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Summary

The whelk, Buccinum undatum, is a commercially important shellfish species found throughout the
North Atlantic. Many problems face fisheries scientists attempting to assess and monitor
populations of this species, due to several life history traits such as highly variable growth rates and
sizes at maturity both between and within populations. One major problem has been the lack of a
reliable ageing tool, limiting the ability of scientists to develop accurate population age structure
estimates for stock assessments. This thesis focuses on three major areas of research: the
reproductive assessment, growth and age of Buccinum undatum collected from three geographically

distinct populations from the Shetlands, North Wales and the Jersey Islands.

Reprodictive assessments of several B. undatum populations across the UK were undertaken by
utilising several previously published maturity estimation techniques to ascertain the most accurate
and reliable methods. It was found that size (total shell length) at maturity was highly variable, even
over relatively small geographical distances. The timing of the reproductive cycle was assessed in a
whelk population from the Menai Strait (North Wales, UK) to investigate changes in maturity
assessments over an annual seasonal cycle. It was discovered that size at maturity varied throughout

an annual cycle, suggesting an optimal season for maturity assessments.

Spatial variations in shell morphology between populations highlighted clear differences driven by
the shape of the aperture and the angle of the shell apex. The crystalline structure of B. undatum
shells was also investigated for the first time; using a combination of analytical techniques a multi-
layered aragonite shell structure was uncovered. The shells of B. undatum were also assessed for
their potential as environmental recorders. The oxygen isotope ratio contained within B. undatum
shells was found to be a reliable proxy for seawater temperature, allowing the development of a
species-specific palaeotemperature equation that will greatly aid future studies of this species where
seawater temperature reconstructions are required. Population growth rates were also assessed,
using the isotope data, uncovering clear differences in patterns of shell growth between

populations.

A novel age determination technique for B. undatum was developed that utilised growth rings
present in in a pair of calcium carbonate statoliths contained within the foot matrix of each whelk.
An annual periodicity of the growth rings was determined by measuring growth in monthly samples
of statoliths removed from laboratory reared juvenile whelks of known provenance and age. Cutting
edge analytical techniques were also used to assess the structure and seasonal variations in the
chemical composition of the statoliths. Following this, the use of statolith growth rings for fisheries
monitoring purposes was assessed and compared to the currently used age determination method,
operculum growth rings. Using data on size at age, population growth curves were constructed for a
range of whelk populations across the U.K. It was confirmed that counting the annual rings in
statoliths providea a more reliable assessment of the age of B. undatum, delivering a new more

reliable tool for fisheries scientists to assess population age structure.
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Chapter 1: General introduction

In this introduction to my PhD | discuss the general biology and ecology of the common
European Whelk, Buccinum undatum (Linnaeus, 1758). | also review both the fisheries practices
for this species and the problems that have arisen using these practices. | will then outline the

focus of each chapter and how they relate to current research gaps in the existing literature.
1.1 The Ecology of Buccinum undatum

The common whelk (Buccinum undatum) (referred to as whelks throughout the introduction)
also known as a ‘buckie’ or the ‘waved whelk’, is a boreal species of marine gastropod with a
widespread distribution throughout the North Atlantic, as well as Greenland, the North Sea and
Norwegian Sea (Golikov, 1968; Magnusdéttir, 2010). It has a range stretching from Hudson Bay
and the North Eastern shores of North America to the Bay of Biscay, and as far north as Svalbard
(Figure 1.1) (Taylor & Taylor, 1977; Atkinson & Wacasey, 1989; Gunnarson & Einarsson, 1995;
Hayward et al., 1995; Ten Hallers-Tjabbes et al., 1996; Gulliksen et al., 1999; Wtodarska-
Kowalczuk, 2007; Smith & Thatje, 2013). Smith & Thatje (2013), claim the range of B. undatum

extends between 38°N and 79°N, however the Food and Agriculture Organisation (FAO) report

populations extending above 80°N to the top of Greenland (Figure 1.1).

500 km
Wom

Figure 1.1. Global distribution map of Buccinum undatum (FAO, 2014). Presence of Buccinum undatum
indicated by red shading.

The neogastropod B. undatum belongs to a clade of advanced higher gastropods from the
subclass Orthogastropoda; the full scientific classification of B. undatum is shown in Table 1.1.
As such, B. undatum has many biological traits common to the majority of other neogastropods.

It is a scavenging predatory gastropod, with a diet of both live organisms such as bivalves and
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polychaetes (Hancock, 1960; Nielsen, 1975; Taylor, 1978; Scolding et al., 2007) and also carrion
(Hunt, 1925; Taylor, 1978; Scolding et al., 2007). They have also been observed displaying
kleptoparasitic behaviour i.e. stealing food from other scavengers and predators such as starfish
(Rochette et al., 2001; Brokordt et al., 2003). Buccinum undatum can locate its prey through a
highly developed chemosensory system (Bailey & Laverack, 1966; Ten Hallers-Tjabbes et al.,
1993), which it may also use to detect and avoid predators (Mackie et al., 1968). Buccinum
undatum is gonochoric, displaying two distinct sexes, which is another trait common to the

Neogastropoda (Ruppert et al., 2004).

Table 1.1. Scientific classification of Buccinum undatum (Bouchet et al., 2005; WoRMS, 2016).

Kingdom: Animalia

Phylum: Mollusca

Class: Gastropoda

Subclass: Orthogastropoda (formerly Prosobranchia & Opisthobranchia)

Clade (unranked) Sorbeoconcha
Clade (unranked) Hypsogastropoda
Clade (unranked)  Neogastropoda

Superfamily: Buccinoidea
Family: Buccinidae
Subfamily: Buccininae
Tribe: Buccinini
Genus: Buccinum
Species: undatum

The external morphology of adult B. undatum shells consists of =7-8 whorls, which can reach a
maximum shell length of around 140mm with a relatively slow growth rate (Figure 1.2) (Fretter

& Graham, 1985), reaching a maximum age of around 12 years (Santarelli et al., 1986).

Buccinum undatum has been reported from a varying range of depths between 180m (Ten
Hallers-Tjabbes et al., 1993) to over 1000m (Nielson, 1975). However, they are most abundant
in the shallower waters in the depth range between 5 and 100m (Nielsen, 1975; Hansson, 1998;
Morel & Bossy, 2004; Smith et al., 2013), with densities of between 0.2 and 4.5 m™ found across
its range (Himmelman, 1988; Jalbert et al. 1989; Valentinsson et al. 1999). It is a slow moving

species, covering a maximum of 50m a day'1 (Hancock, 1960; Himmelman, 1988; Himmelman
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and Hamel, 1993). Reports of a salinity tolerance for the species differ within the literature with

a minimum limit reported between 2 ppt (Nielsen, 1975) and 15 ppt (Staaland, 1972).

