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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 m?) 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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(high intensity). The lane name is displayed for each fishing lane. The black rectangle in the inset map indicates the
position of the fishing lanes in the United KINGAOM. ........ccuiiiiiiiiiiir et e et s ree e e e e e e e e eenneeas 53
Figure 2.2: The area sampled during each haul, grouped by fractions representing the number of times areas were
swept j number of times. This includes the number of times the area was swept during previous hauls and the number
of times the area was swept during the current haul. Each panel corresponds to a fishing lane and in each the x-axis is
the chronological order of hauls. The y-axis in each panel is the fraction of the haul which was swept j times, and each

column sums to one. The fractions are coloured by number of times swept (sweeps) as indicated in the figure legend.

Figure 2.3: Catch efficiency (left) and initial density (right) for each fishing lane estimated by the Patch model. Both
panels display the model point estimate for each lane, along with 95% confidence intervals. Both panels are presented
by fishing lane and coloured by vessel as indicated in the figure legend. Two y-axes are provided in the right-hand

panel, which correspond to the same points and confidence intervals. These are the estimated initial abundance in
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each fishing lane, expressed as thousands of king scallops > MLS, and estimated initial density, expressed as each
abundance divided by the area of each fishing [ane (IN 100 M2). ....c.eoieiieieeieecee ettt ettt ere e enneneens 59
Figure 2.4: Four characteristics of the vessels from the fishing intensity experiment plotted against estimated catch
efficiency and respective 95% confidence intervals. Top left: the number of dredges towed by each vessel. Top right:
the length of each vessel (m). Bottom left: the weight of each vessel (gross registered tonnage). Bottom right: the
engine capacity Of @ACH VESSEI (KW). ...uiiuiiiii ettt ettt e st e e st e e st e e sateesabeesateessseesateassseesataennsenss 60
Figure 2.5: The mean fishing practices employed in each fishing lane from the fishing intensity experiment plotted
against estimated catch efficiency and 95% confidence intervals. Top left: the mean haul duration (minutes). Top right:
the mean haul speed (knots). Bottom left: the mean haul length (km). Bottom right: the mean swept area (100 m?).
Each point is coloured by vessel as indicated in the figure [€8end. ..........oooiiiiiiiiiiiiie e 61
Figure 2.6: Patch model estimated catch efficiency (left) and initial density (right) plotted against the fraction of gravel
from the amount of sand and gravel in each fishing lane. Vessels are coloured as indicated in the figure legend. Both
panels display the model point estimate for each lane, along with 95% confidence intervals. Two y-axes are provided
in the right-hand panel, which correspond to the same points and confidence intervals. These are the estimated initial
abundance in each fishing lane, expressed as thousands of king scallops > MLS, and estimated initial density,
expressed as each abundance divided by the area of each fishing lane (in 100 M2). .....cccceoveiieeieiereeieeece e 62
Figure 3.1: Estimated empirical RBS plotted against cumulative effort (swept area (km?)) for individual hauls and
separated by vessel, from the fishing intensity experiment. Cumulative effort is cumulative by fishing lane, and
consequently each coloured line (black, red, green, blue and turquoise) correspond to an individual fishing lane.
Unbroken lines for each fishing lane were estimated using depletion rate D = 0.2, and broken lines were estimated
using D = 0.105. Grey lines are statistical model fits applied to all lanes fished by each vessel, and the unbroken grey
line on each panel is the fit when D = 0.2 and the unbroken when D = 0.105. .......cccceociiieeeiiiieeeeiee e seee e 73
Figure 3.2: Simulated change in RBS per tonne of scallop catch landed (ARBS-PUL) plotted against cumulative effort
(swept area, m?). In each panel the depletion rate (D) and vessel absolute catch efficiency (q) used in the simulation
=TI o] 1) =T PO PSR 74
Figure 3.3: Empirical change in RBS per tonne of king scallop catch landed (ARBS-PUL) plotted against cumulative
effort (swept area (km?)) and separated by vessel, from the fishing intensity experiment. Cumulative effort is
cumulative by fishing lane. Black points are individual hauls estimated using depletion rate D = 0.2, and red lines are
model fits from a mixed effects model fitted to all data using depletion rate D = 0.2. Green points are individual hauls
estimated using depletion rate D = 0.105, and blue line is model fit from mixed effects model fitted to all data using

(o L= o E=yaTo o = T D I 0 0 TSRS 75
Figure 3.4: Simulated fuel intensity (I/tonne landed) plotted against cumulative effort (swept area). In each panel the
fuel consumption (l) and vessel absolute catch efficiency (q) used in the simulation are printed...........ccccceeeeiveennnennn. 76
Figure 3.5: Empirical fuel intensity (I/tonne of scallops landed) plotted against cumulative effort (swept area (km?))
and separated by vessel, from the fishing intensity experiment. Cumulative effort is cumulative by fishing lane. Black
points are individual hauls and red lines are model fits from a mixed effects model fitted to all data. ........cccceeeennnns 77
Figure 4.1: The location of the stock assessment area (areas included within red lines) within Cardigan Bay, Wales. The
assessment area is 1,372 km?. Green is land, orange areas are closed to scallop dredging and the dashed lines
represent the 3nm and 12nm distance from shore lines. Between the land of Wales (right side green) and the 12nm

line is Welsh waters, and further from the coast and beyond the 12nm line are European Union waters. White area is
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sea open to commercial scallop dredging. Survey hauls are coloured according to year as indicated in the map legend.
Two ICES statistical rectangles are outlined in grey and named on the map (note the north and west edges of 33E5 are
mostly coloured red as these are also the north and west edges of the assessment area). The inset map shows the
location of the main map Within the BritiSh ISIES. ....ccuiii i s s e s s eaaeeas 85
Figure 4.2: Flow chart of the length-structured model for a single set of estimated parameter values. Beginning at the
top centre with the historical stock estimation and following the thicker arrows to the likelihood evaluation at the
bottom centre two boxes. The boxes on the left- and right-hand sides detail all the estimated parameters (red) and
key fixed parameters (black) used in the length-structured model calculations, and the thin arrows indicate where in
the length-structured model process these parameters are used. The process is then repeated for multiple sets of
EStIMATE PAraMETEI VAIUES. .....eiiiiie ettt sttt st e e it e e sh bt e e ab e e sab e e sab e e sabeeeaseesateesaneesabeennneens 87
Figure 4.3: A map of the survey indices coloured by annual survey. Red outline is the assessment area, and all white
area within is sea open to commercial scallop dredging. The orange areas are areas of sea closed to commercial
scallop dredging and green is land. Each point represents a survey haul and is scaled in size relative to density of king
scallops caught (number caught per 100m? of SEADEA SWEPT). ....ecveveiviceereerieetecrereteetee et e et ereneereereneenes 104
Figure 4.4: Median estimates of annual fishing mortality rate (averaged across scallops > 110 mm shell width), total
stock abundance (millions of scallops), total stock biomass (TSB) (thousands of tonnes) and recruits (millions) from the
length-structured model from five model tests each using a different value of natural mortality rate (M).................. 105
Figure 4.5: Median estimates of annual fishing mortality rate (averaged across scallops > 110 mm shell width), total
stock abundance (millions of scallops), total stock biomass (TSB) (thousands of tonnes) and recruits (millions) from the
age-structured model from five model tests each using a different value of natural mortality rate (M). .......c.ccue....... 106
Figure 4.6: Change in percentage of median and coefficient of variation with time for each of estimated annual fishing
mortality rate (averaged across scallops > 110mm shell width) (F), total stock abundance, total stock biomass (TSB)
and recruitment estimates for each of the length- and age-structured models as the annual natural mortality rate (M)
is incremented by 0.05. Change from one value of M to another is indicated by colour as described in the plot legend.
Change was calculated from the median or coefficient of variation estimated with the value of M listed first to the
median or coefficient of variation estimated with the value of M listed second, and calculated by: % change =
second — firstfirst » 100 . The length-structured model results are denoted with undashed lines, and age-structure
model results With dashed lINES. .........ooiiiiiiiii e e e st e 107
Figure 4.7: Prior and posterior distributions for each of the estimated parameters in the length-structured model. On
each panel the bars are the posterior distribution and the red curve is the prior distribution. The y-axis is the relative
frequency of each parameter value from model sampling and the x-axis is on the scale of each parameter value. ....109
Figure 4.8: Prior and posterior distributions for each of the estimated parameters in the age-structured model. On
each panel the bars are the posterior distribution and the red curve is the prior distribution. The y-axis is the relative
frequency of each parameter value from model sampling and the x-axis is on the scale of each parameter value. ....110
Figure 4.9: Prior and posterior distributions for each of the estimated parameters in the primary unstructured model.
On each panel the bars are the posterior distribution and the red curve is the prior distribution. The y-axis is the

relative frequency of each parameter value from model sampling and the x-axis is on the scale of each parameter

Figure 4.10: Three panels showing stock structure relationships. Top left is length-at-age and was fitted with a von

Bertalanffy growth equation, where length is shell width (mm) and age is measured in years. Top right is weight-at-
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length and was fitted with an allometric growth power equation, where weight is live weight (kg). Bottom left is
weight-at-age and was fitted with a square root eqUALION. .....cccciiiiiciiii e e 112
Figure 4.11: Stock assessment model fits to four sets of data. Column 1 is the length-structured model, Column 2 is the
age-structured model and Column 3 is the unstructured model. Values are reported on a natural logarithm scale for
presentation purposes. Row 1 is natural logarithm annual tonnes landed, Row 2 is natural logarithm annual tonnes
discarded, Row 3 is natural logarithm annual tonnes caught (landings + discards) and Row 4 is natural logarithm survey
data. The survey data for the length- and age-structured models is natural logarithm total numbers of king scallop
caught during the survey, and for the unstructured model this is the natural logarithm total tonnes of king scallop
caught during the survey. Year is the x-axis on each plot. 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 represents the observed trend for each metric.
The secondary y-axis (right-hand side) represents a standardisation of each metric and corresponds to the same lines
as the left-hand axis. The right hand axes are the metrics in the left hand axes (although not logged) standardised by
annual effort (hours fished) in Rows 1 — 3, and standardised by the cumulative area swept by the dredges during the
SUIVEY EACKH YEAI INROW ..ottt e e e et e e e ettt e e e ette e e sabaeeaaataeeeaassaeessseaeestaeesanssaeesnbaeesaanteeesanssaeesssenaans 114
Figure 4.12: Estimated survey frequency distributions compared to observed survey frequency distribution data. The
first column is the length-structured fits from the length-structured model and the second column is the age-
structured fits from the age-structured model. Each row corresponds to a year of survey data. The bars represent the
observed frequencies, the red lines are the median distributions from the respective model, and the two areas around
the red lines represent the 75% and 95% prediction interval ranges of the respective model estimates. .................... 115
Figure 4.13: Diagnostic plots of the aggregated catches and survey indices from each model. The first column is
residuals from the length-structured model, the second column are those from the age-structured model and the
third column are from the unstructured model. Rows 1 and 2 correspond to the aggregated catch and rows 3 and 4
correspond to the aggregated survey. Rows 1 and 3 are normal quantile-quantile plots, where the points are
expressed on a relative scale and the diagonal line indicates no difference between the two sets of residuals. Rows 2
and 4 are auto-correlation plots to inspect temporal correlation between residuals, where 1 or -1 indicates positive or
negative correlation respectively. The unbroken lines indicate the correlation at the each time step (lag one) and the
broken lines are included to indicate the correlation thresholds. ..........cooviiriiiiiiii e 116
Figure 4.14: Standardised residuals for survey frequency distributions from each of the age- and length-structured
models. Residuals are standardised by the standard deviation of observations at that length- or age-class. The x-axis
corresponds to annual surveys, and the y-axis corresponds to either length- or age- class. Black circles indicate
observation higher than estimate (positive) and red circles indicate observation lower than estimate (negative). Circle
size is scaled by magnitude of standardised residual, as indicated by scale bar to the right of each paneil. ................. 117
Figure 4.15: Model selectivity curves based on sampled values of shape and scale parameters for each curve. The top
row are the curves from the length-structured model, and the bottom row are from the age-structured. The first
column is the commercial fleet selectivity, the second column is the commercial retention fraction curve (inverse of
discarding) and the last column is the survey gear absolute catch efficiency. On each panel selectivity or catch
efficiency is presented on the y-axis and class on the x-axis. The thickest black line is based on median sampled values
of the two parameters and the light grey area represents 75% prediction intervals and the darker grey area 95%
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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 iINtErvals. ..........cccvii e e 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 m? of seabed fished). The red, green and
blue lines represent TSB multiplied by the respective median estimated survey catch efficiency (q¥) and expressed as

density (kg per 100 m? of the assessment area) from each of the length-, age- and un-structured models respectively.

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 Bwsy, and relative fishing mortality
rate is the median estimated annual fishing mortality rate divided by the median estimated Fwmsy. In each panel the x-
axis displays years and the dashed line indicates the point where median estimated TSB or fishing mortality rate

equals Bwmsy or Fusy respectively. The other lines are coloured by model type, as indicated in the plot legend. ............ 124
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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 Fishery Rank (all Reference
tonnes) fisheries)
US sea scallop $511.9 million (2017) 23.45 (meat weights) Fifth most valuable NMFS 2018
(Placopecten in US (2017)

magellanicus) and
weathervane scallop
(Patinopecten caurinus)

UK king scallop and queen £69.7 million (2018) 28.8 (live weight, Third most valuable MMO 2019
scallop including shell) in UK (2018)
Canadian sea scallop Can$175.7 million (2017) 55.94 (live weight) Fourth most DFO 2019
valuable in Canada
(2017)

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).

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

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
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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).
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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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modelling suggests that Cardigan Bay is a sink for larvae from both the Llyn Peninsula area and Tremadog Bay (Hold et

al in press). Therefore, the degree of isolation of these populations in Wales remains unclear.

Table 1.2: The number of vessels in the UK (and Isle of Man) scallop dredge fleet in 2017, arranged by administrative port and vessel
length category. Data obtained from Seafish.

Home Nation Administrative Port Length Length Length Length Length Length Length

0-10m 10-12m 12-15m 15-20m 20-24m 24-40m 40-60m
Scotland Aberdeen 0 0 1 0 0 0 0
Scotland Ayr 0 0 2 8 7 15 1
Northern Ireland Belfast 11 7 6 8 1 1 0
England Brixham 4 7 7 2 2 3 0
Scotland Buckie 0 0 0 0 1 2 0
Scotland Campbeltown 3 1 4 2 0 0 0
Isle of Man Douglas 7 1 13 10 0 0 0
Scotland Eyemouth 0 0 0 1 0 0 0
England Fleetwood 0 1 1 0 0 0 0
Scotland Fraserburgh 0 0 1 1 0 0 0
England Grimsby 9 1 0 0 0 0 0
England Hastings 15 1 4 1 0 0 0
Scotland Kirkwall 0 1 1 0 0 0 0
Scotland Lerwick 9 4 4 1 0 0 0
England Lowestoft 4 0 6 0 0 0 0
Scotland Malaig 0 0 1 0 0 0 0
Wales Milford Haven 2 0 3 0 0 0 0
England Newlyn 3 3 3 0 0 0 0
England North Shields 1 2 3 2 0 0 0
Scotland Oban 1 0 0 10 1 0 0
Scotland Peterhead 0 0 1 1 1 0 0
Scotland Pittenweem 4 0 0 0 0 0 0
England Plymouth 6 2 2 1 0 0 0
England Poole 20 1 3 0 0 0 0
England Scarborough 1 1 0 0 0 0 0
Scotland Scrabster 0 1 0 0 0 0 0
Scotland Stornoway 1 0 3 5 0 0 0
Scotland Ullapool 0 0 1 0 0 0 1
UK Total 101 34 70 53 13 21 2

The following sections detail how scallop fisheries monitoring may be conducted, how scallop stock size may be

estimated, the environmental impacts of scallop fishing and how scallop stocks may be managed.

