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2 ABSTRACT 
Scallops were the third most valuable wild-caught marine animals in the United Kingdom (UK) in 2018, with a first-sale 

value of £69.7 million. Despite the high relative and absolute economic value of scallop fisheries in the UK, the majority 

are not managed based on quantitative scientific evidence from stock assessments which risks them becoming 

overfished and unsustainable. Scallops were also the third most valuable wild-caught marine animals in Wales, at a first-

sale value of £2.4 million. Despite this Welsh scallop first-sale value being approximately 3.4 % of the value of the wider 

UK fishery, the fishery is still relatively economically important to Wales as the third most valuable. In addition, landings 

of scallops in to Wales have been decreasing since 2012 which highlights that greater scientific evidence is required to 

support the sustainable management of this relatively economically important natural resource. The existing 

management tools in Welsh waters are not linked to evidence of scallop stock sizes, or any other measure of scallop 

stock status. In addition to these arguments for sustainably managing the scallop populations, scallop dredging is 

considered to have a negative impact on the wider ecosystem and therefore it is important to gain a greater 

understanding of the negative effects of scallop dredging so that these may be better managed.  

The aims of this study were to implement techniques to estimate two valuable pieces of evidence which could help 

support sustainable management of king scallops (Pecten maximus) in Wales. These pieces of evidence were; (1) 

estimates of absolute stock sizes and (2) the effect of repeatedly applying fishing effort to an area on the target species, 

the wider environment and fuel efficiency. Multiple historical reconstruction stock assessment models and a spatial 

depletion model were used to directly estimate absolute size of stocks or populations, and the catch efficiencies of 

multiple commercial vessels were quantified with a view towards scaling catch rates to abundance using catch efficiency 

in the future. The three historical reconstruction stock assessment models varied by estimated stock structure and were 

age-, length- and un- structured, where unstructured models are more commonly known as surplus-production or 

biomass dynamics models.  The effects of repeatedly fishing small areas on environmental fishing efficiency and fuel 

efficiency were investigated through simulations and empirical data.   

The estimated catch efficiencies of five commercial scallop vessels ranged from 0.13 to 0.62, which demonstrated high 

variability in catch efficiencies between the vessels and between estimates for the same vessel. This indicated that catch 

efficiencies can vary considerably between scallop dredgers and catch rates should be not be scaled to estimates of 

abundance using catch efficiency until greater understanding of catch efficiencies is achieved. Scallop density was found 

to vary considerably over small spatial scales (25 to 59 commercially sized scallops per 100 m2) and was not linked to 

sediment type. This reinforces the need for fishery-independent surveys to determine fine spatial scale fluctuations in 

scallop densities. Catch efficiency was also shown to be important when understanding the environmental impact of 

scallop dredging relative to catch as areas were repeatedly fished. In particular, vessels with a catch efficiency higher 

than the benthic depletion rate would cause a greater environmental impact relative to their catch as small areas are 

continued to be fished. This insight could be used to evaluate the trade-off between quantity of catch and environmental 

impacts of fishing and used to determine an effort threshold for vessels of particular catch efficiencies that could be 

used in a rotational management strategy.   

The size of a king scallop stock in Wales was estimated by three different historical reconstruction stock assessment 

models and collectively these models also estimated a wide range of useful rates, states and parameters for scallop 

fisheries and life history including annual fishing mortality rate, recruitment, selectivity, catch efficiencies, maximum 
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sustainable yield and more. In addition to these rates, states and parameters being directly useful for future analyses of 

this fishery, they would also be useful as prior distributions in stock assessments of other king scallop fisheries. 

Furthermore, it was shown that the unstructured model produced similar outputs (estimates of stock size and biological 

reference points) to the age-structured model which both agreed and disagreed with other studies.   

These key pieces of evidence allowed the proposal of strategies to attempt to manage the Welsh scallop fishery 

sustainably. Two proposed strategies to reduce fishing mortality included imposing catch limits and by setting effort 

limits. These strategies could be applied to large regions of Welsh waters, relatively small areas or as limits on individual 

vessels. The primary recommended strategy is to use rotational management of small areas combined with effort limits 

assigned to vessels based on knowledge of catch efficiencies.  
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Figure 4.16: The main outputs from each of the three stock assessment models. Column 1 is the length-structured 

model, Column 2 is the age-structured model and Column 3 is the unstructured model. Row 1 is fishing mortality rate 

(averaged across scallops > 110 mm shell width), Row 2 is total stock abundance (expressed as millions of scallops), 

Row 3 is TSB (thousands of tonnes), Row 4 is SSB (thousands of tonnes) and Row 5 is total number of recruits 

(expressed as millions of recruits). Only two panels are presented for the unstructured models as the missing metrics 

were not explicitly estimated by this model. On each panel year is on the x-axis. Each plot displays a red line which 

represents the median model estimate for the given metric. The light grey and dark grey areas surrounding the line 

represents the 75% and 95% prediction intervals in model sampling, respectively. The black line on the fishing 

mortality panels represent observed effort (thousand hours fished) throughout the assessment area, and corresponds 

to the secondary y-axis (right-hand side). For the other panels the secondary y-axis represents each metric divided by 

the total size of the assessment area, to express the metrics as densities, and therefore these axes also correspond to 

the red lines and shaded areas indicating prediction intervals. ..................................................................................... 122 

Figure 4.17: Comparison of observed survey indices with stock assessment model median TSB estimates. The black 

line and points represent density of total survey catch (kg caught per 100 m2 of seabed fished). The red, green and 

blue lines represent TSB multiplied by the respective median estimated survey catch efficiency (qV) and expressed as 

density (kg per 100 m2 of the assessment area) from each of the length-, age- and un-structured models respectively.
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Figure 4.18: The changes in relative total stock biomass (left) and relative fishing mortality rate (right). Relative total 

stock biomass is the median estimated annual TSB divided by the median estimated BMSY, and relative fishing mortality 

rate is the median estimated annual fishing mortality rate divided by the median estimated FMSY. In each panel the x-

axis displays years and the dashed line indicates the point where median estimated TSB or fishing mortality rate 

equals BMSY or FMSY respectively. The other lines are coloured by model type, as indicated in the plot legend. ............ 124 
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7 ACRONYMS 
AUV Autonomous underwater vehicle 

BMSY Stock biomass when the MSY is continually removed over time 

CASA Catch-At-Size-Analysis (model name) 

CSA Catch Survey Analysis or Collie-Sissenwine Analysis (two names for the same model) 

DFO Department of Fisheries and Oceans (alternatively Fisheries and Oceans Canada) 

EAF Ecosystem approach to fisheries  

EBFM Ecosystem-based fisheries management  

EEZ Exclusive Economic Zone 

EU European Union 

FAO Food and Agriculture Organization of the United Nations 

FMSY The fishing mortality rate required to catch the MSY 

FSA Simples Fisheries Stock Assessment Methods (R package) 

GHG Greenhouse gases 

GPS Global Positioning System  

HMC Hamiltonian Monte Carlo 

IA Integrated analysis  

ICES International Council for the Exploration of the Seas 

IoM Isle of Man 

ITQ Individual transferable quota  

LPUE Landings per unit effort 

MCMC Markov Chain Monte Carlo  

MEY Maximum economic yield  

MLS Minimum landing size 

MMO Marine Management Organisation 

MSC Marine Stewardship Council  

MSY Maximum sustainable yield  

NAO North Atlantic Oscillation  

NEFSC Northeast Fisheries Science Center  

NMFS National Marine Fisheries Service  

NOAA National Oceanic and Atmospheric Administration  

NPFMC North Pacific Fishery Management Council  

PI Prediction interval  

PPR Production per recruit 

RBS Relative benthic status  

SAC Special Area of Conservation 

SCA Statistical-catch-at-age  

SPR Spawning potential per recruit 

SSB Spawning stock biomass 
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1 CHAPTER 1: INTRODUCTION 
The aim of fisheries science is to provide scientific evidence to help management support sustainable fisheries, and 

draws on disciplines such as biology, conservation, management, economics, mathematics and statistics. Modern 

definitions of a sustainable fishery often incorporate the wider ecosystem as well as the target species (Pauly et al 2002). 