Shell waves

Shell whorls

Total Shell
Length

Figure 1.2. The external morphology of a Buccinum undatum shell, highlighting the characteristic shell waves.

As B. undatum is a boreal species, temperate to cold seawater temperatures are preferential for
its survival and growth (Ten Hallers-Tjabbes et al., 1993). Gowanloch (1927) showed that
temperatures above 29°C are fatal, with the metabolism and feeding and reproductive abilities
likely compromised well before this elevated temperature is reached. At lower seawater
temperatures Hancock (1960) showed that B. undatum can survive temperatures down to at
least -1 °C. Buccinum undatum is found in almost all habitat types, preferring sandy and stony

substratum (Schéafer, 1956; Nielsen, 1975).
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1.2 Fisheries

1.2.1 Active Buccinum undatum fisheries

Buccinum undatum is of commercial interest in several countries throughout northern Europe
including the U.K. The U.K. has the greatest landings of whelks from commercial fisheries in
Europe (Heude-Berthelin et al., 2011) (see also Figure 1.3a). In 2015, 20,858 tonnes of B.
undatum were landed in the UK by UK vessels with a market value of £18.7 million; this
accounted for roughly 14.8% of the total UK shellfish landings by weight and 7% of the total UK
shellfish landings by value, highlighting that whelks are a comparatively low value shellfish
species (Figure 1.3b). The increasing size of the UK whelk fishery has not only resulted in higher
landings but also in higher prices being paid for whelk with the average price per tonne
increasing from £230 in 1990 to £890 in 2015 (Figure 1.3b). Throughout Europe, several key
fisheries occur in the coastal waters around Belgium, England, France, Ireland and Holland (Fahy
et al., 1995, 2000, 2005; Nasution & Roberts, 2004; Shelmerdine et al., 2007). However there
are many other smaller fisheries in Europe e.g. around the Shetland Islands (since 1980)
(Shelmerdine et al., 2007), the Island of Jersey and the Channel Islands (Morel & Bossy, 2004)
and Iceland (Magnusdéttir, 2010). Sweden has proposed a fishery for whelks in the mid North
Sea (Valentinsson et al., 1999). Outside of Europe there is an active fishery in the Gulf of St
Lawrence, Canada (Jalbert et al., 1989) and an emerging fishery in the Gulf of Maine in North
America (Maine.gov, 2016). The total global landings of B. undatum since 1950 are shown in
Figure 1.3. A rapid increase in whelk landings can be seen both in the U.K. and worldwide,
beginning in the early 1990s. The increase in demand for whelks from Asian markets such as
Japan and South Korea has caused an increase in fishing intensity in many areas beginning in
=1994, with one southern Irish exporter stating that 100% of his exports went to East Asia (Fahy
et al., 1995 & 2000). Whilst the increase in both the ‘per tonne’ value and total landings of
whelks is good from an economic standpoint, it is as yet unclear what impact this increase in
fishing pressure is having on whelk populations. There are several aspects of the life histories of
B. undatum that make it particularly vulnerable to overfishing, including its sedentary existence
and slow growth rate, coupled with the lack of a planktonic life cycle stage leading to ‘closed’
populations (Valentinsson, 1999; Shelmerdine et al., 2007). It is because of these reasons that it
is of the utmost importance to be able to regulate and manage B. undatum fisheries to ensure
sustainability. Aside from the obvious ecological concerns of removing an important scavenger

and predator from the food chain, a troubling, but not uncommon market trend was observed
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when economic circumstances in East Asia coupled with heavy import levies imposed by the
South Korean Government, led to a decline in this particular market from 1998 onwards. This
highlighted the potential boom and bust nature of whelk fisheries. This decline can be seen in

Figure 1.3 (see also Fahy et al., 2000 & 2005).
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Figure 1.3. a) Total worldwide annual landings of Buccinum undatum, between 1950 & 2014, highlighting the
market share of the U.K. (FAO FishstatJ, 2016). b) changes in the UK whelk fishery from 1990 to 2014. The %
share of total shellfish landings accounted for by whelk is shown for both total weight (solid black line) and
total value (dotted black line). The average price per tonne of whelk in the UK fishery is also shown (solid red
line). Data for b) were compiled from annual Marine Management Organisation (MMO) sea fishery reports
(1990 — 2015) as well as freedom of information requests to the MMO.

The majority of fisheries for B. undatum use static pots as a means of catching whelks. These
pots come in two common forms: ‘lay down’ and ‘inkwell’ (Figure 1.4). ‘Laydown’ pots are the
cheaper option as they are often made from discarded plastic containers (usually 25 litre

volume) and weighted with a layer of concrete in the base of the pot. By comparison, ‘inkwell’
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pots are purpose built and are therefore more expensive. Strings of pots, often hundreds at a
time, are laid out (soaked) for periods of 24 to 36 hours and baited with various types of crab
and fish which attract whelks (Moore & Howarth, 1996; Jennings et al., 2001). The risk of
bycatch with this fishery is low, with the main non-target species including starfish (Asterias
rubens) and various crab species (mainly Carcinus maenas). It has been shown that using C.
maenas as bait in the pots may also reduce the number of C. maenas caught (Moore & Howarth,

1996).

Figure 1. 4. a) ‘laydown’ whelk pot made from a 25 litre plastic container (coastalnets.co.uk) and b) Fish-Tec
scientific ‘inkwell’ pot. (Image courtesy of Dr. Jodie Haig).

1.2.2 Fisheries regulations and management

Few management strategies exist for whelk fisheries within the U.K. The only routinely enforced
regulation is a Minimum Landing Size (MLS) of 45mm shell length. The use of a MLS as a tool for
protecting the immature portion of a population until they have spawned has been shown to be
effective especially with crustacean species (Jennings et al., 2001). A MLS is set by studying a
population to determine the size at which 50% of the population exhibits mature developed
gonads (Lsg; Heude-Berthelin et al., 2011). For whelk fishermen, the whelk MLS can be adhered
to by changing the size of the drainage holes in whelk pots and setting the size of the sorting
riddle once the catch has been harvested to remove undersize individuals. A riddle is a device
used by fishermen to sort catch by size (Figure 1.5), the catch is placed into a tray, the base of

which is made from metal bars spaced at a set width.
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Figure 1.5. A commercial whelk riddle in use, whelks below the Minimum Landing Size (MLS) can be seen
collecting in the red container beneath the riddle. Whelks above the MLS are seen caught between and on the
riddle bars. (http://www.kentandessex-ifca.gov.uk/).