1.2 Fishery Monitoring
Fishery-independent data

Fishery-independent data are not derived from the normal fishing behaviour of the fleet and are typically collected by
scientific surveys on research vessels, and are often called indices (Gunderson 1993). For example, the Isle of Man (loM)
and Wales annual scallop surveys are conducted from the RV Prince Madog (Bloor et al 2017; Delargy et al 2019).
Typically scallop fishery-independent surveys will use some combination or selection of dredging, trawling and optical
methods to sample the stock in question. The type of vessel used, the number of stations sampled, the frequency and
the stratification type are all important factors to consider when conducting a fishery-independent survey, and many
different combinations of these features are used through the world’s scallop fisheries (Table 1.3). Indices are important
for analysing a fish stock, as they are often considered to provide unbiased and balanced sampling due to the scientific
design and standardisation of the sampling methods (Murray et al 2013; Pennino et al 2016). Unbiased sampling of a
fish stock is important for understanding the true stock structure through space and time, however surveys can be
biased if they fail to sample the entire stock through space and time (Hilborn and Walters 1992). The inability to entirely
sample a stock through space and time is reasonably common, as fishery-independent surveys tend to be expensive

and therefore restricted to short periods of time and limited areas (Hilborn and Walters 1992; Murray et al 2013;
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Pennino et al 2016). However, bias can be minimised by sampling as much of the stock range as possible using
standardised methods alongside random or stratified-random sampling (Murray et al 2013; Smith and Hubley 2013;
Hartill and Williams 2014). Stratified-random sampling involves dividing the wider survey area in to smaller areas, where
fish densities are likely to be more homogeneous than across the entire area of the survey, and then sampling locations
are randomly selected within these smaller areas (Hilborn and Walters 1992). The use of some level of stratification
over entirely random or systematic sampling often improves precision and reduces variance on survey estimates, as
both entirely random and systematic sampling have a risk of missing troughs or peaks in stock densities (Hilborn and
Walters 1992; Smith and Hubley 2013). Systematic designs are where survey stations are positioned at regular intervals

(Stokesbury et al 2004).

Landings (Thousands of tonnes)
3
|

2006 2008 2010 2012 2014 2016

Year
Figure 1.4: Landings of scallops in to Wales by UK vessels (MMO 2016; 2018).

Large areas where scallops aggregate, which can support a commercial fishery, are called fishing grounds, and within
these fishing grounds high density areas are known as beds, and these beds will also have varying patchiness of densities
within them (Brand 2016). These various levels of aggregations, combined with limited movement of individual scallops,
mean that scallop distribution is non-random and predictable (Gustafson and Goldman 2012). Therefore, the sampling
design of scallop surveys is important to ensure high precision of survey indices (Smith and Hubley 2013). A random
survey design poses the risk of sampling, or not sampling, dense patches of scallops by chance, which increases the
chance of overestimating variance on survey indices (Murray 2013; Smith and Hubley 2013; Hartill and Williams 2014).
This in turn, is likely to lead to an overestimation of variance on stock assessment outputs based on indices (Smith and
Hubley 2013). Systematic designs have been favoured for their simplicity in implementation and statistical analyses in
some cases (Stokesbury et al 2004), however over large areas systematic surveys may miss aggregations of scallops
which have a greater chance of being sampled using a stratified-random approach (Hilborn and Walters 1992).
Stratified-random approaches have been shown to reduce variance of the mean survey indices by 20 — 28 % for the

Canadian east coast sea scallop survey (which previously used a random design) (Smith and Hubley 2013). The type of
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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).
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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

26| Page



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 Primary output(s) Reference
sampling location
locations selection
Isle of Man (loM) Research Dredge and ~50 Fixed locations Relative abundance and Bloor et al 2017
king (Pecten optical with additional population structure.
maximus) and added over time Stock assessment model
queen (Aequipecten based on fishing parameters.
opercularis) scallop grounds
Scotland king Research or Dredge ~80 Fixed locations Relative abundance and Dobby et al 2017
scallop Commercial stratified by population structure.
sediment and Stock assessment model
fishing grounds parameters.
East Canada sea Commercial Dredge >100 Stratified- Distribution and size Jonsen el al 2009;
scallop random by catch structure. Stock Hervas et al 2013;
(Placopecten rates or assessment model Hubley et al 2014
magellanicus) sediment type parameters.
US sea scallop Commercial Dredge and ~93 Stratified- Total meat weight per Aldous et al 2013;
optical random haul and whole animal Kelly et al 2011
size structure. Stock
assessment model
parameters.
France king scallop Research Dredge ~170 Stratified- Exploitable biomass ICES 2018
random by index.
recruitment
rates from
previous survey
Wales king and Research Dredge and ~77 Stratified- Exploitable biomass, Lambert et al
queen scallop optical random by recruits and population 2014; Delargy et
sediment and structure. Stock al 2019
management assessment model
zones parameters.
Eastern Australia Commercial Trawl 200 Stratified- Relative abundance and Jebreen et al 2008
saucer scallop random size structure.
(Amusium balloti)
Western Australia Commercial Trawl 90 Random Relative abundance by Kangas et al 2011
saucer scallop recruits and harvestable
scallops
New Zealand Commercial Dredge Many, varies Stratified- Population structure, Williams et al
scallop (Pecten within sections  random by strata  distribution and absolute 2010; 2014
novaezelandiae) of the fishery or fishing abundance of harvestable
patterns scallops. Some measures
of recruitment.
US weathervane Research Dredge and ~50 Systematic Relative abundance and Gustafson and
scallop optical design from population structure. Goldman 2012
(Patinopecten random starting
caurinus) position
Iceland scallop Commercial Optical 120 Fixed stations Absolute abundance. ICES 2018

(Chlamys islandica)

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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and Walters 1992; Hartill and Williams 2014). It has also been shown that surveys in the spring are most effective at
sampling queen scallops, up to a 42 % increase in queen scallops caught, because lower water temperatures cause a
decrease in swimming escape responses (Jenkins et al 2003). In the Australian saucer scallop fisheries, it has been
demonstrated that both fishery-independent indices and commercial catch rates of saucer scallops during the day are

39 — 57 % lower than those at night (Kangas et al 2011).

The majority of scallop surveys use dredges or trawls (Table 1.3). However, optical fishery-independent surveys provide
an alternative way to sample scallop populations from towed fishing gear. Video surveys are a common technique used
in the US sea scallop fishery because this species tend to lie on the seabed (Stokesbury et al 2004). Video surveys can
provide information on scallop density and shell size (Aldous et al 2013). Camera surveys have been used in the US sea
scallop fishery survey since 1999, and now multiple systems are used (Stokesbury et al 2016). One system is a drop-
down camera, and another is a towed optical system (Stokesbury et al 2016). Scallops in this fishery have also been
sampled using an autonomous underwater vehicle (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). Furthermore, AUVs can also be used to detect dredge scars on
the seabed indicative of fishing effort (Walker et al 2016). Towed optical surveys have been conducted in Cardigan Bay,
Wales, alongside dredging to investigate the correlation between abundance estimated through dredges, stills and
video (Lambert et al 2014). Improvements to the field of view and to the analysis of video and still images have occurred
over time and correlation between still images, videos and dredges have also improved (Lambert et al 2014). Similar
work has been conducted in the US weathervane scallop fishery with a camera sled used to assess gear catch efficiency

(Gustafson and Goldman 2012) and cameras may be used to estimate the stock size in the future (NPFMC 2014).

Fishery-dependent data

Fishery-dependent data are obtained from normal commercial fishing activities in a variety of ways (Table 1.4). Fishery-
dependent data carry several assumptions and biases compared to fishery-independent indices (Harley et al 2001;
Beukers-Stewart et al 2003). Fishery-dependent data do not provide balanced sampling of the stock, as fishers are
typically focussed on maximising catches and target areas of high density whilst trying to avoid low density sites (Hartill
and Williams 2014; Pennino et al 2016; Shepperson et al 2016). Commercial catch rates are, therefore, unlikely to be
able to detect all decreases in abundance, as fishers may move to a new aggregation of scallops when catches begin to
decrease (Hilborn and Walters 1992; Hartill and Williams 2014). Similarly, catch rates do not account for closed areas
within a fishery where proportions of the stock are protected (ICES 2013). Catch rates are also often reported from
multiple vessels, which can lead to influences other than abundance affecting the rates such as differences between
vessels, gears, operational practices, areas, seasons and discarding practices (Murray et al 2013; Thorarinsdottir et al
2013). These influences can often lead to apparent hyperstability of scallop stocks, where catch rates remain high

despite a decline in stock biomass (Hilborn and Walters 1992; Murray et al 2013; Hartill and Williams 2014).

Logbooks or Vessel Monitoring Systems (VMS) are typical fishery-dependent data sources which can span the scale of
the fishery (Pennino et al 2016). Logbooks, or any other form of submitting catch records, are typically gathered to
provide information on catch rates and total landings from an area (Murray et al 2013). However, catches may lack
detailed information or be subject to reporting errors (Pennino et al 2016). VMS are also used in several scallop fisheries,

with legislation often enforcing the use of the systems on-board vessels at sea (ICES 2016). VMS sends an electronic
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ping which provides a vessel’s position and speed, and typically these pings are sent out every 2 hours (ICES 2016). VMS
is often used for enforcement, but can be used to estimate fishing effort (Murray et al 2009; Murray et al 2013). The
vessel’s speed is often used to estimate fishing activity, with particular speeds indicating whether a vessel is fishing or

steaming (Murray et al 2013; ICES 2016). VMS is a requirement for all fishing vessels 12 m or greater in length from EU

nations, and England, Scotland and Wales are introducing VMS to vessels less than 12 m in length by 2021.

Table 1.4: Uses of different types of fishery-dependent data in scallop fisheries

Data type

Examples of scallop fisheries used in

Purpose

Total catch or landings

Logbooks or equivalent

VMS or equivalent

On-board observers

Port side observers

Processor observers

loM king (Pecten maximus) and queen scallop (Aequipecten
opercularis) (Bloor et al 2017), Scottish king scallop (Dobby et al 2017),
Celtic Sea king scallop (ICES 2013), the East Canada sea scallop
(Placopecten magellanicus) (Jonsen et al 2009; Caddy et al 2010),
France king scallop (ICES 2013), Shark Bay saucer scallop (Amusium
balloti) (Kangas et al 2011), Patagonian scallop (Zygochlamys
patagonica) (Pottinger et al 2006), Eastern Australia saucer scallop
(Flood et al 2014), Iceland scallop (Chlamys islandica) (ICES 2013), US
sea scallop (Aldous et al 2013)

loM queen scallop (Murray et al 2009a; Andrews et al 2010), Shetland
king scallop (Hervas et al 2011; Dobby et al 2012), Celtic Sea king
scallop (ICES 2013), the East Canada sea scallop (Jonsen et al 2009;
Caddy et al 2010), France king scallop (ICES 2013), Shark Bay saucer
scallop (Kangas et al 2011), Patagonian scallop (Pottinger et al 2006),
Eastern Australia saucer scallop (Flood et al 2014), Iceland scallop
(ICES 2013), US sea scallop (Aldous et al 2013)

IoM queen scallop (Murray 2009a; Andrews et al 2010), Faroese queen
scallop (Thorarinsdottir et al 2013), Celtic Sea king scallop (ICES 2013),
East Canada sea scallop (Jonsen et al 2009; Caddy et al 2010), France
king scallop (ICES 2013), English Channel king scallop (ICES 2013)

Shetland king scallop (Howell et al 2003; Hervas et al 2011; Dobby et al

2012; Tindall et al 2016), Celtic Sea king scallop (ICES 2013), Patagonian

scallop (Pottinger et al 2006) US sea scallop (Aldous et al 2013) and US

weathervane scallop (Patinopecten caurinus) (Free-Sloan 2007; NPFMC
2014)

East Canada sea scallop (Jonsen et al 2009; Caddy et al 2010),
Patagonian scallop (Pottinger et al 2006), Scottish king scallop (Dobby
et al 2017), Celtic Sea king scallop (ICES 2013)

Shetland king scallop (Hervas et al 2011), Shark Bay saucer scallop
(Kangas et al 2011)

To quantify total removals
by fishing from stock

Primarily to assess and
estimate catch rates
(Murray et al 2013)

As proxy for fishing effort
or for enforcement
(Murray et al 2009;
Murray et al 2013)

To gather data such as
weight, size, age and
maturity, as well as
enforcement. Additionally,
validation of logbook
entries (Kangas et al 2011).

To gather data such as
weight, size, age and
maturity, as well as
enforcement.

Additionally, validation of
logbook entries (Kangas et
al 2011)

To gather data such as
weight, size, age and
maturity, as well as
enforcement. Additionally,
validation of logbook
entries (Kangas et al 2011)

To overcome reporting errors in logbooks, fishery observers can be placed on commercial fishing vessels, in markets or
in processors to subsample catches, but this reduces the range of sampling through the human power required to
conduct this type of sampling (Pennino et al 2016). These observers will typically record weight, size, age and other
measurements from a subsample of the catch to better understand the biological structure of the target stock.

Observations can also be used to validate logbook entries (Kangas et al 2011).
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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 Bwsy,
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 Fumsy, 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
isinfluenced 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 (lles 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 (lles 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 (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 Jonsen et al 2009
estimate M.
Scottish king scallop 0.15 Based on species with similar Dobby et al 2017
longevity.
Isle of Man king scallop 0.15 Sensitivity test of stock Allison 1993

assessment models.

US Georges Bank sea scallop 0.16 (0.24 for largest size class) Stock assessment model NEFSC 2014
sensitivity analysis.

Isle of Man queen scallop 0.2 Review of multiple techniques to Murray 2013

estimate M and stock assessment
model sensitivity analysis.

US Mid-Atlantic sea scallop 0.2 (0.3 for largest size class) Stock assessment model NEFSC 2014
sensitivity analysis.

Coromandel New Zealand scallop 0.5 Review of multiple techniques to Williams et al 2010

estimate M.

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 lanelli 1997; Jonsen et al 2009).
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Although the statistical and computational methodology (software or estimation algorithm) for implementing stock
assessment models can vary considerably, many of the mathematical approaches can be broadly classified based on
their approach to structure the reconstructed stock in the calculations. Structuring the stock involves grouping the
estimated stock by some common characteristic, such as age or size. The structure of the estimated stock is highly
important, with examples highlighting differences in estimation of key pieces of evidence based on the modelled stock
structured (e.g. Townsend 1986; Massey et al 2006; Tahvonen 2009). The most commonly used structuring approaches
can be defined as unstructured models, delay-difference models, age-structured methods and size-structured methods.
The following sub-sections details historical reconstruction stock assessment methods by their simulated stock

structure.