Such a focus involves monitoring and quantifying the impact of fishing gears on non-target species, benthic communities 

and the physical marine environment. In addition, sustainable fisheries management may also incorporate socio-

economic factors and consider those whose livelihoods are dependent on the health of the target species and the wider 

ecosystem. Various modern terms for this approach to fisheries management exist, such as ecosystem-based fisheries 

management (EBFM) or the ecosystem approach to fisheries (EAF) (Garcia 2003). EBFM is a term usually associated with 

any management strategy which has a focus that considers the ecosystem as well as the target species (Link et al 2011; 

Lambert et al 2017). EAF differs from this as EAF is not restricted to management and may include areas of research 

such as human well-being and governance (Garcia 2003).  

The need to manage fisheries sustainably has arisen from a high global demand for seafood, advances in technologies 

and an increasing global fishing industry (Tidwell and Allan 2001; FAO 2014). A combination of these factors has resulted 

in fishing occurring on large scales, and consequently the percentage of overfished global fish (fin- or shell-fish) stocks  

has increased from 10% in 1974 to 33.1% in 2015 (FAO 2018) despite global fish catches now declining (Golden et al 

2016). In addition to jeopardising fish yields, overfishing can negatively alter habitats and communities (Hauge et al 

2009). Although not all fish stocks are overfished (66.9% of global fish stocks in 2015 were deemed biologically 

sustainable) (FAO 2018), it is important to manage fisheries to avoid further stocks becoming overfished and to ensure 

that healthy marine ecosystems can be maintained and used in the future (Pauly et al 2002).  

Effective management of fisheries consists of, but is not limited to, suitable monitoring, appropriate stock assessment, 

effective use and enforcement of management tools and consideration of economic and environmental impacts of 

fishing (Tindall et al 2016). A wide range of management tools have been implemented in global fisheries including 

spatial, temporal, gear, vessel, catch and access regulations (Cochrane 2002; Orensanz et al 2016). These regulations 

are particularly important as they allow for a control of fishing effort and can provide protection to the stock and the 

wider ecosystem (Cochrane 2002; Cinner et al 2007). It is important that management regulations are supported by 

evidence of the status of the target species and the wider ecosystem, as the best decisions rely on both knowledge of 

the current status of the fishery and the future impacts of management decisions (Cochrane 2002).  

Gathering evidence for fisheries management involves, as a minimum, monitoring of the fishery. Monitoring of a fishery 

involves directly obtaining information from the fishery, such as catch rates or fisheries-independent survey indices. 

Stock assessment is a commonly used name for analysis of fisheries data which involves the use of mathematical and 

statistical calculations to quantify the status of a local aggregation of a target species, or stock (Hilborn and Walters 

1992). A key piece of evidence often produced from a stock assessment is a relative or absolute measure of the size of 

the target species stock (Hilborn and Walters 1992). Understanding the size of the target species stock is particularly 

important to avoid overfishing. However, it is also important to understand the impacts of fishing in a broader context 

than the target species. Therefore, quantifying the impact that fishing has on both the target stock and wider ecosystem 

are also key pieces of evidence for sustainably managing a fishery.  
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1.1 Scallops and their fisheries  

Scallop (Pectinidae) fisheries are of considerable local and global importance, with large increases in landings occurring 

throughout the last 20 years (FAO 2014; Stewart and Howarth 2016). Scallop fisheries in the UK consist of king scallop 

(Pecten maximus) and queen scallop (Aequipecten opercularis) and landings of king scallop have increased over the 

previous 50 years (2,500 tonnes in 1968 and 32,600 tonnes in 2017) (Beukers-Stewart and Beukers-Stewart 2009; MMO 

2018). Other scallop species are important in other areas and make up other major fisheries around the world in 

temperate seas (Table 1.1).  

Table 1.1:  The value and importance of selected major scallop fisheries. 

Fishery Landings Value Landings (thousand 
tonnes) 

Fishery Rank (all 
fisheries) 

Reference 

US sea scallop 
(Placopecten 

magellanicus) and 
weathervane scallop 

(Patinopecten caurinus) 

$511.9 million (2017) 23.45 (meat weights) Fifth most valuable 
in US (2017) 

NMFS 2018 

UK king scallop and queen 
scallop 

£69.7 million (2018) 28.8 (live weight, 
including shell) 

Third most valuable 
in UK (2018) 

MMO 2019 

Canadian sea scallop Can$175.7 million (2017) 55.94 (live weight) Fourth most 
valuable in Canada 

(2017) 

DFO 2019 

 

The increase in landings means there is greater effort being expended to harvest scallops. It is therefore important that 

scallop fisheries are managed effectively to avoid overfishing of the target stocks and minimise impacts on the wider 

ecosystem caused by expending additional effort. Therefore, the monitoring methods and analysis techniques of scallop 

stocks are of considerable importance so that evidence is available to underpin management (Murray et al 2013; Hartill 

and Williams 2014). In addition, it is also extremely important to understand how the biology and fishing methods 

affects the analyses and management of scallops.  

King scallops are northeast Atlantic bivalve molluscs (Figure 1.1) and they are hermaphroditic, meaning an individual 

will produce both sperm and eggs (Cragg 2016). They employ a broadcast spawning technique where fertilisation of 

sperm and eggs occurs in the water column (Cragg 2016). However, the quantification of king scallop recruitment (new 

individuals born to a population) is generally poorly understood and is likely to be dependent on environmental factors 

(Beukers-Stewart and Beukers-Stewart 2009; NPFMC 2014; ICES 2016). The species conducts the majority of growth 

and recruitment between March and October when there is warmer sea temperatures and greater food availability 

(Beukers-Stewart and Beukers-Stewart 2009; Chauvaud et al 2012). Once recruited and settled, king scallops live 

partially buried in the seabed and are semi-sedentary (Howell and Fraser 1984; Brand 2016). They are able to swim as 

an escape response, yet the species have been shown to move less than 30 m over a period of 18 months (Howell and 

Fraser 1984). This means that from year to year the location of scallop populations should not vary considerably.  

In the UK, king scallops are typically fished using spring-loaded Newhaven dredges (Figure 1.1). Dredges are typically 

towed on bars of three to twelve (gangs) from each side of a vessel (Lart 2003). Each dredge consists of a spring-loaded 

toothed bar designed to allow for give when the gear encounters boulders (Error! Reference source not found.). The 

toothed bar dislodges scallops such that they are caught in a chainmail bag (Boulcott et al 2014). The gear is known to 
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impact both the seabed communities and physical seabed, and therefore the environmental impacts of scallop dredging 

is of importance to management (Collie et al 2000; Kaiser et al 2006; Stewart and Howarth 2016).  