Undersized whelks fall through the spaces between the bars and the retained whelks above the
MLS are then removed. The width of the riddle bar spacing and whelk pot drainage holes are
determined by the length-width ratio of whelks with a shell height of 45 mm. The minimum
width of the whelk is used to set gear restrictions as this is the narrowest part of their shell and
if they are above the MLS they will not fall through the bar spacings (Figure 1.5). The variation in
shell shape and dimensions of whelk shells has raised concerns amongst fisheries regulatory
authorities raising concerns over the effectiveness of a MLS regulation that encompasses large

geographical areas and different whelk populations with likely different age structures.

For the majority of European populations the MLS of 45 mm was enacted in a 1998 EU
regulation (Council regulation 850/98, Annex XlI), which has been shown in many studies to be
insufficient for protecting the immature portion of many B. undatum populations (Fahy et al.,
2000; Shelmerdine et al., 2007; Heude-Berthelin et al., 2011). For this reason, many local
fisheries authorities have increased the MLS in their particular fisheries following a ‘size at
maturity’ study. For example, the Shetland Isles increased the MLS from 45mm to 75mm within
a 6 mile radius of Shetland (Henderson & Simpson, 2006; Shelmerdine et al., 2007). It is the
difference in size at age between populations that makes it difficult to impose a blanket MLS. It
is unclear what exactly causes the differences in size at age but several theories have been
suggested, such as fishing pressure and predation pressure (Thomas & Himmelman, 1988;

Gendron, 1992; Fahy et al., 1995). A large MLS would be needed to cover slow maturing
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populations. However, a large MLS would be extremely damaging to the profitability of a fishery
(Fahy et al., 1995). Recommendations made by Kenchington & Glass (1998) and Shelmerdine et
al., (2007) include micro-management within a fishery, i.e. differing MLS limits for different
fishing areas. This could go some way to solving the problem of a ‘one size fits all’ MLS to control
whelk catches. However, this would require considerable detailed local studies on the
reproductive development and age of local whelk populations and the policing of the MLS might

be difficult and costly to implement.

Other methods of fisheries management such as permits that restrict fishing on certain grounds
and limit the number of pots have been used in Quebec (Gendron, 1992). More recently, several
of the Inshore Fisheries and Conservation Authorities (IFCAs) in the U.K. have implemented
emergency byelaws such as permits to fish which charge on a per-pot basis (Eastern IFCA, 2016)
and pot restriction permits restricting permit holders to 300 pots per boat (Kent and Essex IFCA,
2013). Since these restrictions have only been recently implemented their effectiveness in

controlling the fishery remains as yet unclear.
1.2.3 Fishery declines

Some B. undatum fisheries have recently experienced declines in catches and a decrease in
whelk numbers in their populations. The whelk fishery in the Dutch Wadden Sea has seen the
most drastic declines. Cadée et al. (1995) concluded that B. undatum had become extinct in the
Wadden Sea as of 1991 (see also Ten Hallers-Tjabbes et al., 1993), potentially due to the impact
of fisheries practices between the 1920s and 1970s. However the exact reason remains unclear
(de Vooys & van der Meer, 2010). The Dutch fishery used dredges and trawls as opposed to
pots, and this fishing gear likely caused additional damage through chips and breakages to the
shells and disorientation of any un-retained whelks making them more vulnerable to predation

(Kaiser & Spencer 1995; Ramsay & Kaiser, 1998).

The situation in the Dutch Wadden Sea population is especially pertinent today as many
populations of B. undatum in European coastal waters have declined over recent decades
including those in the coastal waters of the southern North sea (Ten Hallers-Tjabbes et al., 1996;
Nicholson and Evans, 1997; Mensink et al., 2000) and Southern Ireland (Fahy et al., 2005). The
Southern lIrish fishery is an important case study as a fishery that has experienced bouts of
‘boom and bust’ with complete collapses after intensive periods of unregulated fishing. The

history of the fishery was documented in three reports by Fahy et al., in 1995, 2000 and 2005.
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The fishery expanded rapidly in the early 1990s from 56t in 1990 to a peak of over 9000t in
2003. However, the quality of the whelks deteriorated resulting in lower meat yields, and
smaller size classes became more prevalent in the catch. The 1995 report highlighted the
differences in maturation of males between heavily fished and lightly fished areas and showed
that in heavily fished areas whelk maturation sizes were =20% lower than the least exploited
populations, this in part led to the introduction of a minimum landing size (MLS) of 50 mm in
1994. However, the report in 2000 highlighted the problems with a MLS size of 50 mm as it had
already been shown that 50 mm was insufficient to protect maturing individuals in less
exploited populations. Fahy estimated that 60% of males would not be protected with the 50
mm MLS. Additionally 20-33% of the landings assessed in the study were below the legal MLS,
highlighting the need for better enforcement of the regulations. The final report in 2005
highlighted two major collapses of the fishery in 1997 and 2004 through mismanagement by a
mix of overfishing and poor regulation and enforcement of the MLS. The report showed declines
in some areas of up to 90% and suggested that the damage to some of the fished areas was now

irreversible.

It is clear from the published literature that proper management of whelk stocks is a priority to
ensure the future of the fishery. Many studies have suggested that improvements can be made
by calculating the size at maturity for populations to set regulatory MLS, this has been
undertaken by several research groups across the UK in recent years (Haig et al., 2015; Mcintyre
et al., 2015). It is also apparent that for robust age-based stock assessment of this species, as
well as an improvement in the understanding of spatial and temporal changes in size-at-age and
age-at-maturity, a new and more reliable age determination technique is urgently required

(Haig et al., 2015).