Unstructured models

Unstructured, surplus-production or biomass dynamic models are simple models which are relatively easy to apply
(Jensen and Marshall 1982; Jensen 2005). Unstructured models estimate total biomass or harvestable biomass as a
single value driven by parameters such as mortality, growth and recruitment and do not incorporate any further stock
structure (Prager 1992; Jensen 2005; Shertzer et al 2008; Tahvonen 2008). The parameters can be estimated from effort
and catches which are often straightforwardly obtainable for fish stocks (Jensen and Marshall 1982). Various forms of
unstructured models have been developed over time which make varying assumptions about whether a fish stock
should be assumed to be in equilibrium or not (Prager 1992; Jensen 2005). One of the most well-known options is the
logistic-type Schaefer (1954) unstructured model, of which further extensions have been developed (Hilborn and
Walters 1992). The predictive power of unstructured models has been shown to be close to that of more complex
structured alternatives in some cases (Ludwig and Walters 1985; 1989; Moxnes 2005). However other studies, which
have compared the performance of unstructured models against more detailed models, have found the predictive
power of unstructured models to be weaker in terms of either statistical fit or estimation of key outputs such as
abundance or survey indices (Townsend 1986; Massey et al 2006; Jonsen et al 2009). Due to their simplification of stock
processes, unstructured models have been deemed to be too rudimentary to accurately model fish stocks and are often
only used when more detailed data are not available (Townsend 1986; Quinn and Deriso 1999; Tahvonen 2009).
However, unstructured models are favoured by fishery economists for estimating fish stock size due to their simplicity
(Deacon 1989; Brown 2000; Wilen 2000) but have been widely criticised in biological studies (Townsend 1986; Quinn
and Deriso 1999; Tahvonen 2009).

Delay-difference models

Delay-difference models typically separate the stock into two groups representing immature and mature individuals
(Shertzer et al 2008) and have greater estimation power than unstructured models by addressing factors such as
mortality, growth and recruitment as separate parameters for each of the groups (Jonsen et al 2009). The two-group
approach of delay-difference models is also useful for a fishery with an enforced minimum landing size (MLS), where
the groups can be divided by their size relative to the MLS. A MLS is a management tool which dictates the smallest size
of a species which may be sold (Cochrane 2002; Stergiou et al 2009). Multiple Canadian sea scallop fisheries are assessed
using Bayesian delay-difference models (Smith and Lundy 2002; O’Boyle 2002; Jonsen et al 2009; Smith et al 2009; DFO
2013; Hervas et al 2013). These models estimate historical and current values of fishing mortality and stock biomass to

create stock projections (Hervas et al 2013). The delay-difference model in the Canadian Browns Bank fishery was
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compared with the previously used unstructured model and found to correlate better with survey indices and catches

(DFO 2013).

Table 1.6: Types of analytical techniques for stock assessment in scallop fisheries

Analytical Method

Advantages

Disadvantages

Fisheries used in

Direct use of commercial catch
rates for relative or absolute
abundance

Scaling of survey indices

Depletion estimators

Unstructured, surplus-
production, production,
biomass dynamics (all
alternative names for same
model type)

Delay-difference

Age-structured

Length-structured

Requires less data and less
detailed data. Is likely to be the
cheapest option and with the
least processing time. Often
used if recruitment is highly
variable. Does not depend on
time series.

Not biased by commercial
fishing patterns as commercial
catch rates are. Analytically
simpler than modelling
methods. Does not depend on
time series.

Can be applied to entire scale
of fishery. Additionally
estimates absolute catch
efficiency. Does not depend on
annual time series.

Simple time series models

which are relatively easy to

apply (Jensen and Marshall
1982; Jensen 2005).

Likely to have greater
estimation power than
unstructured models (Jonsen
et al 2009).

Can have greater estimation
power than other methods
(Bjorndal and Brasao 2006;

Smith et al 2008).

Used when sufficiently precise
age data is not available, and
many classes are still desired

(Lai and Gallucci 1988).

Relationship between indices
or catch rates and true values
can be weak (Cryer 2001b;
Williams et al 2010).
Alternative modelling
approaches often estimate
additional information.

Requires detailed
understanding of sampling
gear efficiency. Often requires
extensive sampling of stock.
Alternative modelling
approaches often estimate
additional information.

Linear technique has many
assumptions which are often
violated (Rago et al 2006).
Linear estimates are sensitive
to nature of depletion fishing
pattern (Rago et al 2006).

Simplification of stock
processes may make them too
rudimentary to accurately
model fish stocks (Townsend
1986; Quinn and Deriso 1999;
Tahvonen 2009). Requires time
series.

Potentially weaker biological
estimation power than age-
structured models (Bjorndal
and Brasao 2006; Smith et al
2008). Requires time series.

Large amount of fine detail
required for implementation
(Jonsen et al 2009). Lack of
suitable data can lead to
inconsistent biomass estimates
(Jonsen et al 2009). Requires
time series

Can be more complex to
implement than other
approaches. Requires time
series.

Southern New Zealand scallop
(Williams et al 2014), French
Bay of Seine king scallop (ICES
2013), Icelandic scallop (ICES
2013), Patagonian scallop
(Pottinger et al 2006), US
weathervane scallop
(Gustafson and Goldman 2012;
NPFMC 2014), Western
Australia Shark Bay saucer
scallop (Kangas et al 2011)
Southern Australia Bass Strait
commercial scallop (Harrington
and Semmens 2010).

US sea scallop (Bethoney and
Stokesbury 2018).

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
Canadian Bay of Fundy sea
scallop (Hervas et al 2013).

Coromandel New Zealand
scallop (Williams et al 2010).

Canadian sea scallop (Smith
and Lundy 2002; O’Boyle 2002;
Smith et al 2009; Jonsen et al
2009; DFO 2013; Hervas et al
2013), Isle of Man queen
scallop (Murray et al 2013).

Scottish king scallop (Dobby et
al 2017), Eastern Australia
saucer scallop (Campbell et al
2012; Flood et al 2014)

US sea scallop (Aldous et al
2013), Coromandel New
Zealand scallop (Williams et al
2010).
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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 loM 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 loM 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 Bwsy and Fusy (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 Bwmsy 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 oM 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 loM 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 loM
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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Infauna impacts

Infauna are animals living within the seabed and include species of hydroids, bryozoans, corals, crustaceans, molluscs,
polychaeta (bristle worms) and more (Truett and Johnson 2000). In comparison to epifauna, little is known about the
effects of scallop fishing upon infauna (Stewart and Howarth 2016). Infauna are also vulnerable to scallop dredging as
the teeth can penetrate as much as 10 cm below the seabed (Currie and Parry 1996; Kaiser et al 1996; Stewart and
Howarth 2016). It is presumed that infauna which are able to escape the direct impact of a dredge will still be at risk
from being suspended in the water column or being crushed in the sediment (O’Neill et al 2013; Stewart and Howarth
2016). Some studies have shown a variety of relationships between the effects of dredging and infauna taxa (Stewart
and Howarth 2016). Kaiser et al (2000) found dredging reduced infauna biomass in loM waters, but O’Neill et al (2013)
observed no difference in infauna diversity and abundance between fished and unfished sites in waters in west Scotland.
Currie and Parry (1996; 1999) showed that dredging in Australian waters resulted in the flattening of callianassid shrimp
mounds, but recovery was observed by six months. Lambert et al (2017) found a significant two- to four-fold increase
in scavenging infaunal crustaceans (predominately families Upogebiidae, Cirolanidae and Mysidae) in areas which were

fished at an intensity greater than two, during the fishing experiment in the Cardigan Bay SAC.

Bycatch

Dredge and otter trawl fisheries also catch a range of non-target species, or bycatch (Andrews et al 2010). Bycatch is a
significant issue in many fisheries, and studies show that modifying towed gears can reduce bycatch rates by as much
as 64 % in some cases (Hall and Mainprize 2005; Harrington et al 2005; Pottinger et al 2006). Overall mortality of bycatch
has been estimated from an Irish Sea scallop survey at 20 — 30 % of all bycatch caught (Shephard et al 2009). The type
of fishing gear also influences the type of bycatch caught, with trawl fishing for queen scallops in the loM shown to
catch more finfish species than dredges (Andrews et al 2010). Dredge fisheries have been shown to catch high numbers
of dogfish; however, some dogfish species have a high survival rate (average 78 to 98 %) and so catching these species
is less of a concern (Rodriguez-Cabello et al 2001; Revill et al 2005). Hinz et al (2012) found dredges caught significantly
more bycatch than otter trawls in a study conducted in the waters of the loM. In the US sea scallop fishery, bycatch
primarily consists of flatfish species and regulations have been put in place by management to reduce bycatch (Andrews
et al 2010; Aldous et al 2013; Stewart and Howarth 2016). The bycatch caught in the Patagonian scallop fishery is less
than 10 % of the total weight of the catch (Pottinger et al 2006).

Fuel and emissions

Another important environmental impact of fishing is the emission of greenhouse gases (GHG) from the burning of fossil
fuels used to power fishing vessels (Driscoll and Tyedmers 2010). The use of fuel also has economic considerations, as
burning more fuel will cost more money. Therefore, from both an environmental and economic perspective it is
beneficial to minimise fuel consumption relative to the amount of target species landed. A term used to describe the
ratio of fuel consumption to catch or landings is fuel intensity (litres of fuel expended to catch a tonne of target species),
and this is highly correlated with GHG emissions per tonne of target species caught (Driscoll and Tyedmers 2010). Parker
and Tyedmers (2015) estimated median global fuel intensity of dredges to be approximately 500 | per tonne of landings,
and the median for any gear used to harvest molluscs to be approximately 800 |/tonne. The average is higher for all
gears targeting molluscs than dredges as trawls and pots and traps are used in some mollusc fisheries (Parker and

Tyedmers 2015). The global median for dredges was therefore less than those for pots and traps (> 2,500 |/tonne),
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bottom trawls (> 1,500 I/tonne), hooks and lines (approximately 1000 |/tonne), similar to gillnets and pelagic trawls
(approximately 500 I/tonne), but greater than surrounding nets (< 500 I/tonne) (Parker and Tyedmers 2015). Pots and
traps, gillnets, bottom trawls and pelagic trawls had at least one fishery harvesting molluscs in the study (Parker and
Tyedmers 2015). The global median for harvesting molluscs was less than those for harvesting crustaceans (> 2,500
I/tonne), flatfish (> 1,500 I/tonne), large pelagic species (approximately 1,000 I/tonne), similar to salmonids and other
finfish (approximately 800 |/tonne), whilst greater than those for harvesting small pelagic species (< 500 I/tonne) (see
Parker and Tyedmers 2015 for details of these classifications). From these findings it is evident that either using dredges
or harvesting molluscs are not the least fuel-efficient gears or targets, nor the best, of wild fisheries. Nevertheless, it
remains important to understand and quantify fuel intensity, and consequently GHG emissions, for specific fisheries if

these fisheries wish to better evaluate their impacts on climate change (Driscoll and Tyedmers 2010).

1.5 Fisheries management

The management of a fishery is fishery-specific and dependent on factors including data availability, financial resources
and specific goals (Tindall et al 2016). Implementing fishery management often involves the use of various management
tools or regulation measures. Like many fisheries, scallop fisheries can be regulated through catch limits, effort limits, a
MLS, temporal restrictions, spatial restrictions, gear restrictions and vessel restrictions. The aims of the measures are
typically to reduce fishing effort or reduce the amount of target species that may be caught so that biological reference
points may be met (Cochrane 2002). These kinds of regulatory measures can be used in combination and vary from

fishery to fishery, with the successfulness of different approaches also varying (Table 1.7).

Catch limits and MLS

Catch limits are a method to reduce the amount of target species removed from the stock and are often based on
management reference points, which are typically estimated from some form of stock assessment or quantitative
fishery model (Kirkwood 1981; Shertzer et al 2008). Catch limits are often referred to as a total allowable catch (TAC),
and can be divided into quotas for each vessel, regions or nations (Copes and Charles 2004). Alternatively, a TAC is set
for the entire fishery and the vessels able to exploit this TAC are controlled through licencing (Copes and Charles 2004).
Typically, a TAC is set for the entire fishing season, but can also be set on other timescales such as daily, weekly or
monthly limits. Temporal TACs are often quoted as total biomass, number of animals or meat weights that can be fished
(Copes and Charles 2004). Setting a TAC has been done in scallop fisheries such as the Patagonian scallop (Pottinger et

al 2006), the USA weathervane scallop (NPFMC 2014) and the Iceland scallop (ICES 2013) fisheries.

The East Canada sea scallop fishery is also managed using a TAC and managers look to check catch rates against long-
term historical averages, in an attempt to govern the fishery (Caddy et al 2010; DFO 2013). Likewise, the US sea scallop
fishery introduced a TAC for each separately managed zone within the fishery (Aldous et al 2013). Each vessel received
a quota of the TAC set for each zone, in total meat weight (Aldous et al 2013). The IoM queen scallop fishery is also
governed using a TAC (Andrews et al 2010). If the TAC is exceeded, then the extra is deducted from the following year’s
TAC (Andrews et al 2010). The loM government also have the right to close the fishery at any point if the TAC is
excessively overshot (Andrews et al 2010). Furthermore, the TAC can only be increased when the long-term biomass
trend is also increasing and this helps remove any uncertainty regarding annual fluctuations (Andrews et al 2010). The

Coromandel and Northland New Zealand scallop fisheries set catch limits as meat weights for the entire season, where
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in the past the vessels were subjected to daily catch limits (Cryer 2001a; Williams et al 2010). These fisheries use an
individual transferrable quota (ITQ) system to allocate a proportion of the TAC to individual vessels (Williams et al 2010).
The benefit of ITQs for fishers is the ability to sell or trade unused or unwanted quota to other fishers (Copes and Charles
2004), and ITQs are discussed further in the Vessel Restrictions sub-section of this thesis. Daily weight limits are still
used for recreational fishing in other parts of the wider New Zealand scallop fishery (Twist et al 2015). Limits on daily
meat weights are also used in the Tasmanian commercial scallop fishery (Mendo et al 2014), as well as the Abrolhos
Islands and Mid-West Trawl Managed, and the Shark Bay, saucer scallop fisheries, both Western Australia (Flood et al
2014). Management can stop the taking of scallops if the daily limit is exceeded in these Australian fisheries (Flood et al

2014).

In some scallop fisheries proxies for catch rate limits have been used instead of a TAC. The Shetland king scallop fishery,
Scotland, is governed by monitoring landings per unit effort (LPUE) rates, and areas within the fishery can be closed if
the LPUE rates drop below a pre-defined level (Tindall et al 2016). Similarly, the Victoria commercial scallop fishery,
South Australia, can be closed if the average meat weight per scallop falls below a pre-defined level (Flood et al 2014).
These management techniques are practical as fishers often move on from areas when catch rates or meat weights are

not high enough (Tindall et al 2016).