 

 

There are a number areas in the waters surrounding the UK where king scallops are fished (Figure 1.5). The areas with 

the highest landings are found in the eastern English Channel and other areas with sizeable annual landings are found 

in the western English Channel, Cardigan Bay, the north Irish Sea and north-east Scotland (STECF 2018).  These areas 

are important for the UK scallop fleet, and vessels from the Republic of Ireland and France also fish for king scallops in 

some of these areas. The UK scallop dredge fleet consisted of 285 vessels in 2018, of which 204 were less than 15 m 

Figure 1.1: Images of a scallop and a Newhaven dredge. Top left is the underside of a king scallop. Bottom left is the topside of a king 
scallop. Right is a Newhaven dredge bag full of king scallops. The dredge is attached to a tow bar which supports other dredges. 
Source: Adam Delargy (scallops) and Claire Szostek (dredges).  

 

Figure 1.2: A diagram of a Newhaven spring-loaded dredge. Source: Seafish www.seafish.org  

 

 

http://www.seafish.org/
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long and the remaining 81 were 15 m or more in length (Seafish 2019). The over 15 m vessels are highly specialised, 

with king scallops consisting of 92% of their landings in 2018 (Seafish 2019). The vessels less than 15 m land are less 

specialised, but king scallops still made up the majority of their landings (67%) (Seafish 2019). More detailed information 

on the size structure and distribution of the UK scallop dredge fleet around the UK can be obtained from data from 2017 

(Table 1.2).  

  

Figure 1.3: Map of the mean annual landings of king scallops (tonnes, live weight) by ICES statistical rectangle from the years 2012 to 
2016, in areas around the British Isles. Each red point denotes the centroid of a single ICES statistical rectangle. ICES rectangles with 
mean landings less than one tonne have been excluded so that the map focusses on areas of substantial landings only. These landings 
include all nations fishing in these areas and the full range of gear types with reported scallop landings (i.e. not restricted to dredges). 
These landings were obtained from STECF (2018) and were not restricted to those landed in to UK ports. The green areas are land. 
The size of the points corresponds to magnitude of mean landings as indicated in the figure legend.  

Scallops (all species) were the third most valuable wild-caught seafood animals landed in to ports in Wales by UK vessels 

in 2018 (£2.4 million, first sale value) (MMO 2019). Despite this relative high value, landings in to Wales have decreased 

since a peak in 2012 (Figure 1.4). King scallop beds are known to occur in four major areas in Wales, based on interviews 

and consultations with local scallop fishers (Figure 1.5). Of these areas, there is genetic evidence suggesting that the 

Cardigan Bay population is isolated from the other Welsh king scallop areas (Hold et al in press). However, biophysical 
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stratification used in stratified-random surveys varies between scallop fisheries, with stratification by habitat type or 

commercial catch rates particularly popular (Table 1.3).  

 

Figure 1.5: A map of king scallop areas around the Welsh coast, as determined using local fisher knowledge. King scallop areas are 
outlined in red and numbered as; 1) Liverpool Bay, 2) Llyn Peninsula, 3) Tremadog Bay and 4) Cardigan Bay. Green is land, orange is 
areas of sea closed to scallop commercial dredging and white areas are sea open to commercial scallop dredging. Dashed lines are 
the 3 and 12 nautical mile lines from shore. The inset map depicts the location of the fishing grounds within the British Isles.  

Fishery-independent indices are often expensive to obtain, resulting in costs to the fishery or to government (Murray 

et al 2013; Hartill and Williams 2014). As a result, many surveys are not conducted as frequently as required, not 

conducted in all areas within the fishery or not conducted to the same intensity between years (Hartill and Williams 

2014). These differences in surveys lead to bias and the ability to draw comparisons between surveys becomes 

weakened (Hilborn and Walters 1992; Hartill and Williams 2014). The key considerations for survey consistency include 

sampling the same locations and sampling with the same hauling speed and temporal haul length (Hartill and Williams 

2014). Many scallop surveys have routinely sampled the same stations during each survey to ensure comparability 

between years, despite no commercial scallop fishing occurring in the locations anymore (e.g. Kangas et al 2011; Murray 

2013; Dobby et al 2017; ICES 2018). By standardising these aspects of survey design, changes in indices between years 

should reflect changes in the scallop population. However, it is possible that the sampling gear may miss patches of 
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scallops in some years (due to precision error) despite intending to sample the same location. It is also possible scallops 

may move over time, but there is limited evidence of mass migrations in the majority of scallop species (Brand 2016). 

Table 1.3: Information on the fishery-independent surveys conducted in global scallop fisheries 

Fishery Vessel type Method Number of 
sampling 
locations  

Sampling 
location 
selection 

Primary output(s) Reference 

Isle of Man (IoM) 
king (Pecten 
maximus) and 
queen (Aequipecten 
opercularis) scallop 

Research Dredge and 
optical 

~50 Fixed locations 
with additional 

added over time 
based on fishing 

grounds 

Relative abundance and 
population structure. 

Stock assessment model 
parameters. 

Bloor et al 2017 

Scotland king 
scallop 

Research or 
Commercial 

Dredge ~80 Fixed locations 
stratified by 

sediment and 
fishing grounds 

Relative abundance and 
population structure. 

Stock assessment model 
parameters. 

Dobby et al 2017 

East Canada sea 
scallop 
(Placopecten 
magellanicus) 

Commercial Dredge >100 Stratified-
random by catch 

rates or 
sediment type 

Distribution and size 
structure. Stock 

assessment model 
parameters. 

Jonsen el al 2009; 
Hervas et al 2013; 
Hubley et al 2014 

US sea scallop Commercial Dredge and 
optical  

~93 Stratified-
random 

Total meat weight per 
haul and whole animal 

size structure. Stock 
assessment model 

parameters. 

Aldous et al 2013; 
Kelly et al 2011 

France king scallop Research Dredge ~170 Stratified-
random by 

recruitment 
rates from 

previous survey 

Exploitable biomass 
index.  

ICES 2018 

Wales king and 
queen scallop 

Research Dredge and 
optical 

~77 Stratified-
random by 

sediment and 
management 

zones 

Exploitable biomass, 
recruits and population 

structure. Stock 
assessment model 

parameters.  

Lambert et al 
2014; Delargy et 

al 2019 

Eastern Australia 
saucer scallop 
(Amusium balloti) 

Commercial Trawl 200 

 

Stratified-
random 

Relative abundance and 
size structure. 

Jebreen et al 2008 

Western Australia 
saucer scallop 

Commercial Trawl 90 Random Relative abundance by 
recruits and harvestable 

scallops 

Kangas et al 2011 

New Zealand 
scallop (Pecten 
novaezelandiae) 

Commercial Dredge Many, varies 
within sections 
of the fishery 

Stratified-
random by strata 

or fishing 
patterns 

Population structure, 
distribution and absolute 
abundance of harvestable 
scallops. Some measures 

of recruitment. 

Williams et al 
2010; 2014 

US weathervane 
scallop 
(Patinopecten 
caurinus) 

Research Dredge and 
optical 

~50 Systematic 
design from 

random starting 
position 

Relative abundance and 
population structure. 