1.3 Age determination of Buccinum undatum

Bivalve shells display rings on their surface that have been used to determine their age although
it is often difficult to distinguish between annual rings and those caused by disturbance e.g.
damage from fishing (Gaspar et al., 1994; Ramsay et al., 2000). Many bivalve shells contain
annually-resolved growth lines visible in polished and etched shell sections that have been used
to determine their age (Richardson, 2001). The lines form as a result of seasonal changes in shell

growth rates linked to the seasonal availability of food and changes in seawater temperature.
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Colder winter seawater temperatures and limited food supply cause the slowing of shell growth
and deposition of a growth line (see Richardson 2001 for general review). The gastropod shell
rarely displays external surface rings, although the shells of some species e.g. Phorcus lineatus,
do have surface growth rings (Williamson & Kendall, 1981). In many species the visible external
growth lines do not correspond with predictable growth cycles in the shell e.g. Gibbula cineraria
(Schone et al., 2007). Similarly the shells of B. undatum neither display clear external rings nor
contain growth lines (Santarelli & Gros, 1986). Even if the rings on B. undatum shells were clear,
the damage from fishing, predation and intermittent feeding would likely remove the ability to
distinguish between annual and disturbance rings/lines in many populations (Thomas &
Himmelman, 1988; Mensink, et al., 2000). An alternative method for ageing gastropods has
been to use the operculum rings (Santarelli & Gros, 1986) or rings in the statolith (Barroso et al.,
2005; Richardson et al., 2005a & b; Chatzinikolaou & Richardson 2007). The possible application

of both these methods for determining the age of B. undatum will now be discussed.
1.3.1 Age estimates based on the operculum

The gastropod operculum is an organic shield like structure found attached to the dorsal side of
the foot. It is used by the gastropod to close off its aperture when the head and foot are
retracted into the shell, providing protection from both predators and desiccation (Checa &
Jiménez-Jiménez, 1998). There are several different kinds of opercula found amongst the
Gastropoda, such as the calcified spiral shaped operculum found in turbinid snails (Vermeij &
Williams, 2007) and concentric opercula found in B. undatum. The operculum is formed from a
protein based secretion from the foot (Hunt, 1969), which in B. undatum is laid down in

concentric rings emanating from a nucleus (Santarelli & Gros, 1985).

Growth rings are present on the dorsal surface of the operculum of B. undatum and have been
counted to estimate their age. The rings are thought to form as a result of the slowing of
operculum growth at some point during the annual seasonal cycle (Santarelli & Gros, 1985).
Secretion of protein layers in the operculum either stop or become closer together, giving the

impression of a distinct band in the operculum (Figure 1.6).
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Figure 1.6. The surface growth rings (black arrows) of a good clarity Buccinum undatum operculum imaged
using transmitted light. Scale bar represents 0.5 cm.

Research published by Santarelli & Gros (1985) suggested that rings on the operculum were
annually-deposited although an annual deposition was largely assumed as no growth
experimnets or direct chemical analysis of the opercula were undertaken. They chose three B.
undatum shells and drilled (=100 mg) powdered samples of shell calcium carbonate at regular
intervals around the shell spiral. These samples were then analysed using Isotope Ratio Mass
Spectrometry (IRMS) which was used to determine the stable oxygen isotope profiles along the
growth axis of the shells, which are a known proxy for seawater temperature (Epstein et al.,
1953; Grossman & Ku, 1986). The reconstructed isotope profiles highlighted three annual cycles
in the stable oxygen isotopic content of the shell which were then related to the number of
operculum rings. In the three shells analysed the number of operculum growth rings matched
the number of stable oxygen isotope annual cycles. On the basis of this, an annual periodicity of
formation was concluded. However, no laboratory or field experiments were undertaken to

validate the periodicity of the rings.

The conclusions of this work have been extended to other studies on whelk populations.
However, the use of the operculum growth rings is confounded by several common problems.
The problems with determining the age of whelks using the opercula mainly centre on the
difficulty in identifying and reading the rings. A study by Kideys (1996), exemplified this. He
found in a sample of >10,000 opercula, collected from whelks from the coastal waters of the Isle
of Man, that only 16% had clear readable rings, a further 36% had readable rings that he could

use to estimate the age and growth rate of the populations and the remainder (48%) were

12



Chapter 1: General introduction

unreadable. A study on whelk age undertaken at the Centre for Environment, Fisheries and
Aquaculture Science (CEFAS) found a similar result: only 13% of opercula were readable (with all
four readers agreeing) plus 28.3% were of ‘conventional agreement’ when three of four readers
provided the same estimate (Lawler, 2013). The operculum can be removed during attacks from
predatory crabs and fishing impacts. When the operculum grows back the number of rings or
adventitious layers may give a false impression of the actual age of the organism (Richardson et

al., 2005a).

1.3.2 Age estimates based on the statolith

Gastropod statoliths are small structures of calcium carbonate found within statocysts that are
located in the foot of a gastropod in the locality of the pedal ganglion (Fretter & Graham, 1994;
Richardson, 2001). They are used in equilibrium and to assist the animal in determining the
direction of gravity (Dorsett, 1986), much like the role of otoliths in the head of fish. Statoliths
have been shown to contain distinct growth rings that may have a daily periodicity in veliger
larvae (Bell, 1984), but more commonly have an annual periodicity in adult gastropods e.g.
Nassarius reticulatus (Barroso, et al., 2005; Chatzinikolau & Richardson, 2007), Neptunea
antiqua (Richardson et al., 2005a) and Polinices pulchellus (Richardson et al., 2005b). The
appearance of the statolith from Neptunea antiqua and the clear annual growth rings are shown

in Figure 1.7.

Figure 1.7. Photomicrograph showing the growth rings in the statolith of the gastropod Neptunea antiqua. The
black arrows indicate the growth increments (taken from Richardson et al., 2005a).
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Growth rings in statoliths are much clearer than those found in the operculum and they are
likely to be a high resolution archive of the growth of the gastropod throughout ontogeny.
Chatzinikolau & Richardson (2007), were able to identify rings in the statoliths of N. reticulatus
that formed at the time of settlement and at the first year (Figure 1.8). Statoliths are also
present in cephalopod squid and cuttlefish species, although statoliths from octopods are not
readable (Jackson, 1994). Cephalopod statoliths have shown great potential following
geochemical analyses to highlight differences in element uptake in the statolith of the cuttlefish
Sepia apana at different life history stages using laser ablation (LA-ICP-MS) (Gillanders et al.,
2013). Previous literature on statoliths from other gastropod species has highlighted their
potential usefulness for age determination of B. undatum and their possible advantage over the

opercula.

Figure 1.8. The statolith from a 500 day old juvenile Nassarius reticulatus, clearly showing the nucleus (n),
settlement ring (S) and 1* annual ring (1). (Taken from Chatzinikolau & Richardson, (2007).