The capture of the target species can also be controlled through the use of a MLS, which typically restricts the sale of
individuals below a specified size (Cochrane 2002; Stergiou et al 2009). The benefit of this approach is to attempt to
protect smaller, and often younger individuals, so that they can reproduce and contribute offspring to the stock before
they are removed by fishing (Cochrane 2002; Stewart 2008). An additional benefit may also be that when eventually
caught, the target species may be in a more valuable condition for the fishery. A MLS is enforced in many scallop fisheries

(Table 1.7).

Temporal restrictions

Temporal restrictions are usually implemented to restrict fishing effort and/or allow the target stock and the wider
ecosystem time to recover from the impacts of fishing. The closure of a fishery over many months is often referred to
as a closed season. Closed seasons are typically used to attempt to allow the scallop stocks to recover in time for the
next year, through the protection of juveniles from fishing gear (Stewart and Howarth 2016; Tindall et al 2016). The use
of a closed season is common and occurs in multiple scallop fisheries (Table 1.7). The Abrolhos Islands and Mid-West
Trawl saucer scallop fishery, Western Australia, uses closed and open seasons and place strict regulations on the opening
of the fishing season (Flood et al 2014). The fishery doesn’t allow trawling until after the peak spawning event of the
season and the length of the fishing period is determined by the catch allowance set (Flood et al 2014). The fishery, like
the Western Australia Shark Bay saucer scallop fishery, also does not permit the season to open until estimated biomass
is sufficiently high (Flood et al 2014). Closed seasons may not be successful in isolation as they can encourage increased
effort levels in the open season, as fishers attempt to make-up catch that they have foregone during the closed season

and reduction in catch is often not achieved (Hilborn and Walters 1992; O’Keefe et al 2013).

Spatial restrictions

Spatial regulations can be highly effective management tools for semi-sedentary species such as scallops which have

restricted movements and relatively predictable distributions (Beukers-Stewart et al 2005). Spatial restrictions are
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typically used to protect parts of the target stock or wider ecosystem within a fishery, whilst leaving other areas open
to commercial fishing. Spatial management is not independent of time, with temporary spatial closures, real-time
closures and permanent area closures all used to prevent fishing in particular areas for particular periods (Stewart and
Howarth 2016; Tindall et al 2016). As well as closing sections of fishing grounds for various periods of time, managers
can also choose how the size of sections to close and these are often referred to as partial closures (Twist et al 2015).
In addition to closing areas, spatial regulations can also designate areas for different levels of protection and activities.
The implementation of spatial management in scallop fisheries has been very successful in several cases (Stewart and
Howarth 2016). For example, the introduction of spatial management to the US east coast sea scallop fishery in 1994
took the fishery from the brink of collapse to being one the most valuable fisheries in the entire country (Hart and Rago
2006; Stewart and Howarth 2016). However, the link between closed areas and benefit to the wider fishery is not always
evident. Closed areas have been argued to result in a loss of yield (up to 50 %) due to high natural mortality rates or
high natural disturbance rates (Stokesbury et al 2007). In addition, closing an area of a fishery may result in a
displacement of effort levels to parts that remain open, as fishers attempt to maintain catches in a smaller area (Stewart
and Howarth 2016). This is likely to have negative effects on the target species and wider ecosystem (Hiddink et al 2006).
Spatial management can also be highly controversial when multiple users of an area have very different views on the

best use of the area (Sciberras et al 2013; Twist et al 2015).

Multiple types of spatial closes, whether temporary, permanent or indefinite, have been implemented in scallop
fisheries (Table 1.7). Permanent closures of areas within a fishing ground can also be used to protect other features
from negative impacts of scallop dredging or trawling. The Welsh and English Channel king scallop fisheries’ waters have
zones permanently closed to scallop fishing to protect important habitats, or other species, from dredging as their
primary function (ICES 2013). Fully closing a fishery is understandably the most controversial with fishers (Sciberras et
al 2013; Twist et al 2015) and partial closures were shown to result in significantly higher scallop densities (1.9-fold
higher) in New Zealand than a marine reserve where a complete closure to anthropogenic activities was enforced (Twist

et al 2015).

Rotational closure of areas within a fishery are a form of temporary and spatial closure which allows for the recovery of
areas and protection of juveniles whilst fishing still persists in other areas (Stewart and Howarth 2016). This type of area
management can follow the way scallop fishers typically fish, where they will move on from an area when catch rates
decrease and would lead to inefficient, uneconomical fishing (Beukers-Stewart et al 2003; Tindall et al 2016). Rotational
management is used in the Coromandel and Southern New Zealand scallop fisheries (Williams et al 2010; Williams et al
2014), the Chinese Yesso scallop fishery (Akroyd et al 2015) and the Commonwealth commercial scallop fishery, South
Australia (Jebreen et al 2008; Holmes et al 2013). The US sea scallop fishery imposed a rotational closure system to
protect densities of younger scallops with a view to significantly increasing scallop abundance. As a consequence, catch
rates increased considerably in some areas (0.8 kg/tow to 9.7 kg/tow between 1997 and 2000) and there is evidence of
overall greater mean weights of landed scallops and greater larvae export as a result (Hart 2003; Hart and Rago 2006;
Aldous et al 2013). The use of rotational areas has also been considered effective in protecting the ecosystem as well as

protecting sea scallops in this fishery (Aldous et al 2013).
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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

US weathervane scallop

Iceland scallop

Eastern Canada offshore sea
scallop and Canada Full Bay sea
scallop

US sea scallop

loM queen scallop

New Zealand scallop

South Australia commercial scallop

West Australia saucer scallop

East Australia saucer scallop

Scotland king scallop

TAC, closed areas and licences

TAC, closed season, closed areas,
gear restrictions, mechanical
shucking ban and limit on crew
sizes

TAC and full closure

TAC, temporary closures, spatial
closures, licences

TAC, temporal restrictions,
spatial rotational closure, MLS
and crew size restrictions

TAC, temporal restrictions,
spatial restrictions, MLS, gear
restrictions and vessel
restrictions

Catch limits, closed season,
temporal restrictions, spatial
restrictions

Daily catch limits, spatial
restrictions, spatial rotational
management and temporary

closures

Daily catch limits, spatial
restrictions, spatial rotational
management and temporary

closures

Daily catch limits, Daily catch
limits, spatial restrictions, spatial
rotational management and
temporary closures, MLS

Spatial and temporary
restrictions, gear restrictions

Successful, Marine
Stewardship Council (MSC)
certified since 2006

Not overfished

Full closure since 2003
Regions MSC certified since

2010 and 2013

MSC certified since 2013

MSC certified in 2011 but
since revoked

Varied success throughout
fisheries

Undefined

Deemed a mixture of
environmentally limited and
sustainable

Deemed sustainable

Shetland section MSC
certified since 2011

Pottinger et al 2006

NPFMC 2014

ICES 2013

Caddy et al 2010; Hervas
etal 2013

Aldous et al 2013

Andrews et al 2010

Williams et al 2010;
2014

Flood et al 2014

Flood et al 2014

Flood et al 2014

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 loM 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 VIl 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 km?) in which commerecial 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).
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1.7 Rationale for study

This thesis aimed to provide quantitative evidence, based on fisheries monitoring data, which could be used to support
the sustainable management of Welsh king scallop populations and the environmental and economic impacts of fishing
these. The thesis focussed on methodologies used to estimate two key pieces of evidence important for the sustainable
management of the Cardigan Bay scallop fishery; the absolute size of king scallop populations in the area and the effect
of a unit of fishing effort on both the target species and the wider ecosystem. These two pieces of evidence focus on
two key aspects of sustainable fishing. The absolute size of the king scallop stock through time is extremely important
for understanding the size of the resource at the centre of the fishery, and quantification of this allows for appropriate
management strategies to be determined (Jensen and Marshall 1982; Caddy 2004; Shertzer et al 2008). The effect of a
unit of effort from the fishing gear is also extremely important for understanding the impacts of fishing on the wider

ecosystem, as well as the target species, and this in line with an environmental management plan.

Table 1.8: List of management controls specific to the Welsh king scallop fishery

Management control Details Area (distance from shore)
Vessel engine power limit <221 kw 1-12 nmi
Vessel size limit <10 m vessel length 1-3 nmi
Tow bar restriction <185 mm diameter 1-12 nmi
Tow bar restriction < 3m length 1-3nmi
Tow bar restriction <4 m length 3 -6 nmi
Tow bar restriction <6.8 mlength 6—12 nmi
Dredge restrictions < 85 cm frame width; < 150 kg weight; must have spring- 1-12 nmi

loaded tooth bar; no diving plate; < seven belly rings per
row; < eight teeth; < 22 mm tooth width; £ 110 mm tooth

length
Dredge number limit < six dredges 1-3nmi
Dredge number limit < eight dredges 3 -6 nmi
Dredge number limit <14 dredges 6—12 nmi
Minimum landing size 110 mm (shell width for this species, due to width greater 1-12 nmi

than height)

Minimum landing size 100 mm (shell width for this species, due to width greater >12 nmi
than height)

Temporal closure 15t May — 315t October annually 1-12 nmi
Spatial closure Permanent 0—-1nmi
Spatial closure Permanent Cardigan Bay SAC

The thesis aimed to estimate king scallop absolute stock size using statistical historical reconstruction stock assessment
models, a depletion model and additionally quantifying the absolute catch efficiencies of multiple commercial scallop
dredgers, which could allow the scaling of catch rates to estimates of absolute abundance in the future. Additionally, it
was aimed to better understand the importance and implications of stock assessment model estimated stock structure
(unstructured, age-structured, and size-structured). This thesis also aimed to investigate the effect of vessel

characteristics, fishing practices and sediment type on vessel catch efficiency. Furthermore, this work aimed to
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understand the impact of repeatedly dredging areas on king scallops, benthos and fuel consumption rates, with a view

to towards an effort-based management approach considering trade-offs between multiple fishing efficiency objectives.
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Figure 1.6: Map of the Cardigan Bay king scallop fishing ground. Green is land and white is area of sea open to king scallop dredging.
Orange areas are closed to king scallop dredging. The pink area is the Cardigan Bay SAC, which is also closed to scallop dredging. The
dashed lines are 3 and 12 nautical mile lines from the shore. The area outlined in red is the area surveyed by Bangor University on
annual scallop surveys since 2012, which is 4,158 km2. The black rectangle in the inset map indicates the location of Cardigan Bay
within the British Isles.

In addition to these aims, the methodologies also aimed to estimate several other highly useful variables that could
support management. These include, but are not restricted to, annual fishing mortality rates, annual recruitment and

management reference points such as Busy and carrying capacity.
More specifically the objectives of the next four chapters were to:

1) Estimate the catch efficiency of five commercial scallop dredgers using a depletion model and investigate any
variation in these catch efficiencies based on vessel fishing patterns, vessel characteristics and sediment. In
addition, estimate the local abundance of king scallops within relatively small areas using the depletion model.

2) Highlight with simulations how a measure of environmental fishing efficiency and a measure of fuel efficiency
are expected to change as areas are fished repeatedly. Support these simulations with empirical data and

discuss why empirical patterns agree or disagree with simulated patterns.
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3) Estimate annual stock size of a king scallop stock in Cardigan Bay, using age-, length- and un- structured IA stock
assessment models. In addition, estimate research vessel catch efficiency, fishery selectivity, discard retention
curves, fishery catchability, individual growth parameters, age- and length- weight parameters, age- and size-
at-maturity, MSY, Bwmsy, Fmsy, carrying capacity, annual fishing mortality rate and annual recruitment for this
stock.

4) Investigate the effect of estimated stock structure on key model outputs, from the IA stock assessment models.

The implementation and comparison of methodologies will provide multiple options for future stock assessment for
king scallops in Wales, and are likely to be applicable to other scallop fisheries. In addition, many of the estimated values
will help provide understanding of the effects of scallop dredging on the target species and wider ecosystem. All work
is expected to contribute towards the sustainable management of king scallops in Wales. The methodologies and
findings are also likely to be of interest to other fisheries. The wide range of proposed estimated states, rates and

parameters would be useful to other king scallop fisheries either directly or as prior distributions in stock assessments.
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CHAPTER 2: VESSEL CATCH EFFICIENCY IS HIGHLY
VARIABLE OVER SMALL SPATIAL SCALES

Abstract

Stock abundance can be estimated directly from industry-based survey catch rates, if variations in catch efficiency are
understood. We estimated catch efficiencies and scallop densities from a depletion experiment using five commercial
dredge vessels. Each vessel sampled pre-defined fishing lanes across a gradient of fishing intensities within an area
closed to commercial scallop fishing. Catch efficiency for commercially sized scallops varied considerably between
vessels, ranging from 0.13 to 0.62, and catch efficiency was also variable for individual vessels. The lowest catch
efficiency was observed for the largest vessel, which fished at the fastest speeds, swept the most area per haul and had
a small engine capacity relative to its size, all of which may help explain the low catch efficiency. Commercially sized
scallop densities in each lane ranged from 25 to 59 per 100 m?. These results highlight that the difference in catch
efficiency estimates can be highly variable between vessels, and for the same vessel, over small spatial scales. Similarly,
scallop densities can also vary considerably over small spatial scales. This work highlights that further research is

required to understand variation in catch efficiencies to be able to scale industry-based survey catch rates to abundance.

2.1 Introduction

Global scallop landings have risen over the last 20 years (Stewart and Howarth, 2016) and king scallop landings have
increased over the previous 50 years in the UK (2,500 tonnes in 1968 and 32,600 tonnes in 2017) (Beukers-Stewart and
Beukers-Stewart 2009; MMO 2018). In 2017, scallops were the third most valuable fisheries in the United Kingdom and
fifth most valuable in the United States (MMO 2018; NMFS 2018). The increase in landings and the relative value of
scallops leads to a need for quantitative assessments of stock size to support sustainable management. The majority of
assessed scallop stocks are carried out using fishery-independent indices obtained from a research vessel and time-
series stock assessment models (e.g. NEFSC 2014; Nasmith et al 2016; Dobby et al 2017). However, although ideal for
minimising sampling bias, using fishery-independent indices gathered by a single research vessel is not always feasible
due to high costs of data collection and because time-series stock assessment models require multiple years of data
(Murray et al 2013; Hartill and Williams 2014). An alternative approach is to use fishery-dependent catch rates, although
few scallop stocks use these to directly estimate stock size because of the complex relationship with stock size (Williams
et al 2014). However, using catch rates from multiple commercial vessels chartered to conduct a fishery-independent
survey can be considered a cost-effective and suitable method to estimating stock size if either the catch efficiencies of

the vessels are similar or the differences in catch efficiencies can be quantified (Maunder and Punt 2004).

Catch efficiency is the fraction of target species that are retained compared to that which occurs in the swept area of
the towed gear (Miller et al 2019). Understanding catch efficiency is a significant problem for fisheries using towed gears
as their catch efficiency is known to be highly variable (Fraser et al 2007). Catch efficiency varies between vessels
through vessel characteristics, gear specifications and differences in gear operations (Byrne et al 1981). For example, a
smaller, lighter vessel will roll and pitch more than a larger, heavier vessel, which may result in the gear losing contact

time with the seabed (Byrne et al 1981). The engine capacity of a vessel determines the ability to maintain desired
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speed in strong tides, and vessel speed is known to affect catch efficiency (Fifas et al 2004). The speed and direction of
the vessel in relation to the sea state and tidal flow affects both the contact time of the gear with the seabed and the
mouth opening of the gear, and is determined by the crew (Carrothers 1981; Fifas et al 2004; Reiss et al 2006). Both the

amount of contact time with the seabed and the width of the mouth of the gear affect catch efficiency.