Gustafson and 
Goldman 2012 

Iceland scallop 
(Chlamys islandica) 

Commercial Optical   120 Fixed stations Absolute abundance. ICES 2018 

 

The timing of fishery-independent towed gear surveys is important, as differences in growth rates between the survey 

time and the fishing season need to be accounted for and failure to do so can bias stock assessment outputs (Hilborn 
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The use of fishery-dependent catch rates to estimate a proxy for abundance is an alternative to fishery-independent 

surveys due to the high costs associated with obtaining fishery-independent indices (Murray et al 2013; Hartill and 

Williams 2014). However, the validation of catches is vital if they are to be used as a proxy for abundance. Murray et al 

(2013) compared scallop fishery-independent survey indices against catch rates estimated from both logbooks and VMS 

to assess the strength of the relationship between such data types. The authors found the relationship to be strong 

between both types of fishery-dependent data and fishery-independent indices at the start of the fishing season, but 

the relationship became weaker as the stock depleted throughout the season (Murray et al 2013). The Shark Bay saucer 

scallop fishery had a strong correlation between fishery-independent survey indices and fishery-dependent catch rates 

up until 1995, at which point increases in commercial fishing intensity occurred (Kangas et al 2011). Since 1995 catch 

rates have overestimated the biomass in the fishery and this has highlighted the need for a more detailed assessment 

methodology using multiple data sources (Kangas et al 2011). As illustrated by these examples, fishery-dependent catch 

rates do not always correlate well with fishery-independent catch rates (Harley et al 2001; Beukers-Stewart et al 2003). 

1.3 Estimating stock size  

Fisheries monitoring data are often used to calculate a relative or absolute estimate of the size of the target stock 

(Hilborn and Walters 1992). Such evidence is important to inform management of the status of the stock and often can 

be used to provide biological reference points which can be used in target setting or to limit fishing activities to avoid 

overfishing of stocks (Jensen and Marshall 1982; Caddy 2004; Shertzer et al 2008). A typical reference points is BMSY, 

which is defined as the biomass of the stock if the maximum sustainable yield (MSY) was harvested under typical 

recruitment conditions (NPFMC 2014). The MSY is defined as the greatest amount of biomass that could be removed 

from the stock through fishing over a long temporal scale (Maunder 2008; NPFMC 2014). Another typical reference 

point is FMSY, which is the annual fishing mortality rate (F) required to catch the MSY (NPFMC 2014). Other variants of 

these or other types of reference point can be determined, which can be used to set fishing effort limits which serve as 

a proxy for how much biomass will be removed from the stock. There are many kinds of reference points used in fisheries 

throughout the world and many are used to suit the specific needs of the fishery in question. 

Biological reference points are typically estimated using stock assessments (Caddy and Mahon 1995). Stock assessments 

have been used for over a century due to the economic importance of fisheries (Shertzer et al 2008). A wide range of 

stock assessment methodologies have been used in scallop fisheries (Table 1.6). Stock assessment methodologies may 

not necessarily estimate stock size but the majority do. Hilborn and Walters (1992) list four general approaches for 

conducting stock assessment with a view to estimating stock size: (1) direct observations (catches, counts or indices); 

(2) historical stock reconstruction from fisheries monitoring data; (3) mark-recapture or ratio change methods; and (4) 

depletion estimators. These approaches are discussed through the following sub-sections. An exception is (3), as these 

approaches assume that marked individuals are able to remix themselves with the unmarked population (Southwood 

and Henderson 2009) which is an unsuitable assumption for scallops due to their limited movement. Therefore, this 

particular approach is not discussed in this thesis.  

Several other considerations of scallop stocks are important for stock assessment. Many stock assessment models 

assume constant fishing mortality throughout the spatial distribution of the stock, which is not the case in semi-

sedentary species if fished in a rotational fashion (Hart 2003). In addition, benthic invertebrates, such as scallops, have 

been shown, in some cases, to exist as self-recruiting, isolated populations which makes them vulnerable to overfishing 
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(NPFMC 2014). Therefore, scallop fishery models often require attention to the spatial implications of analyses (Hart 

2001). Similarly, it is often difficult to define a stock unit, and conducting a stock assessment without doing so is likely 

lead to error in estimations (Andrews et al 2010; Andrews et al 2013; ICES 2016). Defining a stock unit is important so 

that data can be grouped together that correspond to individuals with similar life histories, and accurately reflect the 

stock dynamics. These errors in estimations can arise through assuming that a stock is closed when in fact the stock size 

is influenced by other populations (Begg et al 1999). Combined genetic and hydrodynamic modelling studies are typically 

required to address the stock unit size for scallops (e.g. Elfstrom et al 2005a; 2005b; Kenchington et al 2006; Hold et al 

2013; Salomonsen et al 2015; Hold et al in press).  

Recruitment in wild fish stocks is extremely variable and difficult to predict (Shertzer et al 2008). Scallops are no 

exception (Cryer 2001a; Vause et al 2007; Flood et al 2014) and this variability makes them particularly vulnerable to 

overfishing, as an overfished stock cannot be guaranteed to be replenished each year through births (NPFMC 2014).  

The high variability in recruitment, and high variability in growth rates of scallops, results in highly variable catches and 

stock sizes between years in the majority of scallop fisheries, as well as a dependence on the recruitment of large cohorts 

(Caddy and Gulland 1983; Cryer 2001a; ICES 2016). Scallop recruitment is likely to be governed by a mixture of factors 

including environmental conditions and the size of the spawning stock biomass (SSB) (Smith and Rago 2004; Neill and 

Kaiser 2008; Thorarinsdottir et al 2013; NPFMC 2014). The relationship between the SSB and recruitment is referred to 

as a stock-recruit relationship (Iles 1994). A stock-recruit relationship is a common way to predict recruitment for 

fisheries, but it is a source of debate of whether it is appropriate to do so (Iles 1994). However, the relationship between 

stock size and recruitment is unknown for many scallop species, including king scallops (ICES 2016).  

Environmental factors such as water currents, sea level and sea temperature have been used alongside stock size in 

recruit models for the Shark Bay saucer scallop fishery, but with mixed results (Joll and Caputi 1995; Lenanton et al 

2009; Kangas et al 2011). Relationships between recruitment and variables such as sea temperature (Caputi et al 1996), 

water currents (Shephard et al 2010) and spat settlement (Beukers-Stewart et al 2003) have been shown in other works 

for specific scallop fisheries. The relationship between sea surface temperatures and recruitment has also been explored 

for king scallop fisheries throughout the British Isles, yet despite some significant results the relationship was not 

consistent (ICES 2016). The effect of the North Atlantic Oscillation (NAO) on recruitment was found to be significant and 

negatively correlated in some areas, however the relationship was inconsistent across the entire geographical range of 

the study (UK, Isle of Man and Ireland)  (ICES 2016). This significant relationship in some of these areas was likely to be 

due to spat survival and production being disrupted by warmer winters and cooler summers associated with the NAO 

(ICES 2016). The effect of environmental influences on recruitment have also been shown to be highest when biomass 

is lowest, highlighting the need to maintain high biomass in stocks (ICES 2016). However due to the high variability, 

inconsistencies in results and some dispute over the driving factors, scallop recruitment relationships are largely 

unknown (NPFMC 2014; ICES 2016). Due to the unknown nature of scallop recruitment, the Canadian Browns Bank sea 

scallop stock assessment model allows recruitment to behave randomly (DFO 2013). 