1.4 Gaps in the literature and structure of the thesis

Difficulties arise with the management of B. undatum fisheries due to the spatial variability in

size of individuals from different fisheries and their growth rates and therefore size-at-age and
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age-at-maturity. It is clear, from the observed fisheries declines in some commercially important
fisheries that new management practices need to be implemented but unfortunately the
inability of fisheries scientists to accurately undertake age based stock assessments limits their
ability to set informed exploitation rates. The only current method of determining the age of B.
undatum is through the use of putative annual growth rings on the operculum, serious concerns
have been raised in several publications over the reliability and accuracy of the opercular rings
(e.g. Kideys, 1996; Shelmerdine et al., 2007, Lawler, 2013). This thesis will investigate in depth
the validation of the rings in the common whelk statolith, and highlight their potential as a
fisheries management tool. Each whelk possess a pair of statoliths and once removed from the
whelk, a series of clear growth rings can be observed in each one. Throughout this thesis, | will
investigate their structure and geochemistry. | will also investigate the periodicity of formation
of the growth rings in field collected and laboratory-reared animals in order to use the statolith
rings to estimate the age of the whelks. This validation of a new age determination technique

will allow fisheries scientists to undertake more informed management of whelk fisheries.

As well as investigating the potential of statoliths as age determination tools, several other key
issues will be examined. No information currently exists regarding the composition or structure
of B. undatum shells, or the potential of the shells to record environmental conditions. The
shells will be investigated in detail which will also aid the validation of statolith growth rings by
allowing accurate age determination from shell carbonate. The size at maturity of several B.
undatum populations will also be investigated, several recent studies have focussed on
reproductive assessment of B. undatum populations (e.g. Haig et al., 2015: MclIntyre et al.,
2015). The methods used in these studies will be replicated and applied to key populations

around the UK to contribute to the overall understanding of B. undatum size at maturity.

1.4.1 The structure of this thesis

Chapter 1: General introduction

Chapter 2: In this chapter | present data regarding the timing of the reproductive cycle of B.
undatum in the Menai Strait (the principle study site for this project), as well as measures of size
at maturity for six populations around the UK. This will add to existing literature concerning the
timing and size at maturity of whelks and the spatial variation of these two metrics across the

UK. This chapter will also present a study of differences in the shell morphometrics between the
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same six populations. This will add to the currently little understood differences in shell shape

between different populations.

Chapter 3: This chapter will present the results of a study looking at the micro-structure of B.
undatum shells. B. undatum shell structure has never before been studied and this chapter

presents essential data on both the crystalline structure and composition of B. undatum shells.

Chapter 4: This chapter presents elemental data from the shells of B. undatum. These data are
used to understand differences in seasonal growth rates between sites as well as assessing the
suitability of B. undatum shells as archives of historical environmental data. This is the first time
growth rates of B. undatum have been studied between sites using geochemical analyses. It is
also the first time that concurrent trace element and stable isotope profiles have been

constructed from the shells of B. undatum.

Chapter 5: In this chapter | present the development of statolith growth ring visualisation
techniques as well as analysis of statoliths from laboratory reared populations to determine the
timing of growth line formation. This will represent the first part of the validation process for
the use of statolith growth rings as an age determination tool, and represents a novel

investigation into B. undatum statoliths.

Chapter 6: In this chapter | present the geochemical analyses undertaken on statoliths of B.
undatum, taken from three populations across the U.K. These analyses are used to further
validate the periodicity of the growth rings which lends support to the findings from Chapter 5.
The robust ages determined using stable isotopes from the shells in Chapter 4 will also be used

as an extra validation of age.

Chapter 7: This chapter presents the results of a study reconstructing growth dynamics from
five different populations from across the UK, using statolith growth rings as an age
determination tool. The growth curves that are generated are compared both between sites and
to growth curves constructed from opercular growth rings as a final validation of the technique

and comparison to existing methods.

Chapter 8: The general discussion will draw together and synthesise all the findings from the
different chapters in this thesis to highlight how they relate to existing literature with

implications for future research and policy management.
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2.1 Introduction

An understanding of the reproductive cycle is key to predicting effects of impacts on the
variability and abundance of a given species, especially from anthropogenic activities such as
changes in fishing pressure. As with most other prosobranch gastropod species, Buccinum
undatum is gonochoric and reproduces via sexual reproduction (Hayward & Ryland, 2000;
Ruppert et al., 2004). The first comprehensive overviews of the reproductive cycle of this
species were conducted to the west of its range in Canada by Martel et al. (1986a & b). Until
then, only the physical structures involved in B. undatum reproduction had been investigated;
this was completed as a practice in anatomy rather than the investigation of reproductive cycles
or behaviours (e.g. Fretter 1941 & 1953; Johansson, 1957; Price & Hunt, 1976). In recent years,
many aspects of B. undatum reproduction and early development have been investigated, from
reproductive investment, egg development and maternal care (Brokordt et al., 2003; Nasution &
Roberts, 2004) to the effects of Tri-Butyl Tin (TBT) and castrating nematodes on reproductive
success (Tétreault et al., 2000; Mensink et al., 2002). Diagrammatic representations of the male

and female reproductive systems can be seen in Figure 2.1.
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Figure 2.1. The reproductive organs of female a) and male b) Buccinum undatum. (Taken from Martel et al.,
1986a).

The monitoring of B. undatum stocks is often marred by problems arising from inter-population
differences in important life history metrics such as size at maturity. In recent years there has
been considerable focus in determining size at maturity for many B. undatum populations, as it
is an important tool for assessing the efficacy of certain management measures such as

Minimum Landing Sizes (MLS). The size at maturity is generally measured as the size at which
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50% of the population is mature (Lsg). Maturity itself can be confirmed in several ways such as
visual inspection of the gonads, comparison of penis length, weight of gonad tissue and gonad
histology. A recent study by Mclintyre et al. (2015), investigated B. undatum from 12 sites,
mainly across the south coast of England and found markedly different sizes at maturity across
their sample sites (46.4—76.2mm shell height in males and 44.8-77.8mm in females). A similar
study undertaken by Haig et al. (2015) at 8 sites in Welsh waters found differences across sites

for both males and females. A summary of size at maturity studies can be seen in Table 2.1.

Table 2.1. Summary of variations in Lsy for male and female Buccinum undatum and minimum landing sizes
(MLS) for populations compiled from existing literature. PL = Penis Length, GSI = Gonodo-somatic Index
(Adapted from Haig et al., 2015).