King scallops (Pecten maximus) are bivalves that live partially buried in the seabed and, once settled, are known to be
semi-sedentary (Howell and Fraser, 1984; Brand, 2016). In the UK, king scallops are typically fished using spring-loaded
Newhaven dredges. Dredges are towed on bars (gangs) of three to twelve 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. The
toothed bar dislodges scallops such that they are caught in a chainmail bag (Boulcott et al 2014). The spring compression
and the length, number and spacing of the teeth affect the ability to dislodge scallops and therefore affect catch
efficiency (Lart 2003; Fifas et al 2004). The chainmail bag ring size and wear affect the number and size of scallops
retained in the bag (Lart 2003). Operational differences between vessels such as length of warp used, spring
compression and maintenance of the gear relate to the handling skills of the crew (Byrne et al 1981) and individual

vessel catch efficiencies are expected to vary accordingly.

Catch efficiency of dredges is also known to be affected by sediment type. Dredge teeth penetrate further in gravelly
sediments than in sandier ones (Szostek et al 2017) and this greater penetration is likely to result in increased catch
efficiency, as the teeth dislodge king scallops more easily and reduce the gap between the seabed and dredge (Lart
2003). Changes in catch efficiency with ground type also occur in other scallop fisheries, with smooth and soft grounds
producing higher estimates of catch efficiency compared with firm grounds or grounds with higher topographical
variation (Buestel et al 1985; Currie and Parry 1999). Catch efficiencies on smooth, flat, muddy grounds were 12% higher
than firm, sandy grounds with complex topography for Australian dredges targeting commercial scallops (Pecten
fumatus) (Currie and Parry 1999). Complex topography is associated with recesses, in which dredges are likely to miss
scallops (Currie and Parry 1999). Catch efficiency was also higher on gravelly sediments than sandy sediments for beam

trawls (Creutzberg et al 1987), although these vessels do not typically target scallops.

One effective way to assess gear catch efficiency is through depletion estimation, i.e. by quantifying how removals of
individuals affect the catch rate of the population when an area is repeatedly fished (Hilborn and Walters 1992; Walter
et al 2007). It also allows estimation of initial density and local abundance and has been applied to a range of marine
species (Gonzalez-Yanez et al 2006; Rago et al 2006; Dick and MacCall 2011). This method assumes that, as part of a
closed population, animal migration does not occur outside the study site and is therefore well suited to scallops (Kangas
et al 2011). Depletion estimation has been used to estimate abundance and catch efficiency in Australian, Canadian, Isle
of Man and US scallop fisheries (Beukers-Stewart et al 2001; Walter et al 2007; Kangas et al 2011; Smith and Hubley
2013). Linear depletion estimators, such as the Leslie and Davis (1939) method, assume that the probability of capture
of all individuals is uniform, the catch is proportional to sampling effort and that the catch at any point is dependent on
the prior cumulative catch (Rago et al 2006). However, these assumptions are often violated by the limited movement
of semi-sedentary organisms, such as king scallops, which cannot be assumed to re-mix within the study area after each
haul and do not have either random or uniform spatial distributions (Rago et al 2006; Hennen et al 2012). Therefore,
depletion estimators applied to these types of species must be spatially explicit and record exactly which parts of the

study area were sampled during each haul (Hennen et al 2012).
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Other methods exist to estimate catch efficiency, e.g. using optical methods or dives pre- or post-dredging (Caddy 1968;
1971; Beukers-Stewart et al 2001; Fifas et al 2004; Lambert et al 2014; Miller et al 2019), mark-recapture (Dickie 1955)
and dredging over known abundance on seeded grounds (McLoughlin et al 1991). Many of these methods are often
preferred because they require considerably less sampling effort than depletion estimation, which requires large
sampling effort to provide enough information to the mathematical estimators (Beukers-Stewart et al 2001). However,
depletion estimation may be preferred over other methodologies because either it is not restricted to shallow waters

or can be conducted at the spatial scale of the fishery (Beukers-Stewart et al 2001).

In Wales king scallop populations 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 based on a stock assessment.
Quantification of the absolute catch efficiencies of commercial vessels targeting king scallops could allow for the
conversion of catch rates to abundance remaining on the seabed in the dredge tracks. This could allow commercial
vessels with known catch efficiency to perform industry-based stock assessment surveys designed to directly estimate
abundance, which are not currently conducted in the fishery. However, as it is unlikely that the catch efficiency of each
vessel in the fishery could be quantified it is important to understand the variation in catch efficiencies if industry-based

stock assessment surveys were to be used to estimate abundance directly for this fishery.

The focus of this study was to quantify the variation in catch efficiencies in commercial scallop dredgers and explore the
effects of vessel characteristics, individual vessel fishing practices and sediment type on the estimated catch efficiencies.
Additionally, the initial density and local abundance of commercially sized scallops in each lane was estimated. This was
achieved via a large-scale depletion experiment involving five commercial fishing vessels, conducted as part of a larger
experiment designed to quantify the impact of scallop dredging on benthos (Lambert et al 2017). The study area was a
closed scallop ground of approximately 110 km? within the Cardigan Bay Special Area of Conservation (SAC), which has
been closed to commercial scallop dredging since June 2009 (Sciberras et al 2013). This area provided an ideal setting
for conducting this study as it had accumulated a high abundance of king scallops, as estimated by research surveys

conducted in the area since 2012 using Newhaven dredges (Lambert et al 2014; Delargy et al 2019).

2.2 Materials and Methods

Depletion Experiment

A large-scale fishing impact experiment was conducted in April 2014 and consisted of five commercial scallop dredgers
fishing 13 equally sized rectangular lanes (Lambert et al 2017). Each lane was 1700 m long and 370 m wide and had two
turning areas at each end so that vessels could fish in straight lines through the fishing lanes. Four additional, randomly
selected lanes were unfished and acted as control lanes while the 13 fished lanes were fished at different intensities
(Figure 2.1). The fishing intensity of each lane was the ratio of cumulative effort (swept area) to the area of a lane. An

intensity of one meant that the cumulative effort applied to a lane was equal to the area of the lane.

Multiple (four to 120) hauls were conducted within fishing lanes. Global Positioning System (GPS) devices on board
each vessel recorded latitude and longitude position at between one to 10 minute intervals (most commonly one minute
intervals) to ensure they fished within the lanes and to accurately track haul paths. A haul was recorded from when the
dredges reached the seafloor to the moment they were hauled. Hauls where the majority of the haul path had fallen

outside of a fishing lane were excluded from the analysis. The GPS data were used to determine the fishing intensity on
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a fine spatial scale within each lane. These spatial data were also used to estimate the length of hauls and vessel speed
during each haul. This information was used for analysis of variation in estimated catch efficiencies, and haul length was

also used to estimate swept area.
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Figure 2.1: A map of the lanes sampled during the fishing intensity experiment conducted in Cardigan Bay in 2014. Lanes are shaded
according to fishing intensity (km2/kmZ), ranging from white (control or very low intensity) to black (high intensity). The lane name is
displayed for each fishing lane. The black rectangle in the inset map indicates the position of the fishing lanes in the United Kingdom.

No two vessels fished the same lane but each vessel fished up to four lanes (Table 2.1). Each vessel varied in length,
weight, engine capacity and number of dredges towed. The vessels towed spring-loaded Newhaven dredges, each of
76cm width, and in two evenly numbered gangs from each side of the vessel. The distance between the two sets of
dredges perpendicular to the direction of the haul was determined for each vessel based on skipper knowledge (Table
2.1), and these distances were used to estimate the position of each gang of dredges relative to the position of the
vessel during hauls. The sampling was designed to ascertain the relationship between the depletion of benthic biota
with fishing intensity (Lambert et al 2017) and was not originally intended to be used to estimate catch efficiency or
scallop abundance. Nevertheless, the dataset provided a unique opportunity to investigate variation in multiple vessel’s

catch efficiencies over a small spatial scale.

The catch of scallops was recorded as number of bags of scallops per haul. Typical bag weight was 28 — 35 kg, depending
on the vessel, and included shell weight and only scallops > the minimum landing size (MLS) of 110 mm in shell width.
Scallop catch was not recorded as precise weight or abundance, nor were scallops less than the MLS recorded, as high
catch volume prevented time-consuming counts and precise weight measurements, and observers were not present on
every vessel through the entirety of the experiment. Estimating landings from approximate bag weights has the
potential to introduce variation and small sources of bias. However, bag weights were crosschecked with the landed

weight of scallops at seafood processors which purchased the scallops from this experiment to validate the consistency
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of vessel bag weights. Individual scallop weight was obtained from subsamples of approximately 45 individuals from
each haul where an observer was present. Observers were present on a subset of hauls across the experimental design,
and all scallops in the subsamples were > the MLS. Individual weight was used to convert from catch weight to
abundance.

Table 2.1: The number of fishing lanes fished by each vessel and the characteristics of each vessel from the fishing intensity
experiment.

Vessel Number of lanes Number of Distance Length of vessel Gross registered Engine power
fished dredges towed between gangs (m) tonnage (kw)
of dredges (m)

Vessel 1 2 6 1 11.4 10 107
Vessel 2 2 8 14 12.0 29 220
Vessel 3 2 8 9 13.4 36 221
Vessel 4 3 14 0 15.0 59 214
Vessel 5 4 14 6.5 27.2 99 221

Each lane was sampled by 15 to 27 0.1 m? Hamon grabs during a survey conducted prior to the depletion fishing in
March 2014 and another survey conducted in September 2014, as described by Lambert et al (2017). Grabs were
randomly spread throughout each lane. From each grab, 40 g of sediment was categorised on the Folk (1954) scale after
particle size analysis (Lambert et al 2017). As the mud content was relatively constant among samples, the gravel to
sand ratio was calculated for each fishing lane. The gravel to sand ratio was not incorporated in the depletion estimator,

but was used to address whether sediment type could explain variation in the estimated catch efficiencies.

Data preparation

The number of bags of scallops per haul were converted to catch weight (kg), using the typical bag weight for each
vessel. Catches, expressed as number caught > MLS per haul, were obtained by dividing scallop catch weight (> MLS) by
mean individual weight (= MLS). Mean individual weight was specific for each lane and obtained from observer

subsamples.

Three fishing lanes (L8, L10 and L15) were excluded from further analysis as less than 45 % of the lanes were swept,
which likely violated the depletion estimation assumption that a substantial proportion of the initial abundance was
removed by fishing. In these three fishing lanes, there was also limited overlap of hauls such that sufficient depletion
did not occur (Hennen et al 2012). This resulted in only one lane for Vessel 2 and only two lanes for Vessel 5 remaining
in this analysis (Table 2.1). A small number of the remaining hauls (eight of 585 hauls, ~1.4%) were removed from the
analysis. Hauls were removed because either no GPS positions were recorded (three hauls from L12), or catch data were

missing (five hauls from L3).

A ‘hit matrix’ was estimated for each fishing lane, as outlined by Rago et al (2006) and Hennen et al (2012), to accurately
record the overlap of hauls. This was required as the fishing patterns were not systematic and scallop distribution could
not be considered random, as the animals are semi-sedentary, and failure to account for these would bias the resultant
catch efficiency and initial density estimates by the patterns which the vessels fished each lane (Rago et al 2006; Hennen

et al 2012). We used the method from Hennen et al (2012) to estimate the hit matrix, which recorded the number of
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times a grid of evenly spaced positions (10 cm apart, less than the MLS of king scallops in Wales) were swept by the
dredges. This method avoided the need to consider grid cell size in the Rago et al (2006) hit matrix method. This Hennen
et al (2012) method applied here assumed no indirect effect of fishing on positions not directly contacted by the gear,

which is a common assumption of depletion estimators.

To record the number of times each position was swept by the dredges in each lane, the dredge path between two
observed GPS positions was estimated as two rectangles, one corresponding to each gang of dredges. Each vessel was
assumed to travel in a straight line between GPS positions, and the rectangles were configured to the angle of the haul
between the positions to reflect the direction of travel of the dredges. The width of each rectangle (dimension which
was perpendicular to the haul direction) was the number of dredges in that gang (half the total number of dredges)
multiplied by the width of a single dredge (76 cm). The length of each rectangle (dimension which was parallel to the
haul direction) was calculated as the straight-line distance between the two observed dredge GPS positions. Each
rectangle was offset from the observed GPS position so that the inner edge (the edge closest to the vessel) was half the
distance between the two gangs of dredges (Table 2.1) away from each vessel , to better reflect each gang’s likely
position on the seabed. Each set of rectangles represented a segment of a haul and the 10 cm grid positions which fell
within each set of rectangles were incremented by one to indicate those positions had been swept once more. The final
hit matrix was the number of positions on the grid swept j times before and during each haul, and from this the fraction
of each haul which had been swept j number of times at the conclusion of the haul was also estimated. Each fraction

included times swept prior to and during the haul.

The area of the rectangles were added together to obtain the swept area of each segment and the swept area and
length of each haul were calculated as the sum of the swept area and sum of lengths of the segments within each haul,
respectively. Catch-per-unit-effort (CPUE) was calculated as the number of > MLS scallops caught divided by the swept
area, by haul. The speed of the vessel in each segment was calculated from the length of segment and the known time
between GPS positions, and then the mean vessel speed was estimated for each haul. The percentage of area in each
lane which was fished at least once and the fishing intensity applied to each lane were estimated from the estimated
swept areas and, along with haul speed and haul duration, served as descriptive statistics, but were not used in the

depletion estimator.

Depletion estimator

The hit matrix, fraction of each haul swept j times, catches (number of > MLS king scallops per haul), CPUE, length of
haul and total width of gear were used as observed data for the Patch model developed by Rago et al (2006) to estimate
the catch efficiency of the vessel fishing each lane and the initial density > MLS king scallops in each lane. The Patch
model, as with any statistical depletion estimator, estimates CPUE for each haul based on removals by previous hauls
(Hennen et al 2012). However, unlike other depletion estimators, the Patch model also considers the fractions of each
haul previously fished j times when estimating CPUE. For example, a haul which largely falls in a previously unfished
part of a study area (in this case an individual fishing lane) would result in a higher estimated CPUE than a haul which
largely falls overly previously fished parts of the study area (Hennen et al 2012). Other depletion estimators, such as the
Leslie and Davis (1939) method, expect CPUE to continually decline with order of hauls, which would be an inappropriate

assumption of the sampling conducted in the present study. Estimated CPUE per haul (i) in the Patch model was
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therefore the product of the effective swept area (a) and the initial density (Do) (Eq 2.1), as also described by Rago et al
(2006) and Hennen et al (2012).