Annual natural mortality rate (M) is of considerable importance to stock assessments, as this determines the amount of 

the stock that will be removed through non-fishing deaths. Natural mortality is notoriously difficult to quantify, as fishing 

and natural mortality quickly become confounded in an active fishery (Hilborn and Walters 1992; Hewitt and Hoenig 

2005). The two main techniques used to estimate natural mortality are from tag data (Hearn et al 1998; Frusher and 

Hoenig 2001; Latour et al 2003) or predictions from life history, such as growth parameters (Chen and Watanabe 1989; 
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Jensen 1996; Lorenzen 1996). However, it is also common to use estimates of natural mortality from other fisheries or 

species in stock assessments (Hewitt and Hoenig 2005). The range of annual natural mortality rates in scallop stock 

assessments ranges from 0.09 to 0.5 yr-1 (Table 1.5). In most cases these estimates are independent of time and scallop 

age and size. However, size-specific natural mortality has been tested in the US sea scallop stock assessments, where 

natural mortality was a function of shell height. The natural mortality rate of juvenile scallops was set to half the natural 

mortality rate of adult scallops (0.5 M), and then the natural morality rate increased gradually with scallop sizes until 

reaching the natural mortality rate at adult size (M) (NEFSC 2014). The Georges Bank stock assessments showed 

improved fits to survey data using this approach to modelling natural mortality compared to stock assessment model 

runs using size-independent natural mortality rates (NEFSC 2014).  

Table 1.5: Natural mortality estimates used in scallop stock assessments 

Fishery M estimate used Derivation of M Reference 

East Australia saucer scallop 0.09 Tagging data Campbell et al 2012 

Canadian Georges Bank sea scallop  0.1 Review of multiple techniques to 

estimate M. 

Jonsen et al 2009 

Scottish king scallop 0.15 Based on species with similar 

longevity. 

Dobby et al 2017 

Isle of Man king scallop 0.15 Sensitivity test of stock 

assessment models. 

Allison 1993 

US Georges Bank sea scallop 0.16 (0.24 for largest size class) Stock assessment model 

sensitivity analysis. 

NEFSC 2014 

Isle of Man queen scallop 0.2 Review of multiple techniques to 

estimate M and stock assessment 

model sensitivity analysis. 

Murray 2013 

US Mid-Atlantic sea scallop 0.2 (0.3 for largest size class) Stock assessment model 

sensitivity analysis. 

NEFSC 2014 

Coromandel New Zealand scallop 0.5 Review of multiple techniques to 

estimate M. 

Williams et al 2010 

    

Direct observations to estimate abundance   

Many fisheries use direct observations such as survey indices or commercial catch rates to estimate relative stock 

abundance or absolute stock abundance (Table 1.6). Estimations of relative abundance requires standardisation of 

observations to ensure the relative scale is accurate, whereas estimates of absolute abundance require knowledge of 

the absolute efficiency of the observation method (Stokesbury et al 2004). Catch efficiency of towed gears is the fraction 

of target species that are retained compared to that which occurs in the path of the towed gear (Miller et al 2019).The 

Coromandel New Zealand scallop fishery assessment does not use fishery-dependent catch rates as a measure of 

relative biomass because the relationship between the two is not proportional (Cryer 2001b; Williams et al 2010). 

Instead the fishery analysts estimate absolute biomass by scaling survey indices using knowledge of the absolute 

efficiency of the dredge gear (Williams et al 2010).  

Optical methods can also provide direct observations for estimating abundance. Capture efficiency of optical methods 

can be close to 100%, which is considerably better than towed gears, and this can result in higher accuracy estimates of 

abundance in the path of the camera (Stokesbury 2002). Absolute abundance of sea scallops has been routinely 
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estimated using a drop-down digital image systems in the US, with absolute abundance of the total survey area 

estimated using the mean density of sea scallops from video samples taken in the area (Stokesbury 2002; Stokesbury et 

al 2004). This camera system is now able to measure shell height of the scallops, detect greater numbers of juvenile sea 

scallops, and the absolute abundance methodology accounts for both the selectivity and efficiency of the method to 

determine absolute numbers and biomass of sea scallops in the images (Carey and Stokesbury 2011; Bethoney and 

Stokesbury 2018). Scallops in this fishery have also been sampled using an AUV fitted with a camera which is capable of 

estimating scallop abundance and measuring shell height (Walker et al 2016). AUVs have also been successful at 

estimating scallop abundance in Iceland scallop fisheries (Singh et al 2013) and may be suitable for estimating shell size 

with future research (Singh et al 2014). Furthermore, AUVs can also be used to detect dredge scars on the seabed 

indicative of fishing effort (Walker et al 2016). 

Depletion estimators 

Catch rates from defined areas can also be used in depletion estimators to estimate stock abundance and the absolute 

efficiency of scallop fishing (Hilborn and Walters 1992; Beukers-Stewart et al 2003; ICES 2016). These models quantify 

how removals of target individuals affect the catch rate of the population when an area is repeatedly fished (Hilborn 

and Walters, 1992; Walter et al 2007). The semi-sedentary nature of scallops permits the use of such models as the 

animals are not thought to be able to relocate from fished areas (Kangas et al 2011). These types of models have been 

used in the Western Australia Shark Bay saucer scallop (Kangas et al 2011), Isle of Man king scallop (Beukers-Stewart et 

al 2001), US sea scallop (NEFSC 2001; Walter et al 2007) and the Canadian Bay of Fundy sea scallop (Hervas et al 2013).  

Historical reconstruction stock assessment models  

Fisheries scientists have been developing mathematical representations of the growth, recruitment and mortality of 

fish stocks for over a century (Shertzer et al 2008). The development of computing power through time has allowed 

these mathematical models to be applied to large fisheries data sets and allowed the utilisation of statistical 

methodology designed to account for high variability in fisheries monitoring data and high uncertainty in model 

calculations (Hilborn and Walters 1992; Pauly et al 2002; Maunder and Punt 2013). 

The historical reconstruction model approach estimates the initial stock size and then uses a mathematical model to 

estimate the abundance in consequent years in the time series (Hilborn and Walters 1992). The parameter values in the 

calculations are then adjusted to provide the best fit between observed and estimated data sets from the fishery 

(Hilborn and Walters 1992). In modern stock assessments, this requires statistical methodology and is often computed 

using a likelihood function (Maunder and Punt 2013). However, the resultant model estimates of the stock are often 

subject to both observation error and process error as a result of the stochastic nature of fish populations (Jonsen et al 

2009).  Process error is the natural variation in the stock dynamics, and differs from observation error which is the error 

in the methodology (Ahrestani et al 2013). Quantification of the uncertainty around stock assessment model estimates 

is key to appropriately reflecting the confidence management should have in model outputs, and a wide range of 

statistical methodologies exist to quantify the uncertainty (Jonsen et al 2009). Bayesian statistical methods for 

parameter estimation and quantifying uncertainty are popular in fisheries stock assessment models, as they can address 

non-linearity in equations more efficiently than other approaches and observation and process errors can be accounted 

for simultaneously (McAllister and Ianelli 1997; Jonsen et al 2009).  
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The Canadian Georges Bank model uses three size-classes, as opposed to the typical two, and was compared to the 

previously used virtual population analysis (VPA) and an unstructured model (Jonsen et al 2009). VPA models are fully 

age-structured and follow cohorts through time (Pope 1972; Shertzer at al 2008; Jonsen et al 2009). The delay-difference 

model was deemed to produce better estimates of annual stock biomass than the unstructured model or VPA, the latter 

of which was hampered by a lack of suitable age data (Jonsen et al 2009). The IoM queen scallop fishery has used the 

Catch-Survey Analysis (CSA) model, which is free and available to download (Murray 2013; NOAA 2014). The CSA model 

is a delay-difference model, and the two stages are defined in the IoM stock assessment as below and above the MLS 

implemented in this fishery (Murray 2013). The CSA model has previously produced suitable estimates of stock biomass 

when compared to an unstructured model (Cadrin 2000). 