Location Lsg male Lso female Method Study period MLS Reference

Hancock & Urquhart (1959);

England 46.4-76.2 44.8-77.8 Visual Jan—Mar 45 Mclntyre et al. (2015)
Ireland 63.2-83.2 - PL - 50 Fahy et al. (2000)
Shetland 86 101 - - 75 Shelmerdine et al. (2007)
France 49 52 Histology - 45 Heude-Berthelin et al. (2011)
Canada 49-76 60-81 PL/GSI Apr & May 70  Gendron (1992); Santarelli (1985)
Iceland 45-75 - PL May and Sep 45 Gunnarsson & Einarsson (1995)
Sweden 53.5-71.9 51.5-71.5 Microscopy Oct—Nov 45 Valentinsson et al. (1999)
Wales 57.9-748  57.5-66.2 PL/GSI Fe&mizs()ls 45 Haig et al. (2015)

It is clear from the summary table that even with an increased minimum landing size (MLS) in
several areas, large proportions of immature whelks are being caught and may not be protected
by the current regulations. This may have severe implications for future fisheries regulations and

management.

2.1.1 Seasonal reproductive cycle of Buccinum undatum
As a result of conflicting findings in early studies of the reproductive cycle of B. undatum,
Thorson (1946) assumed that spawning occurred all year round. It is now clear that the timing of
reproduction varies with location and this is most likely controlled by seawater temperature. In
Canada (Gulf of St. Lawrence), mating begins in early May with egg laying occurring soon after
and is completed by mid-summer (July). The eggs hatch 5-8 months later (Martel, 1986a & b;
Himmelman & Hamel, 1993). In the Menai Strait, North Wales, U.K. the cycle of egg laying
occurs in the autumn (November and December) (pers. obs.) and the juveniles hatch from the
eggs several months later from January - March. Generally in the Irish Sea the height of maturity

occurs in autumn with egg laying around September - February and hatching in early April after
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a much shorter development period of 3-4 months than in the Gulf of St. Lawrence (Martel,
1986a; Kideys et al., 1993). In Swedish waters where egg laying occurs in October new
hatchlings appear between January and April (Valentinsson, 2002). An overview of egg laying

and hatching by area are summarised in Table 2.2.

Table 2.2. Summary of copulation period, development seawater temperature, egg laying and time to hatching
from fifteen studies on Buccinum undatum. Adapted and updated from Smith & Thatje, (2013).

. Reprod_uction Egg Laying Development  Time Fo
Study Location perloFl Period Tempfrature Hatching
(copulation) (7C) (Months)
Cunningham (1899) Falmouth, UK n/a Nov-Feb n/a n/a
Fretter and Graham (1985) n/a n/a Nov-Feb n/a 3-9
Hancock (1967) Burnham on Crouch, UK n/a Nov n/a 3-4
Kideys et al. (1993) Douglas, Isle of Man n/a Sep-Feb n/a 3-5
Lebour (1937) Plymouth, UK n/a Oct-May n/a n/a
Martel et al. (1986a) Gulf of St Lawrence, Canada May-July May-July/Aug 2-3 5-8
Moore (1937) Isle of Man, UK n/a Nov-Apr n/a n/a
Nasution & Roberts (2004) Irish Sea, Northern Ireland n/a n/a 8-11 2.5-3
Nasution et al. (2010) Irish Sea, Northern Ireland n/a n/a 10 3
Portmann (1925) Roscoff, France n/a n/a 5-9 n/a
Smith et al. (2013) Southampton Water, UK n/a Dec - Feb 6 4.5-5
SMr:g:ugs‘dT:tiT:e(z((z)cl)(l)?)’ Breidafjordur, Iceland Oct-Mar 0-5 n/a
Valentinsson (2002) Skagerrak, Sweden n/a Oct 4-8 3-4
Heude-Berthelin et al. (2011)  Cotentin, France Oct-Dec n/a n/a

Martel et al., (1986a) investigated the timings of gonad development in both male and female
whelks from the Gulf of St. Lawrence (Canada) and documented the first example of inverse
testes/ovary development in a marine invertebrate. They found that males produced sperm for
use in the following year’s reproductive cycle around the same time as copulation, and stored it
in the seminal vesicle. This is different from the females that did not begin oogenesis until 2-3
months later, possibly triggered by the depletion of oocytes during egg laying. Martel et al.,
(1986a) measured gonad weight after dissection of the gonad tissue from the digestive gland to
find the period of maximum sexual maturity, along with measuring the development of several
other sexual organs the same way (pallial oviduct in females and testes and seminal vesicle in
males). They found clear seasonality in the development of the pallial oviduct, testes, and
seminal vesicle over two years, indicating a peak in gonad size in June with maximum local
seawater temperatures. However, the cycle of gonad development for both sexes was less clear.

For females the peak in GSI was found in June in the first year and peaked in March the
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following year, however it is unclear what caused the difference. It was estimated that the
female reproductive effort was approximately 6 times that of the male owing to the production
of large lipid rich oocytes and egg capsules, this heavy energetic expenditure may leave the
females more vulnerable to predation immediately following the egg laying period (Kideys et al,
1993; Borkordt et al., 2003). A later study by Heude-Berthelin et al. (2011) employed histological
techniques to assess gonad maturity. They attempted to more accurately track the reproductive
cycle in B. undatum samples from Granville Bay in the North of France by monitoring
gametogenesis; it was hypothesised that the histological methods would allow them to also
monitor imposex within the population, although no cases were found. Their study showed that
in both sexes, gametogenesis begins in the winter and reaches a peak in October, prior to
spawning between October and December. Haig et al. (2015) found a peak in the
gonadosomatic index (GSI; gonad weight/body weight * 100) between September and October
for all eight sites studied across Wales. Martel et al. (1986a & b) concluded that the spawning
season in Europe was different to the Gulf of St. Lawrence i.e. a summer reproductive season in
Canada and an Autumn/Winter reproductive season in Europe. It was suggested that because B.
undatum is a boreal species, its temperature tolerance does not favour an energetically costly
reproduction period in Europe over the summer. This theory was questioned by Laptikhovsky
(2014) who highlighted that the reproductive cycle of B. undatum in Breidafjordur (Iceland) was
similar to that in Europe (October — March) but the seawater temperature during that period
was roughly the same as the Gulf of St. Lawrence (0-5°C; MagnuUsdéttir, 2010). He suggested
instead, that the seasonality of breeding of European whelk populations was timed upon
hatching to allow juveniles to benefit from the rising temperatures during the spring season
thus facilitating rapid growth when ample food reserves were present. In Canada however, it
was suggested that the reproductive cycle was tied to that of a major predator of B. undatum,
the starfish Lepasterias polaris. Females of L. polaris cease feeding during their brooding period
in Autumn that coincides with hatching of juvenile B. undatum from their egg cases. There are

no predators of B. undatum with an equivalent cycle of reproduction in European waters.
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2.1.2 Shell morphology