CPUE; = a; * D, (2.1)

The initial density was a parameter estimated by the model, and the effective swept area was defined by the catch
efficiency (e) and the fraction of each haul hit j times (f) (Eq 2.2), as written in Hennen et al (2012). The Hennen et al
(2012) hit matrix method employed here removes the cell width parameter in Hennen et al (2012) from Eq 2.2. The

catch efficiency was an estimated parameter.

ai=ea ) fiy(1— ey 22)

=1

Observed catches were assumed to follow a negative binomial distribution (Eq 2.3) in the Patch model with mean equal
to the estimated catches and variance defined with a dispersion parameter (k) (Eq 2.4). Catches were converted

between CPUE and absolute catches using the observed length of hauls and total width of the gear.

CPP = Negative Binomial (C£t, 5?) (23)
_est)z
62 =CF + k &0

The negative binomial distribution is commonly used for modelling benthic invertebrate catches as it for can
accommodate many zeros and a wide range of values (Hennen et al 2012). The negative log-likelihood of the model was
minimised by automatic differentiation to estimate k and the two other unknown parameters, e and Do (Eq 2.5). The
Patch model version used was written in Automatic Differentiation Model Builder (ADMB) which supports the
application of automatic differentiation. For each fishing lane, the estimated initial abundance and 95% confidence
intervals was obtained by multiplying the estimated Do, and the respective 95% confidence intervals, by the area of the

fishing lane.

e boeicoar =Y (in(1+ 2 + Y (n (29 25

i=1 i=1

The Patch model was used here because it is suitable for semi-sedentary species and is also suitable when depletion
fishing patterns are not systematic (Rago et al 2006; Hennen et al 2012), as was the case in the present study.
Furthermore, the Patch model has been shown to provide robust estimates of catch efficiency and initial density under
a wide range of scenarios and the sensitively and reliability of these estimates are well understood after extensive

testing by Hennen et al (2012) and Wilberg et al (2013).

2.3 Results

A total of 577 hauls over 10 lanes were analysed. The highest catch rate observed from a single haul was 25.2 scallops
> MLS per 100 m? (L5, sixth haul) and the lowest catch rate observed from a single haul was 0.4 per 100 m? (L14, 43™

haul). The fishing intensity achieved across these 10 fishing lanes ranged from relatively low (1.1 km?km™) up to in excess
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of what may be expected from a commercial fleet (6.1 km?km2) (Table 2.2). The fishing effort in each of the lanes was
reasonably well spread, but did not cover all the seabed in each lane and areas of the fishing lanes were swept varying
number of times (Appendix Figure 1). Accordingly, the percentage of fished seabed in each lane ranged from 65.4 % to
98.7 % (Table 2.2). The amount of time taken to fish each lane from start to end varied, and ranged from 3.4 to 27.3
days (Table 2.2). The gravel content (fraction of gravel from the gravel to sand ratio) of fishing lanes ranged from 0.07
to 0.88 (Table 2.2) (Lambert et al 2017).

Table 2.2: The intensity, percentage fished, estimated catch efficiency, gravel content, number of days used to fish lanes and
estimated king scallop abundance and density of each fishing lane from the fishing intensity experiment and Patch model.

Lane Vessel Catch efficiency Average Percentage Average Estimated king King scallop (2 Duration of
(fraction of > intensity of lane gravel scallop (= MLS) MLS) density time between
MLS scallops achieved fished (%) content abundance in (abund./100m?)  start and end
caught in haul (km2km-2) (fraction of lane of fishing the

path) gravel from lane (days)

gravel + sand)

L1 Vessel 1 0.35 1.1 65.4 0.81 266533 42.4 23.0
L5 Vessel 1 0.62 1.6 77.0 0.68 186160 29.6 27.3
L3 Vessel 2 0.32 3.8 97.5 0.33 214463 34.1 16.3
L2 Vessel 3 0.47 3.0 90.0 0.88 175671 27.9 6.8
L6 Vessel 3 0.51 1.2 70.5 0.53 160707 25.5 34
L12 Vessel 4 0.47 23 87.6 0.07 156820 24.9 7.7
L16 Vessel 4 0.35 6.1 98.2 0.50 371649 59.1 15.0
L17 Vessel 4 0.26 19 85.4 0.32 298276 47.4 4.6
L11 Vessel 5 0.13 53 98.7 0.08 215783 343 8.5
L14 Vessel 5 <0.0001 3.9 97.2 0.79 NA NA 17.8

Fished areas of seabed within the lanes were swept between one to 25 times (25 times swept occurred in areas of L16)
(Figure 2.2). The pattern of depletion, defined as overlap of hauls, with haul order also varied, with one vessel choosing
to sample small areas within a lane repeatedly (indicated by a high number of sweeps in areas in early hauls) and then
moving to unfished parts of the lane (Vessel 4 in L12, L16 and L17) (Figure 2.2). The other lanes, and consequently the
other vessels, had low fractions of seabed swept multiple times in early hauls and higher fractions of seabed swept
multiple times in later hauls, indicating these vessels had largely sampled unfished sections of these lanes initially before

then generating depletion patterns by sampling fished areas in later hauls.

The estimated catch efficiency for L14 was unrealistically low (< 0.0001) (Table 2.2). Hennen et al (2012) showed that
vessels with low catch efficiency may not provide enough information to the Patch model to appropriately estimate
catch efficiency and initial density, as low efficiency results in smaller initial catches which makes it challenging for the
model to distinguish between depletion patterns and noise in catches. L14 was fished by Vessel 5, which also fished L11.
The estimated catch efficiency for L11 was the lowest of the remaining (and realistic) estimated catch efficiencies (Table
2.2), indicating that Vessel 5 had low catch efficiency. The reason a realistic catch efficiency was estimated for L11 and
not L14 is likely due to greater depletion patterns in the hauls compared to L14 (Figure 2.2). As a consequence of the

unrealistically low estimated catch efficiency, L14 was not considered further in this study.
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Figure 2.2: The area sampled during each haul, grouped by fractions representing the number of times areas were swept j number of
times. This includes the number of times the area was swept during previous hauls and the number of times the area was swept during
the current haul. Each panel corresponds to a fishing lane and in each the x-axis is the chronological order of hauls. The y-axis in each
panel is the fraction of the haul which was swept j times, and each column sums to one. The fractions are coloured by number of times
swept (sweeps) as indicated in the figure legend.

Plots of standardised residuals indicating the difference between estimated and observed catches per haul were
inspected for the nine remaining lanes to assess whether the model estimated catches were sensible (Appendix Figure
2). These residuals indicated several of the lanes had an unusually high amount of observed catches which were less
than the estimated catches, which is important when considering the reliability of the estimates from the model as
discussed later. The estimated catch efficiency of scallops = MLS ranged from 0.13 to 0.62 between lanes (Table 2.2).
Three vessels had multiple catch efficiency estimates, as they fished two or three lanes which produced realistic catch
efficiency estimates. Vessel 3’s catch efficiency estimates were similar (0.47 and 0.51), however Vessel 4 produced three
estimates which were more different (0.26, 0.35 and 0.47) and Vessel 1 produced two considerably different estimates

(0.35 and 0.62). There was variation in confidence around these estimates between vessels (Figure 2.3). The 95%
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confidence intervals around the efficiency estimates for Vessels 1, 3 and 4 were wider than the other two vessels, and
the difference between the lower and upper 95% confidence intervals was 0.2 or higher in some cases. In contrast, the

95% confidence interval range around the efficiency estimates for Vessels 2 and 5 were less than 0.05.

Catch efficiency was lowest for the longest and heaviest vessel (Vessel 5) (Figure 2.4). This vessel also towed the (joint)
most dredges (7 a-side). The mean fishing practices of each vessel, such as length, duration, speed and swept area of
hauls differed (Figure 2.5). The vessel with the lowest catch efficiency, Vessel 5, hauled for the longest distances,
durations, at the highest speeds and consequently swept the most area per haul on average. This variation between
vessels existed as this experimental design was not initially designed for depletion analysis. Gravel content in the
sediment could not help explain the variation in catch efficiencies as vessels did not sample a wide range of sediment

types (Figure 2.6).

Abundance estimates for the fishing lanes (0.629 km?) ranged from 156,820 to 371,649 king scallops > MLS (Table 2.2).
This corresponds with densities of 24.9 to 59.1 per 100m?2. The 95% confidence intervals of these estimates were highly
variable between fishing lanes (Figure 2.3). In multiple lanes the difference in density between the upper and lower 95%
confidence intervals was less than 15 scallops > MLS per 100 m?, however in others lanes there were differences in
density of approximately 20, 40, 60 and 100 king scallops = MLS per 100 m? between the upper and lower 95%

confidence intervals. There was no pattern between gravel content of the sediment and estimated initial density (Figure

2.6).
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Figure 2.3: Catch efficiency (left) and initial density (right) for each fishing lane estimated by the Patch model. Both panels display the
model point estimate for each lane, along with 95% confidence intervals. Both panels are presented by fishing lane and coloured by
vessel as indicated in the figure legend. Two y-axes are provided in the right-hand panel, which correspond to the same points and
confidence intervals. These are the estimated initial abundance in each fishing lane, expressed as thousands of king scallops > MLS,
and estimated initial density, expressed as each abundance divided by the area of each fishing lane (in 100 m?).
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2.4 Discussion

The results show that catch efficiency differed considerably among vessels, and that estimates of catch efficiency for
the same vessel differed between lanes. This underlines the need to better understand catch efficiency for commercial
vessels if they are to be used in a fishery-independent stock survey which randomly samples the entire geographic range
of the Welsh king scallop stock(s). The variation in catch rates observed between lanes were a magnitude higher than
the variation observed in the abundance estimates between lanes. This indicates that observed differences in catch
rates between vessels do not necessarily reflect fluctuations in abundance. This is important as using perceived changes
in abundance, caused by unaccounted for changes in catch rates, may trigger inappropriate management decisions if

commercial vessels were to be used for stock assessment in the future.
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Figure 2.4: Four characteristics of the vessels from the fishing intensity experiment plotted against estimated catch efficiency and
respective 95% confidence intervals. Top left: the number of dredges towed by each vessel. Top right: the length of each vessel (m).
Bottom left: the weight of each vessel (gross registered tonnage). Bottom right: the engine capacity of each vessel (kW).

Three of the nine catch efficiencies estimated in this study were within the range estimated by Beukers-Stewart et al
(2001) (0.295 to 0.407), for king scallops =2 110 mm in shell width and estimated by divers and depletion estimation. The
lower five catch efficiencies estimated here were within the range reported for other king scallop fisheries that used

similar Newhaven spring-loaded dredges (0.06 to 0.41), however these estimates were either the catch efficiency of all
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sizes of king scallops (Chapman et al 1977; Lambert et al 2014) or for those above a different MLS (90 mm shell width,
Dare et al 1993). The upper four catch efficiencies here were higher than this range. All the catch efficiencies estimated
here were within the broader range of estimates for towed gears targeting a range of scallop species (0.02 to 0.81)
(Caddy 1968; NEFSC 2001), of which the full range have been obtained using a variety of methods including divers (e.g.
Caddy 1968; Beukers-Stewart et al 2001), mark recapture (e.g. Gruffydd 1972), depletion (e.g. NEFSC 2001; Walter et al
2007), seeded grounds (e.g. McLoughlin et al 1991) and optical methods (e.g. Miller et al 2019). The catch efficiency
estimates from the present study are also within the observed catch efficiency range of other towed fishing gears, such

as beam or otter trawls (< 0.05 to > 0.94) (Joll and Penn 1990; Munro and Somerton 2002; Somerton et al 2007).
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Figure 2.5: The mean fishing practices employed in each fishing lane from the fishing intensity experiment plotted against estimated
catch efficiency and 95% confidence intervals. Top left: the mean haul duration (minutes). Top right: the mean haul speed (knots).
Bottom left: the mean haul length (km). Bottom right: the mean swept area (100 m?). Each point is coloured by vessel as indicated in
the figure legend.

In the present study, the largest vessel, measured by length and weight, had the lowest catch efficiency. Often it is
expected that a larger, heavier vessel may have greater catch efficiency than smaller, lighter vessels as the heavier
vessels are less affected by roll and pitch reducing contact time of the gear with the seabed (Byrne et al 1981). However,
we argue that this vessel was underpowered relative to its size, as there is a restriction on engine capacity for scallop
vessels in Welsh waters of 221 kW (Table 1.8), and this may explain this vessel’s low catch efficiency. The relatively low
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engine capacity of this vessel may have limited its ability to maintain desired speed in the strong tides found in Cardigan
Bay (Fifas et al 2004). The speed of the vessel affects both the contact time of the gear with the seabed and the mouth
opening of the gear, and consequently affects catch efficiency (Carrothers 1981; Fifas et al 2004; Reiss et al 2006). On
average, this vessel fished at the highest speeds of any of the five vessels in the experiment and this may have been a
consequence of being unable to maintain a desired speed. On average, this vessel also fished the longest hauls, by time
and length, and swept the most area per haul, which may also partly explain the lower catch efficiency. Longer hauls
leading to a greater swept area can result in a net or dredge becoming full, or the opening becoming blocked, before
the end of the haul and this will result in reduced catch efficiency if the gear was unable to catch further target species
(Shafee 1979; Zhang et al 1993). Interestingly, there was no evidence that the number of dredges hauled had an effect
on catch efficiency from the present study. In addition, sediment type could not help address the variation in catch
efficiencies as the effect of sediment type could not be separated from the effect of individual vessel as vessels did not

sample a wide range of sediment types.
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Figure 2.6: Patch model estimated catch efficiency (left) and initial density (right) plotted against the fraction of gravel from the
amount of sand and gravel in each fishing lane. Vessels are coloured as indicated in the figure legend. Both panels display the model
point estimate for each lane, along with 95% confidence intervals. Two y-axes are provided in the right-hand panel, which correspond
to the same points and confidence intervals. These are the estimated initial abundance in each fishing lane, expressed as thousands
of king scallops > MLS, and estimated initial density, expressed as each abundance divided by the area of each fishing lane (in 100
m?).

Some of the remaining variation in vessel catch efficiency may be explained by technical differences in the dredges

between vessels (Fifas et al 2004). Technical gear data were not available, but the technical gear characteristics were

strictly defined for vessels fishing in Welsh waters (Table 1.8). All vessels used in this study were operating at the
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maximum permitted number of teeth, spacing of teeth and starting chainmail bag ring size, and therefore we assume
little variation in these aspects between vessels. Other potential sources of variation in the gear could include wear of
teeth or chainmail bag rings (Lart 2003). Differences in the operation of the gear, such as warp length, spring
compression and handling, and vessel-specific practices, including turning, hauling and shooting, may also have
contributed towards the observed variation in catch efficiencies (Carrothers 1981). Variation in these factors remain
unquantified in our study, and we assumed they remained constant for each vessel throughout the duration of the

experiment as a unique crew operated each vessel.

Variation in estimates may have also been caused by accuracy of GPS positions, hit matrix or Patch model. The Hennen
et al (2012) hit matrix implemented here reduces error in efficiency estimates and reduces the inter-quantile range of
both efficiency and density estimates in comparison to the Rago et al (2006) hit matrix method (Hennen et al 2012).
However, the hit matrix method implemented here increases error in density estimates in comparison to the Rago et al
(2006) method. Therefore, more confidence should be placed in the efficiency estimates than the density estimates in
the present study. Catch efficiency estimates from the Patch model are considered fairly robust and perform well against
other depletion estimators, apart from situations of considerable positional error (Hennen et al 2012; Wilberg et al
2013). Errors in positional data used to generate the hit matrices can result in a 20 % underestimation of density and
increased error in positional data results in increased error in efficiency estimates (Hennen et al 2012; Wilberg et al
2013). However, it is impossible to quantify the exact impact on Patch model estimates from errors in positional data

(Hennen et al 2012).