Age-structured models 

Age-structured models estimate the stock in age-classes, which can allow for greater accuracy in overall biomass 

estimates through the capture of important biological dynamics between age-classes (Bjorndal and Brasao 2006; Smith 

et al 2008). Various kinds of age-structured models exist; however, a large amount of fine detail is required to be able 

to successfully implement them and obtain accurate results (Jonsen et al 2009). VPA is an age-structured approach 

which simulates reductions in cohorts of fish with time based on losses through mortality using the Baranov catch 

equation applied in backward time (Baranov 1918; Pope 1972; Shertzer et al 2008). The backward application of the 

Baranov catch equation begins with an estimated abundance of the eldest age-class, and uses age-specific fishing and 

natural mortality rates to estimate the abundance of each next youngest age-class in a stepwise fashion (Pope 1972; 

Shertzer et al 2008).  

More detailed and statistical age-structured models are known as statistical catch-age (SCA) models, and these typically 

differ from VPA by assuming error in catches and applying the Baranov catch equation in forward time (beginning with 

the youngest age-class) (Shertzer et al 2008). A major advantage of the forward approach is that it becomes far simpler 

to adjust the Baranov catch equation to account for the specific dynamics of individual fish stocks, such as accounting 

for seasonality in mortality rates (Shertzer et al 2008). Due to advances in computational power and computational 

statistical applications, the complexity and detail of SCA models has increased with time and led to fields such as 

integrated analysis (IA) models (Maunder and Punt 2013). IA models are capable of modelling multiple observed data 

sets simultaneously using a joint likelihood function, and this results in an efficient stock assessment model which is 

able to account for, and quantify, high degrees of uncertainty (Maunder and Punt 2013). It should be noted that 

sophisticated statistical models, such as IA models, are not restricted to age-structured analyses: less biologically 

detailed models, such as unstructured and delay-difference models, can be implemented as IA models.  

Assessments of the Scottish king scallop stocks are conducted using an age-structured model, named Time Series 

Analysis (TSA) (Dobby et al 2017). The model is an IA model and uses age-structured landings, discards and survey indices 

(Dobby et al 2017).  The model also has the ability to account for data deficient years in a long time series (ICES 2016; 

Dobby et al 2017). Prior to the first use of the TSA in 2011, the stock was assessed using a VPA model (Dobby et al 2012). 

The TSA model was chosen to replace the VPA model because the TSA can better account for poor years of data and 

because the TSA allows for parameters, such as fishing mortality, to change in controlled fashion, as well as providing 

prediction intervals (Bayesian equivalent of confidence intervals) for outputs such as stock abundance and mortality 

(Dobby et al 2012). The Eastern Australia saucer scallop fishery compares biomass estimates using two models, one of 
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which is a fully age-structured, Bayesian IA model (Campbell et al 2012; Flood et al 2014).  The model uses a temporal 

increment of one month and it estimates MSY (Campbell et al 2012).  

Size-structured models 

Size-structured models, often termed length-structured models, can be used when sufficiently precise age data are not 

available for a fishery, and many classes are still desired to capture a high degree of biological reality (Lai and Gallucci 

1988). Age-structured data may be unavailable due to the monitoring structures in place or because the target species 

is difficult or impossible to age (Sullivan et al 1990). A length-structured model may also be chosen when the observation 

error in aging is suspected to be high, as observation error in measuring the size of fish is likely to be lower than aging 

due to the relative simplicity of measuring a fish compared to aging (Sullivan et al 1990). Modelling a population by 

length-structure is often more complex than by age-structure because growth must be modelled explicitly, as animals 

can transition between stages in the stock within the (typical) period of an annual model time step (e.g. Punt et al 1997; 

Maunder 2001). It is important to note that modelling growth is a function of time and size, and therefore age or tagging 

data are required when estimating growth parameters. 

The US sea scallop fishery is assessed every three years using a size-based, spatially explicit, IA model called CASA 

(Aldous et al 2013; NEFSC 2014). The model uses size-structured survey indices, landings, discards, size to meat weight 

relationships and growth ring size measurements to allow for the transition between size-classes in the model (Aldous 

et al 2013). Biological reference points are then estimated using a novel Stochastic Yield Model (SYM) which uses 

Bayesian methods to best account for parameter uncertainty and directly estimate BMSY and FMSY (Aldous et al 2013). 

The Coromandel New Zealand scallop fishery have used a length-based projection model in years where surveys were 

not conducted and other methods could not be implemented (Williams et al 2010). However, analysts studying this 

fishery have argued that estimating BMSY is not appropriate for scallop stocks due to highly variable recruitment and 

growth rates (Williams et al 2014). 

1.4 Environmental Impacts  

Another key consideration for management is the environmental impact of scallop fisheries, and there is substantial 

pressure for legislation to reduce the environmental footprint of scallop fishing gear and practices (Stewart and Howarth 

2016). Scallop dredges are regarded as one of the most damaging fishing gears to both the physical seabed and benthic 

communities (Collie et al 2000; Kaiser et al 2006; Stewart and Howarth 2016). The extent of the disturbance and damage 

varies with habitat type, level of natural disturbance, fishing pressure and the type of dredge used (Kaiser et al 1996). 

Toothed dredges are likely to have the greatest impact, because the teeth can penetrate as far as 10 cm into the seabed 

(Currie and Parry 1996; Kaiser et al 1996; 2000; 2006; Collie et al 2000; Murray et al 2009a; Andrews et al 2010; Hinz et 

al 2012; Stewart and Howarth 2016). However, trawling can also have a significantly negative impact on the seabed, 

and in some cases the recovery time can be as long as after dredging (Kaiser and Spencer 1996; Collie et al 2000; Kaiser 

et al 2002; Andrews et al 2010). Trawling is the primary gear used in queen scallop (Hall-Spencer et al 1999; Jenkins et 

al 2003), saucer scallop (Joll and Penn 1990; Kangas et al 2011) and Mediterranean scallop (Pecten jacobaeus) (Hall-

Spencer et al 1999) fisheries. Towed gears can also have further negative impact on the scallop stock by damaging 

organisms which juvenile scallops settle on, creating a negative feedback loop (Beukers-Stewart and Beukers-Stewart 
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2009). The organisms juvenile scallops have been demonstrated to settle on include branching bryozoans, macroalgae 

and maerl beds (Howarth et al 2011; Stewart and Howarth 2016).  

Physical seabed impacts 

Impacts on the seabed by towed scallop fishing gears include changes to sediment composition and topography (Murray 

et al 2015; Stewart and Howarth 2016), which are considered to be negative (Beukers-Stewart and Beukers-Stewart 

2009; Sciberras et al 2013). Seabed disturbance can lead to suspension and loss of sediment, leading to an increase in 

seabed roughness (Schwinghamer et al 1998; Murray et al 2015). Cobble and boulders can be displaced and troughs are 

often left in the seabed, however the extent of the damage is partly dependent on the environment (Eleftheriou and 

Robertson 1992; Murray et al 2015; Stewart and Howarth 2016). Different substrates experience different degrees of 

effect, with coarser substrates susceptible to greater levels of damage and having longer recovery periods than sand 

substrates (Collie et al 1997; Kaiser et al 2006; Malik and Mayer 2007). Biological habitats, such as Modiolus modiolus 

beds and other biogenic reefs, are particularly vulnerable and can be negatively affected by mobile fishing gear for 

substantial lengths of time (Kaiser et al 2000; Beukers-Stewart and Beukers-Stewart 2009; Murray et al 2009a; Andrews 

et al 2010; Stewart and Howarth 2016). Habitat complexity and structure can be quickly lost under intense fishing 

pressure from towed gears, resulting in degradation of biogenic reefs, loss of biodiversity and loss of ecological 

functioning (Eleftheriou and Robertson 1992; Currie and Parry 1999; Hall-Spencer et al 2003; Beukers-Stewart and 

Beukers-Stewart 2009; Morsan 2009; Murray et al 2009a; Andrews et al 2010; Aldous et al 2013).  