Several aspects of the morphology of B. undatum have been shown to vary with location
(Golikov, 1968; Thomas & Himmelman, 1988; Gendron, 1992; Shelmerdine et al., 2007). In some
areas, these differences are thought to be related to predation pressure via repeated damage
and repair of the shell, causing a thickening of the shell structure (Thomas & Himmelman, 1988;
Gendron, 1992). The plasticity inherent in the morphology of B. undatum has been clear for
many years, with early scientific exploration trips finding a wide variety of shell morphologies
for this species (Figure 2.2; Dautzenberg & Fischer, 1912). Gender differences in shell
morphology have been shown by Ten Hallers-Tjabbes (1979) and Kenchington & Glass (1998),
specifically the shape of the most recent whorl and aperture in whelks from the North Sea and
Canadian Pacific respectively. However, this has proven to be inconclusive for many study areas
as the morphological differences governed by geographical location seem to negate any effect
of gender (e.g. Thomas & Himmelman, 1988). More recently Magnusdéttir (2010) found
significant differences between several morphometric measurements over a single bay (=100
km) in the west of Iceland (Breidafjordur). They concluded that the variability observed across
the populations likely arose from a combination of environmental and genetic factors. An
understanding of differences in shell morphology between geographical locations will aid in the
interpretation of size at age data through an inference of how changes in environmental

conditions affect shell growth.

In this chapter | focus on the seasonal reproductive cycle of a B. undatum population in the
Menai Strait. It is hypothesised that mating and egg laying in this location will occur between
September and February and occur at a similar time to that seen in Isle of Man waters, Irish Sea
by Kideys et al (1993). | also investigate whether there are morphological differences in shape of
shells from 6 geographically separated locations around the British Isle. It is hypothesised that
there will be clear differences in shell morphology of B. undatum between sites due to differing

environmental conditions.
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ALBERT IE* PRINCE DE MONACO, CAMP. SCIENT. MOLLUSQUES PL.V.

Werner & Wintey

MOLLUSQUES DES MERS DU NORD
Figure 2.2. A plate showing morphological differences in the shells of B. undatum, made from samples

collected during scientific campaigns by Albert | sovereign Prince of Monaco on his research yachts ‘Hirondelle’
& ‘Princess Alice’ (Taken from Dautzenberg & Fischer, 1912).
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2.2 Materials and methods

2.2.1 Field collection

Eighteen monthly samples of 50 whelks were collected from the Menai Strait using a string of 3
scientific inkwell pots (baited with green shore crab (Carcinus maenas) and mackerel (Scomber
scombrus)) soaked for 24 hours. This was done to assess the timing of the reproductive cycle of
whelks in the Menai Strait. The drainage holes in the pots were covered with 3mm mesh and
the whelk catch was not riddled (the process used by fishermen to remove undersized whelks)
to ensure all size classes were retained for analysis. Dispensation for the landing of undersized
whelks (<45mm) was granted by the Welsh Government (disp#004, Appendix A). Once

collected, whelks were frozen in labelled bags until required.

In addition to the monthly samples collected from the Menai Strait, whelks were obtained
between February 2014 and July 2015 from 5 additional locations and 7 additional sites across
the UK (see Figure 2.3) to assess differences in various key shell morphometrics. As three sites
were sampled within the location of Jersey, 8 sites were sampled in total from 6 locations. For a
full description of site details see Table 2.3. All whelk samples from Shetland, Nefyn, Holyhead
and Amlwch were purchased from local fishermen and the exact locations are not reported at
the request of the fishermen. Whelk samples from the three sites within the location of Jersey
(JE4, JE5 & JD5) were donated by the Jersey Department of the Environment (DoE) and were
collected during their annual whelk survey. The sites around North Wales (Amlwch, Holyhead &
Nefyn) were chosen to investigate differences in B. undatum populations over small linear
distances, whilst the populations in Jersey and Shetland were chosen to investigate differences
over large geographical distances in areas with differing environmental conditions (i.e. seawater
temperature). The populations of B. undatum in both Jersey and Shetland are actively exploited
and have been studied previously (Shrives et al., 2015 — Jersey; Shelmerdine et al., 2007 —
Shetland). Although three separate sites within the location of Jersey were sampled, for the
maturity studies and many of the morphometric analyses, all of these sites were grouped
together. This was because the small sample size at each individual site often produced

insignificant results.
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Table 2.3. A summary of the location, collection dates and number of whelks collected.

Site name Latitude Longitude Date Depth (m)  Number of whelks
Menai Strait  53.2338889 -4.143055556 Feb '14 - Jul '15 10-11.5 50/month (900)

Jersey E4 49.193889 -1.858611 Feb '15 14 91
Jersey E5 49.025 -1.934722 Feb '15 13 100
Jersey D5 49.192884 -1.9925 Feb '15 7 86
Shetland - - Feb '15 18-20 218

Nefyn - - Jul '15 =12 107
Amlwch - - Jul'15 =12 151
Holyhead - - Jul '15 =13 107

Figure 2.3. Map illustrating the eight sample sites for Buccinum undatum collected from the U.K.
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2.2.2 Timing of the reproductive cycle

2.2.2.1 Body and maturity measurements

Frozen whelk samples were thawed in ambient temperature fresh water for 3 — 4 hours until
fully defrosted. Any large epiphytes were scrapped from the outside of the shell using a blunt
knife, patted dry on a piece of absorbent blue roll and weighed on a top-loading balance to the
nearest 0.01g. Using large forceps, the foot of each whelk was gripped and gently pulled until
the collumellar muscle detached, the whelk body mass was eased out of the shell whilst twisting
in an attempt to remove it intact. If the whelk broke during removal, the remaining section was
extracted from the shell using water pressure from a tap with a spray attachment. A paper label
with the sample name was appended to each shell and together with the soft body
photographed together. The whelk’s gender was assessed and noted. In male whelks the penis
was measured using digital Vernier callipers to the nearest 0.01 mm. Females were inspected
for the presence of a small penis due to the effects of imposex (Ten Hallers-Tjabbes et al., 1994).
To assess gonad maturity, the steps outlined in Haig et al. (2015) were followed and involved
estimating the proportion of digestive gland taken up by gonad tissue for both males and

females to give a percent maturity value (%mat) (Figure 2.4).

