83 - 0.52 - - 0.36
2010 0.90 - 0.63 - - 0.37
2011 0.88 - 0.51 0.34 - 0.41
2012 0.91 0.16 0.33 0.30 0.57 0.49
2013 0.78 0.11 0.33 0.25 0.16 0.41
2014 0.83 0.10 0.28 0.32 0.19 0.53
2015 0.79 - 0.40 0.24 0.20 0.49
2016 0.84 0.12 0.29 0.20 0.18 0.31
2017 0.90 0.09 0.31 0.25 0.44 0.55
2018 0.85 0.13 0.40 0.09 0.27 0.31
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Table A3.2. Summary of linear model fit revealing a significant positive relationship between

annual TSOM estimates and average carapace length of félepleop$

(i mmatur e

mature) across allinctional management units (FUs) considered in the study.

Variable Coefficient Std. Error t-value p-value
Intercept 3.15 1.02 3.08 0.003
Density 0.63 0.03 18.66 <0.001
R-square 0.84 Adjusted Rsquared 0.84

F-statistic 348.1 Degrees of freedom 67

p-value <0.001 Residuals std. error  0.99
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TableA3.3. Summary of linear model fit revealing a significant positive relationship between

Appendices

funct i

annual lso and TSOM estimates of femad\ephrop acr oss al |
(FUs) considered in the sty.
Variable Coefficient Std. Error t-value p-value
Intercept 10.97 2.09 5.26 <0.001
Density 0.63 0.09 6.71 <0.001
R-square 0.40 Adjusted Rsquared 0.40
F-statistic 45.02 Degrees of freedom 67
p-value <0.001 Residuals std. error  1.89
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Table A3.4. Summary of linear model fibnfirming a significant relationship betweesand

TSOM by simulations carried out in the study.

Variable Coefficient Std. Error t-value p-value
Intercept -1.37 1.13 -1.21 0.23
Density 1.16 0.05 25.27 <0.001
R-square 0.87 Adjusted Rsquared 0.87

F-statistic 638.4 Degrees of freedom 95

p-value <0.001 Residuals std. error  1.64
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Table A3.5. Summary of linear model fit revealing a significant inverse relationship between
annual estimates of femalephrop® T Sdddlpopulation density across all functional

management units (FUs) considered in the study.

Variable Coefficient Std. Eror t-value p-value
Intercept 24.35 0.31 79.55 <0.001
Density -4.93 0.46 -10.65 <0.001
R-square 0.60 Adjusted Rsquared 0.60

F-statistic 113.4 Degrees of freedom 76

p-value <0.001 Residuals std. error  1.24
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Figure A3.7. Isp estimates from maturity ogives phaced class by logistic regression model
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Figure A3.9. Iso estimates from maturity ogives producdadss by logistic regression model
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Figure A3.10. lso estimates from matity ogives produced class by logistic regression model
(glm, family binomial|, 6l ogitdé |ink functior
throughout 2002.8.
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