The level of natural disturbance also affects the ability of an area to withstand and recover from the negative physical 

impacts of dredging (Beukers-Stewart and Beukers-Stewart 2009; Andrews et al 2010). Certain high energy 

environments are subjected to high levels of natural disturbance which may have a stronger effect on the seabed than 

fishing disturbances (Hinz et al 2010a; Stewart and Howarth 2016). Controversy has existed around this issue in the US 

sea scallop fishery. Some studies (Stokesbury and Harris 2006; LeBlanc et al 2015) have provided evidence that natural 

disturbances were stronger than the effects of dredging, however other studies have shown strong negative impacts 

from fishing gear (Collie et al 1997; Malik and Meyer 2007). It has also been noted that the type of damage caused by 

dredge teeth is different from that caused by water currents (Aldous et al 2013). Hinz et al (2010a) found no sign of 

dredge marks on the seabed seven months after a complete closure of the Cardigan Bay Special Area of Conservation 

(SAC), Wales, to commercial scallop dredging and concluded that the natural disturbance had a stronger influence on 

the seabed than dredging. A follow up study found evidence of dredge marks, after fishing had been allowed for two 

months, but concluded that natural disturbance had a stronger effect upon the level of disturbance (Hinz et al 2010b). 

A later study was conducted in this SAC, which involved dredging different lanes at different fishing intensities and 

conducting surveys before and after the dredging (Murray et al 2015). It was found that dredge scars were visible in all 

dredging lanes two weeks after the dredging had been conducted, but after four months the dredge marks were gone 

from the lanes dredged at the lowest intensities (Murray et al 2015). The lanes were then surveyed 10 months later to 

find only two out of the 17 lanes had dredge marks which were still visible (Murray et al 2015). The conclusion was 

therefore drawn that some intensities, sediment types and depths may not be able to recover over a 10-month closed 

season, although the vast majority did (Murray et al 2015). 
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Epifauna impacts 

Epifauna are animals living on the seabed and include species of hydroids, bryozoans, sponges, corals, crustaceans, 

starfish, molluscs and more (Steele et al 2010). Changes to the seabed can cause long term effects on the epifaunal 

community (Collie et al 1997; Kaiser et al 2006; Murray et al 2015) and these effects are an important conservation 

concern (Beukers-Stewart and Beukers-Stewart 2009). Epifauna are important to the ecosystem as they create 

structures which can be used for settlement by a variety of species, including juvenile scallops (Hall-Spencer and Moore 

2000; Lambert et al 2011). Benthic epifauna are especially vulnerable to towed gears because they lack the ability to 

move out the way (Ramsay and Kaiser 1998; Stewart and Howarth 2016). Smaller species tend to be more resilient than 

upright, fragile species which can easily be damaged by towed gears (Collie et al 2000; Kaiser et al 2000; Andrews et al 

2010; Stewart and Howarth 2016). For example, taxa such as encrusting bryozoans can recover far quicker than slow-

growing sponges (Kaiser et al 2006). Studies conducted around the IoM have shown a reduced amount of upright species 

as a result of dredging but even small, fast-growing species have shown significant differences in abundance between 

fished and unfished areas (Andrews et al 2010). Hinz et al (2012) conducted a fishing experiment around the IoM and 

found significant decreases in brittlestar (Ophiura ophiura) abundance in fished areas compared to unfished control 

areas. The study also found significant increases in scavenging species which were deemed to be taking advantage of 

discard mortality from the towed gears (Hinz et al 2012).  

Shifts in community structure have also been shown to be caused by dredging, with predominantly small-bodied 

organisms being found and a decrease in biodiversity occurring after dredging has taken place (Kaiser et al 2000; 

Lambert et al 2011). However, dredging is not always the primary driver of community shifts, with the species 

composition of some areas thought to be caused by natural disturbances. Lambert et al (2011) found fishing to be the 

most significant driver in reducing the maximum size of epifauna, during an area comparison study conducted in IoM 

waters. However, wave stress was found to be the prominent cause of a reduction in epifauna biomass with fishing 

frequency playing a secondary roll (Lambert et al 2011). Similarly, several studies have assessed the recovery of the 

Cardigan Bay SAC since closure to commercial scallop dredging. Hinz et al (2010a) compared species composition to a 

closed area in England and found little difference, prompting the argument that dredging was not responsible for the 

community structure in the SAC. Other studies have compared the closed area to an open area within the SAC over 

different time scales since the closure, and all found no significant differences in epifaunal community composition 

between the two areas (Hinz et al 2010b; Albrecht 2013; Sciberras et al 2013). This led all three of these studies to 

conclude that the high natural disturbance levels in the area have led to a high disturbance tolerance within the SAC.  

Lambert et al (2017) investigated how various levels of scallop dredge fishing intensity affected the epifaunal community 

in an experimental setting in the Cardigan Bay SAC. It was shown that some sessile epifauna (cnidarians, bryozoans) 

were reduced by 39 to 70 % in areas in the experiment which were fished at an intensity between 1 and 3 (an intensity 

of 1 meaning the area swept by the scallop dredges was equal to the size of the area). They also found a two- to four-

fold increase in scavenging species such as epifaunal echinoderms in areas fished greater than an intensity of 2 (Lambert 

et al 2017). Despite these statistically significant findings, the authors agreed with previous studies and concluded that 

the natural disturbance in the area was similar in magnitude to fishing intensities greater than 6, based on analysing 

benthos from unfished control areas in the experimental design.  
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Gear restrictions 

Management can also place restrictions on the gear used for fishing to reduce the environmental impact of the gear, 

reduce effort and help regulate catch rates (Cochrane 2002). In the case of dredges this can involve regulation of the 

mesh size of nets, the diameter of dredge rings, the size and number of the teeth on the dredges, dredge width and the 

number of dredges a vessel can tow. Limiting the number of dredges limits the amount of effort that may be applied 

per haul. The majority of the other gear regulations are usually enforced to avoid catching scallops that are under the 

minimum landing size (MLS) and to help to avoid catching unnecessary bycatch species (Stergiou et al 2009). Gear 

regulations are common in scallop fisheries, with the specifics of regulations varying with the specifics of the fishery 

(Table 1.7). 