Figure 2.4. Examples of maturity stages of Buccinum undatum showing differences in the proportion of the
digestive gland to gonad. a) a female whelk showing 0% gonad development, b) a female whelk showing 50%
development, pale orange/yellow gonad tissue is visible, c) a female whelk showing 100% development and d)
a male whelk showing 50% development. Males exhibit a dark orange and often brown colour to the gonad
tissue. S: stomach; green arrows: dissection boundary for weight measurements.
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In the case of male whelks, the presence or absence of a vas deferens was also noted as this is a
good indicator of sexual maturity (Fretter, 1941). This can however be misleading if the animals
have been exposed to Tri-Butyl Tin (TBT) which can lead to the formation of male sex organs in
female whelks (imposex), even in juvenile animals (Mensink et al., 2002). The vas deferens is
visible as a convoluted tube underneath the base of the digestive gland/gonad (Figure 2.5a) and

as a raised line on the dorsal surface of the body, leading to the penis (Figure 2.5b).

- &
Figure 2.5. Development of the vas deferens (VD) in a mature male Buccinum undatum. a) the position of the
VD on the underside of the digestive gland/gonad and b) the position of the VD on the dorsal surface of the
whelk body. G: gonad, DG: digestive gland, CM: columellar muscle, VD: vas deferens, P: penis and M: mantle.

The complete body was weighed on a top loading balance to the nearest 0.01g. The
gonad/digestive gland were removed from the rest of the body mass and the two organs
separated after dissection using two pairs of forceps to pull apart the two halves of the body
just above the stomach (boundary highlighted by green arrows in Figure 2.5), weighed
separately and disposed of. The stomach and viscera were removed from the foot of each
whelk, the foot was weighed and placed in a labelled ziplock bag and re-frozen for later study of
the statoliths (see Chapter 5). The stomach was not weighed as the type and amount of
contents varied between samples and individuals. Both the stomach and viscera were not
retained. The labelled shells were dried at room temperature for 48 hours before weighing to

the nearest 0.01g.

Following processing, the Gonadosomatic Index (GSI) was calculated by expressing the weight of
the gonad/digestive gland as a percentage of the total body weight minus the stomach weight
(see Haig et al., 2015). This calculation differs from previous published studies which dissected
the gonad and digestive gland tissues from each other to assess the weight of the gonad alone,
the time constraints and large sample volume of this project made this approach unsuitable
(Martel et al., 1986a; Gendron, 1992). In an attempt to find middle ground between these two

approaches, an adjusted GSI (aGSl) was calculated by amending the gonad/digestive gland
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weight in relation to the %mat value for each specimen (i.e. a specimen with a %mat. value of
30% would have the gonad/digestive gland weight multiplied by 0.3), and then presenting this
as a percentage of the body weight. Bar plots of resulting data were compiled using the ggplot2

package in R- 3.3.2.

Estimates of Lso, the size at which 50% of the population is mature, were made using a logistic

regression model (Roa et al., 1999; Walker, 2005) to create:
B I-lsp 1\ 1
P=P,. <1 +exp Mlis=1so m )

Where P represents the proportion of the population mature at a given length (1), P4y is the
maximum proportion of mature animals. Acronyms ls, & lgs refer to the lengths at which 50%
and 95% of the population are mature respectively. Ogives for maturity estimates were
constructed using R, the original code was written by Harry (2013) and was also utilised by Haig
et al. (2015). The parameter estimates and significance of the Generalised Linear Model (GLM,
used in the ogive calculation) were tested using Chi-squared tests against a null model.
Confidence intervals were calculated by bootstrapping the GLM (x10,000 runs). The values of Is,
& lys were compared between sites as well as between seasons for the Menai Strait by grouping
3 months together into spring, summer, autumn and winter periods (January, February & March
— winter; April, May & June —spring; July, August & September — summer; October, November &

December — autumn).

Several calculations were undertaken to determine whether Penis Length (PL) is a good proxy
for maturity. Firstly, the size at which PL is greater than 50% of the Total Shell Length (TSL) was
calculated by plotting %PL (PL/TSL * 100) against TSL (after Santarelli, 1985). The resulting
equation was used to estimate the TSL at which %PL equals 50%. Secondly, ogives for PLsy (the
penis size at which 50% of the population is mature, after Fahy et al. (2005)) and %PLs, (the %PL
at which 50% of the population is mature after Kgie, 1969) were estimated using the above
methods for GLM, where PL and %PL were substituted for TSL in the calculations. Lastly, an

iterative search procedure was utilised with the following linear model:

TSL=PL*I(x <c)+x*I(x>c)
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This model was used to estimate an ‘inflection’ in the relationship between TSL and PL, by
finding the point with the lowest residual mean standard error to infer a change in allometry

(Crawley, 2007; Haig et al., 2015).
2.2.3 Morphometric study
2.2.3.1 Shell measurements

Several metrics were taken from each dried shell; dry shell weight was measured to the nearest
0.01 g and total shell length, maximum shell width, minimum shell width and shell lip thickness
were measured using digital vernier callipers to the nearest 0.1 mm (see Figure 2.6a). Shell lip
thickness was measured at 4 locations along the shell margin. The ventral surface of each shell

was then photographed with a ruler for scale.

a)

Total Shell Length

Maximum Width Minimum Width

Spire angle

B
-1 (B
Tan (A)

Figure 2.6. A representation of the length measurements taken from all Buccinum undatum shells that were
used in morphometric analyses. a) the measurements taken with vernier callipers; positions 1, 2, 3 & 4
represent positions where the thickness of the shell lip was measured, b) the measurements taken from
photographs of the aperture and body whorls and c) demonstrates how the spire angle measurement was
calculated.
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Six specimens were photographed at a time allowing the accurate measurement of aperture
length and aperture width to be made at a later date using ImageJ (version 1.48, Ferreira &
Rasband, 2012; see Figure 2.6b). The method was employed as it was more time-efficient than
manual measurements. However a sub-set of shells was first measured using both Vernier
callipers and Imagel) and the measurements compared to ensure both methods independently
provided accurate and comparable measurements. Trigonometry was used to calculate the
angle of the shell spire (see Figure 2.4c), a similar approach used to calculate the shell angle of

mussels shells by Beggel et al. (2015).

The resulting measurements were initially analysed using Principle Component Analysis (PCA)
and Linear Discriminant Analysis (LDA), to investigate whether there were differences between
sites as well as between male and female whelks. The data were first transformed using a
DM_LOG transformation (Darroch & Mossimann, 1985; Jungers et al, 1995). This
transformation involves calculating the geometric mean size (GMS) for each sample from the
linear variables (10" (sum of the log-normalised variables/number of variables)). The DM_LOG is
then perform