In the present study, GPS positions were recorded from each vessel, and skipper knowledge was used to determine the
likely distance between each gang of dredges and each vessel. However, the skippers noted that the positions of the
dredges relative to the vessel were controlled by a variety of factors including the direction and strength of the tide,
which is not accounted for in our analysis. Therefore, the positional data used here will be imprecise on the 10 cm spatial
scale used in the hit matrix estimation and consequently these Patch model estimates should be treated with some
caution. This may also help explain why catches were overestimated in some lanes by the model (as highlighted by
residual plots), if in fact the vessels in these lanes were fishing over previously fished ground more than the positional
data indicated. Future studies wishing to implement this model should consider GPS devices on the dredge bar of each
gang of dredges to obtain a more accurate position of the dredges (Hennen et al 2012). Patch model estimates are also
affected by the densities and patchiness of target organisms within study sites, as individual hauls can easily hit or
narrowly miss highly dense aggregations (Hennen et al 2012). However, the exact effect of patchiness on the estimates
in this present study are not quantifiable and future studies should consider the use of divers or optical methods to

examine depletion study sites prior to sampling (Hennen et al 2012).

Vessels with a lower catch efficiency resultin less accurate Patch model estimates because they catch less per unit effort
and therefore provide less information to the model when sampling an unfished area (Hennen et al 2012). Furthermore,
low efficiency vessels make it harder for the model to detect a depletion signal from noise in the catches (Hennen et al
2012). Therefore, all other things equal, the Patch model estimates for the highest efficiency vessels should be most
reliable in the present study. Importantly, the effect of low catch efficiency can be accounted for with greater sampling
effort and a greater overlap of hauls within a depletion experiment (Hennen et al 2012). Increased overlap in hauls may
explain why the Patch model produced realistic estimates for L11 but failed to produce realistic estimates for L14, as
these lanes were fished by the same vessel which had estimated low efficiency.
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In the future catch efficiency may be understood and quantified by a wide range of alternative techniques, including
divers (e.g. Beukers-Stewart et al 2001), mark recapture (e.g. Gruffydd 1972), index removal (e.g. Gedamke et al 2005)
seeded grounds (e.g. McLoughlin et al 1991) and optical methods (e.g. Miller et al 2019). Alternatively, optical methods
can be used to directly sample scallop stocks and sidestep the need to estimate catch efficiency of towed gears
altogether. Capture efficiency (equivalent of catch efficiency) of optical methods can be close to one, which is
considerably better than most towed gears, and this can result in more accurate estimates of abundance (Stokesbury
2002). Absolute abundance of sea scallops has been routinely estimated using optical methods in the US, with the
absolute abundance of the total survey area estimated using the mean density of sea scallops from video samples taken
across small areas (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 estimation accounts for both

the selectivity and capture efficiency of the method (Carey and Stokesbury 2011; Bethoney and Stokesbury 2018).

Table 2.3: Densities of king scallop from closed areas reported in other studies

Region Closed Maximum density Assessment Size classes Sampling Year area Reference
area (abundance/100 m?) Method period closed
(inclusive)
Isle of Man Brada 20 Divers All sizes 1989 - 2003 1989 Beukers-
Inshore Stewart et al
2005
English Various 40 Video All sizes 2007 and 2006 Hinz et al
Channel areas in 2016 2011; Kaiser
Lyme Bay etal 2018
Wales Cardigan 85 Still image All sizes 2009 - 2011 2009 Sciberras et
Bay SAC camera al 2013
Wales Cardigan 21 Video All sizes 2012 - 2014 2009 Lambert et
Bay SAC al 2014
Wales Cardigan 59.1 Depletion 2110 mm 2014 2009 This study
Bay SAC estimation shell width
Scotland Lamlash 5 Divers 2100 mm 2010- 2013 2008 Howarth et
Bay shell width al 2015
Marine
Reserve
Scotland Lamlash 1 Divers <100 mm 2010- 2013 2008 Howarth et
Bay shell width al 2015
Marine
Reserve
Scotland Lamlash 5.1 Still image > 50 mm 2009 - 2014 2008 Boulcott et
Bay camera shell width al 2018
Marine
Reserve

The densities estimated in the present study were within the range of king scallop densities from other closed areas (1
— 85 per 100 m?), although not to the same size category as the present study (Table 2.3). Lambert et al (2014) also
sampled the present study site in 2014 using a video camera towed from a research vessel and the reported densities
(21 per 100 m?) were lower than any estimated in the present study. Lambert et al (2014) reported densities for all sizes
of king scallops, and therefore this estimate should be higher than those estimated here. Differences in densities could

be due to natural fluctuations or the accuracy of the two different techniques used (videos and depletion estimation).
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Although the specifications of Newhaven dredges are designed with a MLS in mind, they are likely to catch a
considerable amount of under MLS scallops (Lart 2003). Therefore, our density estimates would be even higher if we
had data on under MLS scallops caught during the experiment. Regardless, our study highlights that king scallop
densities vary considerably over a relatively small area. Both the difference in density estimates from other studies and
the broad range estimated here reinforce the need for annual surveys to assess fluctuations in abundance over time

and across small spatial scales.

This study has shown that there is considerable variation in the catch efficiency of individual vessels targeting king
scallops with dredges, and estimates from the same vessel can vary over small spatial scales. This indicates further
understanding is required before commercial vessels should be considered for stock assessment surveys. The catch
efficiencies estimated here are also directly useful as prior distributions for stock assessment modelling or future studies
to help improve understanding of catch efficiency in other scallop fisheries. Using knowledge of catch efficiency, and
how this varies by vessel, to adjust catch rates is important for such fisheries, as otherwise large variations in catch rates
may be linked with variations in abundance which have not occurred. Abundance can then be under- or overestimated.
Estimates of abundance typically drive management decisions for fisheries and it is important that these decisions be
based on the most accurate abundance estimates possible. This study has also shown scallop densities, and
consequently abundances, vary considerably over small spatial scales, indicating that detailed scientific surveys continue

to be required to accurately assess scallop stock status.
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CHAPTER 3: HOW MEASURES OF DREDGING EFFICIENCY

CHANGE WITH REPEATED FISHING OF AN AREA
Abstract

Bottom trawling and dredging are the greatest cause of anthropogenic disturbance to the world’s seabed habitats.
However not all fisheries, fleets, or vessels will have the same impact. The level of impact varies with the vulnerability
of the benthic fauna on the fishing ground, which reflects a combination of species characteristics, abundance, gear
characteristics and amount of contact of the gear with the seabed. To enable an evaluation of trade-offs between vessel
profitability and the environmental impacts of fishing, it is important to have an understanding of fuel and
environmental efficiency per unit of target species landed. We investigated how environmental and fuel efficiency
changed as scallop dredgers repeatedly fished areas of the seabed in an experimental setting, and whether either of
these measures of efficiency could help address the trade-off between continuing to fish an area or to target another
area. Environmental efficiency was quantified as change in relative benthic status (RBS) per tonne of king scallops
(Pecten maximus) landed. We expected that if a vessel’s ability to catch scallops (catch efficiency) was higher than the
impact on benthos caused by their gear (benthic depletion rate), then the change in RBS per tonne of king scallops
landed would increase with increasing cumulative effort, i.e. the environmental impact increases relative to the catches
as fishing continues in an area. We show this with simulations, and the empirical evidence from the experiment
supported this expectation. The fuel efficiency of three of the vessels was also quantified throughout the experiment
as fuel intensity (litres of fuel used to land a tonne of catch). We expected fuel intensity to increase with increasing
cumulative effort, as more fuel is required to catch a tonne of scallops when local populations are depleted. We show
this with simulations, and the empirical evidence from all vessels supported this expectation. These analyses indicated
that highly efficient vessels should lightly fish areas, whereas less efficient vessels expend more effort to areas. This
work has also demonstrated how fuel intensity changes as areas are repeatedly fished. These findings provide support
for management strategies that account for economic and environmental viability of seabed fisheries and attempt to

balance trade-offs and maximise efficiency across multiple objectives.

3.1 Introduction

Bottom trawling and dredging for commercially harvestable marine species is the single greatest direct cause of
anthropogenic disturbance to the world’s seabed habitats (Kaiser et al 2002; Amoroso et al 2018). The impacts of these
fishing methods include damage to the physical environment and reductions in epifaunal and infaunal biomass and
diversity (Sciberras et al 2018) and the development of conservation and ecosystem-based management approaches
requires assessment of these impacts (Pikitch et al 2004; Rice 2013; Hiddink et al 2017). These approaches make use of
a variety of tools available to managers such as marine protected areas and gear modifications, the latter designed to
reduce friction with the seabed or let unwanted catch escape (Campbell and Cornwell 2008; Planes et al 2009; Jenkins
and Garrison 2013). One way to reduce the negative impacts, while maintaining fisheries landings, is to better

understand or improve the efficiency of these fishing gears.

Fishing efficiency can be measured in a variety of ways, including the proportion of target species caught per unit of
effort (catch efficiency) (Itaya et al 2007), the quantity of unwanted bycatch per unit of effort (Steele et al 2002), the

changes that occur to the seabed habitat per unit effort (Sowunmi et al 2016), by economic factors such as fuel
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consumption per unit effort (Suuronen et al 2012) or a combination of these metrics (Jacobsen et al 2017). Different
stakeholders such as fishers, managers or conservationists, will have different priorities for which metric to adopt to
evaluate gear efficiency. For most fishers, this is likely to be an economic priority where maximising profit, which is likely
to be positively related to catch rate, becomes the objective (Hilborn and Walters 1992). For conservationists, it is likely
to be an environmental priority where minimising impacts on the ecosystem is the primary goal. Ideally, all could be

evaluated against each other in the context of an ecosystem approach.

Although a fishers’ primary objective may not be necessarily to maximise their economic efficiency, it is important to
be economically efficient to remain viable (Hilborn and Walters 1992). The vessels in many fisheries are likely to target
areas of high catch rates that are relatively close to their home port (Hilborn and Walters 1992; Beukers-Stewart et al
2003; Shepperson et al 2016). The decision about when to move on from an area as local biomass is being depleted is
complex, and is likely to be dependent on a number of factors. These include (un)certainty on the catches in the
currently fished and alternative areas, the cost of travelling to a new fishing ground, distance of the new ground to
home port and weather conditions (Hilborn and Walters 1992). One commonly used, simple metric to describe a vessel’s
or fishery’s fuel efficiency is fuel intensity, which is the fuel use per unit of catch landed (often expressed as litres per
tonne) (Driscoll and Tyedmers 2010; Parker and Tyedmers 2015). Fuel intensity is known to be influenced by a variety
of factors such as the gear, vessel size and engine capacity and trip length (Driscoll and Tyedmers 2010). This metric may
be used to describe how fishers decide when to move on as a fishing ground becomes depleted, as they will be aiming
to maintain high catches relative to fuel consumption (therefore low values of fuel intensity). However, the decision to

stop fishing a patch of the sea solely based on fuel intensity may not necessarily lead to environmental efficiency.

Environmental efficiency of demersal fishing gears, fisheries or vessels can be quantified through the change in the
status of the benthic invertebrates living on the seabed caused by each unit of catch landed. This state of the seabed
community can be estimated using the relative benthic status (RBS) method, which describes the change in biomass of
benthic communities using a logistic population growth model (Schaefer 1954) which has been extended to incorporate
fishing impacts (e.g. Hiddink et al 2017; Pitcher et al 2017). The change in RBS caused by each fishing haul is particularly
useful, as this can be standardised relative to the landings. Using this metric, the best environmental fishing efficiency
would result in minimising the negative change in RBS per unit (of catch) landed [ARBS-PUL]. Both fuel intensity and
ARBS-PUL can be important efficiency metrics when vessels repeatedly fish an area. Sessile benthic species, such as king
scallop (Pecten maximus), which move less than 30 m over a period of 18 months (Howell and Fraser 1984), are likely
to remain in an area even when it is fished multiple times. Therefore catch rates are likely to decrease as fishing
continues, resulting in an increase in fuel intensity and a decrease in ARBS-PUL, i.e. a more negative, and greater

environmental impact.

One way of managing repeated fishing of a semi-sedentary target species within a defined area is to use rotational
management. Rotational management may take a variety of forms, but often involves dividing the fishing ground in to
a number of areas that are alternatively closed and opened over a defined period of time. The objectives of such an
approach are usually to let sections of the seabed recover between fishing events and protect juveniles whilst fishing
continues in other areas (Little et al 2015; Stewart and Howarth 2016). Rotational management, based on catch rates,
may be very effective for scallop fisheries, where the vessels often tend to fish an area repeatedly until the catch rate
decreases below economically viable levels, and then move on to another patch (Beukers-Stewart et al 2003; Tindall et
al 2016). Rotational management has been implemented in a number of scallop fisheries around the world (Hart and
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Rago 2006; Flood et al 2014; Williams et al 2014). Rotational management can also be implemented in real-time. This
involves closing areas of the fishery when a catch rate threshold, or limit, is exceeded. It is a technique emerging in both
the US and Europe (Little et al 2015). One example is in the Shetland king scallop fishery where areas are closed when
the LPUE drop below a pre-defined threshold (Tindall et al 2016). A trade-off between fuel intensity, catch rates and
ARBS-PUL could be used to determine an effort limit which could be assigned to areas in real-time rotational
management. This could allow for recovery of the seabed, for protection of juveniles and ensure economic efficiency.
A suitable trade-off analysis may be Pareto efficiency, which is a measure of the collective efficiency of multiple
objectives, and is defined as the point where it is impossible to improve the efficiency of a single objective without
reducing the efficiency of another (Jacobsen et al 2017). Pareto efficiency can be quantified through efficiency frontier

frameworks, a technique which uses a series of equations to calculate efficiency (Jacobsen et al 2017).

In the UK king scallops are typically targeted using Newhaven dredges, and in Wales are currently managed using input
controls such as gear and effort restrictions and minimum landings sizes (MLS) (The Scallop Fishing (Wales) (No. 2) Order
2010, Table 1.8). The Cardigan Bay Special Area of Conservation (SAC) has been closed to commercial scallop dredging
since June 2009 (Sciberras et al 2013). Some areas of the SAC have since amassed relatively high king scallop densities
(mean of approximately 8 caught per 100m? swept), as estimated by research survey Newhaven dredges in 2013
(Lambert et al 2014). Simultaneously, landings have continued to decrease around Wales since 2012 (Figure 1.4) (MMO
2016; 2018) and implementing rotational management could be considered for the Welsh king scallop fishery to be able

to effectively harvest the king scallop population whilst minimising seabed habitat impacts.