Table 1.7: Summary of regulation approaches used in various scallop fisheries and indication of success 

Fishery Key regulations Successfulness Key reference 

Patagonian scallop TAC, closed areas and licences Successful, Marine 
Stewardship Council (MSC) 

certified since 2006 

Pottinger et al 2006 

US weathervane scallop TAC, closed season, closed areas, 
gear restrictions, mechanical 

shucking ban and limit on crew 
sizes 

Not overfished  NPFMC 2014 

Iceland scallop TAC and full closure Full closure since 2003  ICES 2013 

Eastern Canada offshore sea 
scallop and Canada Full Bay sea 
scallop 

TAC, temporary closures, spatial 
closures, licences 

Regions MSC certified since 
2010 and 2013 

Caddy et al 2010; Hervas 
et al 2013 

US sea scallop TAC, temporal restrictions, 
spatial rotational closure, MLS 

and crew size restrictions 

MSC certified since 2013 Aldous et al 2013 

IoM queen scallop TAC, temporal restrictions, 
spatial restrictions, MLS, gear 

restrictions and vessel 
restrictions 

MSC certified in 2011 but 
since revoked 

Andrews et al 2010 

New Zealand scallop Catch limits, closed season, 
temporal restrictions, spatial 

restrictions 

Varied success throughout 
fisheries  

Williams et al 2010; 
2014 

South Australia commercial scallop  Daily catch limits, spatial 
restrictions, spatial rotational 
management and temporary 

closures 

Undefined Flood et al 2014 

West Australia saucer scallop Daily catch limits, spatial 
restrictions, spatial rotational 
management and temporary 

closures 

Deemed a mixture of 
environmentally limited and 

sustainable 

Flood et al 2014 

East Australia saucer scallop Daily catch limits, Daily catch 
limits, spatial restrictions, spatial 

rotational management and 
temporary closures, MLS 

Deemed sustainable Flood et al 2014 

Scotland king scallop Spatial and temporary 
restrictions, gear restrictions 

Shetland section MSC 
certified since 2011 

Dobby et al 2012 
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Vessel regulations 

As well as gear restrictions, vessels are often regulated within a scallop fishery. Restrictions can be placed on the total 

number of vessels permitted in the fishery, the maximum size of vessels, the number of vessels within particular size 

classes and the maximum power of vessels, with a view towards reducing effort and avoiding overfishing (Stewart and 

Howarth 2016). Generally, a licencing or permit system can be used to control the size and dynamics of the fishing fleet. 

The use of licencing is extremely common, and occurs in multiple scallop fisheries, however some variations around the 

use of licences and the degree of control occurs. For example, the US sea scallop fishery introduced licences to limit the 

number of vessels (Aldous et al 2013). However, licences were issued to all vessels currently active in the fishery, which 

resulted in too many vessels to allow for stock recovery and therefore other regulatory measures were required as well 

(Aldous et al 2013). The Scottish king scallop fishery uses licences, and no new licences are ever issued (Dobby et al 

2012; Tindall et al 2016). Licencing can be a complicated issue depending on political structure of the fishery (Townsend 

1990). The US federal government issues licences to fish for scallops in the Exclusive Economic Zone (EEZ) zone off 

Alaska, but the Alaska state fisheries management places in force further licences to control the vessels fishing 

weathervane scallops in Alaskan waters (Free-Sloan 2007; NPFMC 2014). When licences are coupled with catch limits 

to create ITQs they are generally considered an efficient way to harvest a fish stock, as fishing mortality can be controlled 

(Waters 1991). However, licenced fisheries using ITQs can encourage under-reporting of catch, overcapitalisation and 

rent-seeking behaviour, which are often detrimental to the target stock and small vessels (Kearney 2001). 

 Other vessel restrictions such as vessel length and power limits are used in fisheries such as the IoM queen scallop 

(Andrews et al 2010), Welsh king scallop (The Scallop Fishing (Wales) (No. 2) Order 2010) and other fisheries in EU 

waters (Dobby et al 2012). Further types of restrictions to vessels include a limit on trawling speeds in the Chinese Yesso 

scallop fishery (Akroyd et al 2015), limits on crew sizes in the US weathervane and sea scallop fisheries (Aldous et al 

2013; NPFMC 2014) and a ban on mechanical shucking machines in the US weathervane scallop fishery (NPFMC 2014). 

The latter two restrictions are highly effective curbs on effort because the vessels in these fisheries carry out shucking 

(dissections of scallops to obtain meat) at sea (Aldous et al 2013).  

Direct effort restrictions 

Many of the tools detailed so far are designed to restrict fishing effort, however there are further tools which directly 

limit effort.  One such restriction in scallop fisheries can include a ban on fishing at night in an attempt to reduce effort 

(Hervas et al 2011; ICES 2013; Tindall et al 2016). Other practiced management strategies are seen in the Bay of Seine, 

France, where there are restrictions on the number of hours per day that fishing can occur and the number of days 

per week (Tindall et al 2016). Similar measures have also been used in the Coromandel New Zealand scallop fishery, 

with a limit set at five days of fishing per week combined with daily hour restrictions (Cryer 2001a; Williams et al 

2010). Likewise, the US sea scallop fishery brought in a restriction on the number of days at sea vessels can fish within 

a year to combat overfishing (Aldous et al 2013). The Chinese Yesso scallop fishery limits dredging to the five-day 

working week and combines this with a temporal restriction on dredge tow length set at 15 minutes (Akroyd et al 

2015). UK vessels over 15m in length fishing for either king or queen scallops are restricted by the number of days that 

each vessel may fish in Western Waters Area VII for each quarter of the year (UK Government 2020).   
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Selecting management tools  

This section has now summarised many of the tools that have been implemented in scallop fisheries to attempt to 

reduce catches or effort and avoid overfishing. However, it is difficult to quantify the exact impact a management tool, 

or combination of management tools, which has been applied in one fishery will have on another fishery. Management 

of fisheries is often case specific (Hilborn and Walters 1992), and although some studies have quantified effects of 

management tools on scallop yields or stock size, it is often challenging to separate these effects from natural 

fluctuations, changing environmental conditions, technological advances in the fishery or other management tools 

implemented at the same time. Future research may attempt to plug these gaps in our knowledge, but in the meantime 

the likely impact of a management tool can be best determined by fishery-specific modelling and simulations. 

 Using modelling and simulations to determine the best fishing strategy for a fishery is referred to as optimisation of 

harvesting tactics (Hilborn and Walters 1992) or harvest control rules (Deroba and Bence 2008). Harvest control rules 

are often a simple function specifying the amount of catch that should be taken, or effort or fishing mortality applied, 

based on the size of the stock (Deroba and Bence 2008). The optimisation of a harvest control rule is performed using a 

stock assessment model to simulate the stock under a range of scenarios, and a mathematical optimisation method is 

used to identify the scenario required to achieve a target or reference point (Hilborn and Walters 1992). One example 

would be to test the effects of changing the MLS in a fishery, where the fishing mortality rate in the fishery is directly 

related to the MLS. In this example, the optimisation method could test a single value of fishing mortality, corresponding 

to a MLS, in a stock assessment model using a broad range of stock sizes. The resultant output would indicate potential 

outcomes of adjusting the MLS under a wide range of stock sizes. This concept can be applied to many further types of 

management tools, such as spatial management strategies (e.g. Caddy and Seijo 1998; Hart 2006).  

Testing and optimisation of harvest control rules were beyond the scope of this thesis, but are an important area of 

research for addressing the unknowns that exist in applying management tools to a fishery.  

1.6 King scallop management in Wales 

King scallops in Wales are currently managed using input controls such as gear and effort restrictions (The Scallop Fishing 

(Wales) (No. 2) Order 2010, Table 1.8), however none of these are linked to a stock assessment. This decrease in 

landings, combined with the commercial importance of the fishery, highlights the need for further evidence to support 

more effective sustainable management methods for this Welsh king scallop fishery.  

Cardigan Bay in Wales represents a key component of the greater Welsh scallop fishery, and consequently a large 

quantity of scallop research has been conducted in this area (Figure 1.6) (Sciberras et al 2013; Lambert et al 2014; 

Lambert et al 2017). Cardigan Bay also contains a relatively large SAC (~960 km2) in which commercial scallop dredging 

has been prohibited since June 2009 (Scibberas et al 2013). The combination of detailed historical data sets, the relative 

importance of this area to the wider Welsh king scallop fishery and the presence of an important closed area made this 

area of high interest, and therefore this thesis focussed on Cardigan Bay for all analyses (Figure 1.6).   






































































































































































































