The focus of this study was to examine if ARBS-PUL and fuel intensity changed with cumulative fishing effort as we
expected when areas were repeatedly fished. We focused our study on the semi-sessile king scallop. To demonstrate
the expected relationship of ARBS-PUL and fuel intensity with increasing effort we conducted simulations, and
supplemented these with empirical values estimated from an experimental setting. In addition, we also display RBS
values based on empirical fishing effort to illustrate the change in RBS as fishing continued. The empirical data was
obtained from a large-scale depletion experiment involving multiple commercial fishing vessels, conducted as part of a

larger experiment designed to quantify the impact of scallop dredging on the benthos (Lambert et al 2017).

3.2 Materials and Methods

Depletion Experiment

A large-scale fishing impact experiment was conducted in April 2014 in an area of approximately 110 km? in the Cardigan
Bay SAC, as described in Chapter 2. The entirety of this area had been closed to commercial scallop dredging since June
2009 (Sciberras et al 2013). The experiment consisted of five commercial scallop dredgers fishing 13 equally sized
rectangular lanes (Lambert et al 2017). The fuel consumption of the five vessels was not recorded during the experiment,
but typical daily fuel consumption levels were obtained for three of the vessels after the experiment had taken place.
All skippers were contacted by telephone, but only three of the skippers responded. The sampling was designed to
ascertain the relationship between the depletion of benthic biota and fishing intensity (Lambert et al 2017) and was not
originally intended to be used to estimate RBS or fuel intensity. Nevertheless, the dataset provided a unique opportunity

to investigate the ARBS-PUL and change in fuel intensity whilst vessels repeatedly fished the same areas.
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Change in RBS per unit of king scallop landed (ARBS-PUL) simulations

To illustrate how we expected ARBS-PUL to change with increasing cumulative effort, we conducted simulations under
a variety of scenarios. Here, we demonstrate how ARBS-PUL was affected by the relationship of the depletion rate of
benthic invertebrate biomass per unit of fishing effort (D) and the absolute catch efficiency of the fishing vessel (q).
Vessel catch efficiency will affect the landings, which will result in a smaller ARBS-PUL for a more efficient vessel applying
the same effort as a less efficient vessel. The depletion rate of the gear on the benthos affects the change in RBS, and a
greater change in RBS will lead to a greater ARBS-PUL. Therefore, the relationship between g and D is important because
this will determine the resultant impact on the benthos relative to the amount of target species caught. This is an
important consideration when conceptualising the efficiency of fishing in relation to environmental impacts associated

with that fishing activity.

The simulated change in RBS (AB) of the seabed community over time was described using a logistic growth equation
(Schaefer 1954), modified to account for depletion caused by fishing effort (Eq 3.1). B was RBS, R the recovery rate of
the benthic invertebrate biomass, K the carrying capacity of the benthic invertebrate biomass in an area, D the depletion
rate of the benthic invertebrate biomass and F the effort ratio of swept area relative to the size of an area. This approach
has been implemented in multiple recent works to estimate RBS (e.g. Smith et al 2007; Ellis et al 2014; Hiddink at al
2017; Pitcher et al 2017), as it can be simply applied to data whilst providing an effective portrayal of the recovery rate
of benthic biomass (Hiddink et al 2017). Here, a time step was a single haul (h). In our empirical data, all hauls were
conducted within a month and it was assumed that no recovery of the benthic invertebrate community occurred
between successive hauls. Therefore, in our simulations the recovery rate of the seabed community between hauls (R)

was assumed to be effectively 0, which simplified Eq 3.1 to Eq 3.2.

AB, = RB;, (1-22) - DF, B, (3.1)
ABh = _DFhBh (32)

Simulated initial RBS (Bj—;) was assumed to be 1, as the depletion experiment area had not been commercially fished
since closure in June 2009 (Sciberras et al 2013). The simulated swept-area ratio (F) was set to 0.05 for each simulated
haul, as this was similar to the swept area ratios from the depletion experiment. Simulated RBS (B},) was updated after

each haul (Eq 3.3).

Bh+1 = Bh + ABh (33)

The equation for calculating change in RBS can also be described by Eq 3.4.

ABy = —DFyBy_y X [15(1 — DFy) (3.4)

Simulated ARBS-PUL was then calculated by dividing simulated AB by the simulated scallop king scallop landing per haul
(tonnes). Simulated scallop landings per haul (L) for each lane were estimated using g, F and a simulated king scallop
population (N) (Eq 3.5). The initial king scallop population (N, -;) was set to 100 (units could be numbers or biomass),
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and the population was updated after each haul assuming no population growth or natural mortality occurred between

hauls (Eq 3.6).

Ly = qFyNy (3.5)

Npyy = Np =Ly (3.6)

Simulated AB was then divided by simulated L for each haul. Each simulation was conducted for 200 timesteps (hauls).
A simulation was conducted for each combination of four depletion rates (0.1, 0.2, 0.3 and 0.4) and four absolute catch

efficiencies (0.1, 0.2, 0.3 and 0.4), resulting in 16 simulations.

Fuel intensity simulations

To illustrate how fuel intensity was expected to change with increasing cumulative effort, and therefore a decreasing
king scallop population, we conducted simulations under a variety of scenarios. Simulated fuel intensity (I/tonne of
scallops) was calculated as the fuel consumption divided by simulated king scallops landed from each haul. The
simulated population and the landings were calculated using Eq 3.5 and Eq 3.6. The initial king scallop population (Nj_,)
was set to 2000 (units could be numbers or biomass). This population was larger than that used in the ARBS-PUL
simulations for graphical purposes and so that the simulated fuel intensities were on a scale similar to values of fuel
intensity from other studies (e.g. Driscoll and Tyedmers 2010). Each simulation was conducted for 200 timesteps (hauls).
A simulation was conducted for each combination of four fuel consumption rates (2501, 5001, 750 | and 1000 |) and four

absolute catchabilities (0.1, 0.2, 0.3 and 0.4), resulting in 16 simulations.

Estimation of empirical ARBS-PUL and fuel intensity

To verify our simulations, we calculated empirical ARBS-PUL using the calculations described for the simulations. Firstly,
we did this using two different depletion rates which were best estimates of the actual depletion rate. The first depletion
rate was 0.2, as estimated from global meta-analysis of dredges by Hiddink et al (2017). The second depletion rate was
0.105, which was the mean of the two biomass depletion rates between March and May 2014 for two groups of
invertebrates (D = 0.12 infauna, D = 0.09 epifauna) estimated by Lambert et al (2017) from the fishing intensity

experiment which the empirical data in the present study were obtained.

All hauls were conducted within a month, and it was assumed that no recovery of the benthic community occurred
between successive hauls. Initial RBS in each fishing lane at the start of the experiment (Bj,—-,) was assumed to be 1, as
the area had not been commercially fished since closure in June 2009 (Sciberras et al 2013). Scallop dredging effort (F)
of each haul was expressed as the ratio of swept area of each haul to the effective area of each fishing lane. The effective
area of each fishing lane was the actual area of the fishing lane minus the areas which were not swept at all within each
lane, as including areas that were not impacted would underestimate ARBS-PUL. ARBS-PUL was estimated by dividing
the empirical change in RBS per haul by the observed landings from that haul (live weight (includes shell), tonnes of king

scallops).

Empirical fuel intensity (I/tonne of scallops landed) was calculated as the fuel consumption divided by the observed

landings of each haul. Fuel intensity was only calculated for the fishing lanes which were fished by the three vessels
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which had reported a daily fuel consumption rate (seven fishing lanes). Vessel trip fuel consumption (l) was estimated
as the product of daily fuel consumption values and the length of each trip in days, where a trip was defined as the
between leaving port and returning to port. Fuel consumption for each trip was spread among hauls based on the
amount of swept area relative to the other hauls on that trip. This method assumed that fuel consumption was directly
related to area swept, but in reality was likely to vary with multiple factors including speed and direction of tide and sea
state. However, as these data were not recorded during the experiment the approach described here was deemed the
most appropriate. Although this method did not assign the true fuel consumption to each haul, it did ensure that the

steaming distance of each trip was accounted for and spread evenly across hauls.

Statistical analyses

For purely illustrative purposes, the empirical estimates of each of RBS, ARBS-PUL and fuel intensity were presented
against cumulative effort (swept area, cumulative by individual fishing lane) (cA) alongside curves from a linear mixed
effects model fitted to the relationship between the metric (y;) and cumulative effort across all data (or for only data
corresponding to three vessels in the case of fuel intensity). In addition, vessel (v) was incorporated as a random
covariate, fishing lane (L) as a fixed covariate and € represented remaining residual variation in each model. Each
relationship was described by a quadratic polynomial (Eq 3.7), and the parameters (81;, 2;, $3;) estimated using R (R
Core Team 2019) and the saemix package (Comets et al 2017). This package was chosen because it provided the
individual parameter estimates as a function of the individual random effects, the covariate matrix and the fixed effects.
Simpler or more complex variations of the model were not considered as, for all metrics, the model adequately
accounted for non-independence in individual data points and the estimated curves were satisfactory fits to the

empirical data.

yi = Bl; + B2;(cAxv* L)+ B3;(cA*xv*L)* + ¢ (3.7

3.3 Results

The fishing effort in each of the lanes was reasonably well spread, but did not cover all the seabed in each lane (Appendix
Figure 1). As a consequence, the effective area swept at least once in each fishing lane was less than the true area of
the fishing lanes (Table 3.1). Fishing lane L16 was fished in thirds and consequently effort was not spread homogenously
in this lane, and therefore L16 was analysed in thirds. Fishing lanes L8, L10 and L15 were excluded from the analyses as
less than 45 % of the lanes were fished, which reduced the chance of hauls passing over each other. This was important
for the analysis, as if the hauls did not pass over each other, then the estimated empirical RBS would be lower than
reality as hauls passing over each other were required deplete the benthos. The length, speed, duration and swept area
of individual hauls varied within and between vessels (Figure 2.5). Vessels also differed in the number of days they took
to fish a lane and the total number of trips made during the duration of the experiment (Table 3.1). The change in king
scallop catch rates with increasing cumulative effort for each of the fishing lanes displayed depletion patterns, and were

discussed in Chapter 2.
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Table 3.1: The number of trips conducted by each vessel during the fishing intensity experiment, the percentage of each lane that
was fished, the resultant effective area and the duration of time between starting and ending the fishing of each lane.

Vessel Number of Fishing Lane Percentage of lane Effective area Duration of time between
trips made fished (%) (100m?) starting and ending the fishing
during of the lane (days)
experiment
Vessel 1 17 L1 65.4 4113.66 23.0
L5 77.0 4843.30 27.3
Vessel 2 11 L3 97.5 6132.75 16.3
Vessel 3 4 L2 90.0 5661.00 6.8
L6 70.5 4434.45 3.4
Vessel 4 8 L12 87.6 5510.04 7.7
L16a 98.2 (for all L16) 2058.93 7.0
L16b 98.2 (for all L16) 2058.93 15.0
L16c 98.2 (for all L16) 2058.93 14.8
L17 85.4 5371.66 4.6
Vessel 5 3 L11 98.7 6208.23 8.5
L14 97.2 6113.88 17.8

Relative Benthic Status

The equations used to estimate RBS from empirical fishing effort data (Eq 3.2 and Eq 3.3) resulted in an initial, linear
rapid decline in estimated RBS when D = 0.2, and then a slowing of decline with increased cumulative effort (Figure
3.1). The rate of decrease was dependent on the amount of effort applied in each haul relative to the size of the
effective area of each fishing lane The amount of effort applied in each haul relative to the size of the effective area
differs with vessel based on the size of effective area and both the number of dredges towed and chosen haul length.
When D = 0.105, the gradient of the decreasing line was shallower with increasing cumulative effort (Figure 3.1).

Estimated empirical change in RBS is not explicitly presented, yet this information is incorporated in Figure 3.1.

ARBS-PUL

The simulations of ARBS-PUL demonstrated that ARBS-PUL decreased with increased cumulative effort when the
depletion rate (D) was less than the vessel absolute catch efficiency (g). It remained constant when these two values
were equal, and increased when D was greater than g (Figure 3.2). Additionally, the rate of increase or decrease was

greater when the difference between D and g was greater.

The estimated empirical ARBS-PUL displayed a variety of relationships with increasing cumulative effort for each of the
vessels, which reflected the slopes from Figure 3.1 corrected for decreasing landings with increasing cumulative effort
and the depletion rate used in the calculations (Figure 3.3). ARBS-PUL initially increased for both Vessels 1 and 5 with
increasing cumulative effort for both depletion rates, but then ARBS-PUL decreased with increasing cumulative effort
(Figure 3.3). The change from increase to decrease in ARBS-PUL occurred after considerably different amounts of
cumulative swept areas for these vessels and depletion rates. The opposite pattern was true for both Vessels 2 and 4,

where ARBS-PUL initially decreased with increasing cumulative effort for both depletion rates, but then ARBS-PUL
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increased with increasing cumulative effort (Figure 3.3). Again, the change, in this case from decrease to increase in

ARBS-PUL, occurred after considerably different amounts of cumulative swept areas for these vessels and depletion

rates. ARBS-PUL always decreased with increased cumulative swept area, and for both depletion rates, for Vessel 3

(Figure 3.3). However, the rate of decrease increased with increasing cumulative effort.
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Figure 3.1: Estimated empirical RBS plotted against cumulative effort (swept area (km?)) for individual hauls and separated by vessel,
from the fishing intensity experiment. Cumulative effort is cumulative by fishing lane, and consequently each coloured line (black, red,
green, blue and turquoise) correspond to an individual fishing lane. Unbroken lines for each fishing lane were estimated using
depletion rate D = 0.2, and broken lines were estimated using D = 0.105. Grey lines are statistical model fits applied to all lanes fished
by each vessel, and the unbroken grey line on each panel is the fit when D = 0.2 and the unbroken when D = 0.105.

Fuel intensity

The simulations of fuel intensity showed that a higher vessel catch efficiency led to a more rapid increase in fuel intensity

with increasing cumulative effort (Figure 3.4). A higher fuel consumption rate also led to a more rapid increase in fuel

intensity with increasing cumulative effort (Figure 3.4). Empirical fuel intensity increased gradually with increasing

cumulative effort for both Vessels 1 and 4 (Figure 3.5). Fuel intensity increased more rapidly with increasing cumulative

effort for Vessel 3, which led to a curve with a positive gradient (Figure 3.5). Fuel intensities ranged from 67 to 439

I/tonne for Vessel 1, 92 to 1772 |/tonne for Vessel 3 and 22 to 632 |/tonne for Vessel 4.
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3.4 Discussion
Estimated RBS

Estimated empirical RBS decreased with increasing cumulative effort, as expected when no recovery was assumed.
Differences in the rate of decrease of RBS for each depletion rate was dependent on F, the ratio of haul swept area
relative to the size of the effective area. Therefore, a larger F occurred when the size of the haul was larger relative to
the size of the effective area of the fishing lane. This could occur through vessels sweeping larger areas of seabed per

haul than other vessels. This could also occur if a vessel did not fish considerable areas of a fishing lane which resulted

in smaller effective area and therefore increased F.
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Figure 3.2: Simulated change in RBS per tonne of scallop catch landed (ARBS-PUL) plotted against cumulative effort (swept area, m?).
In each panel the depletion rate (D) and vessel absolute catch efficiency (q) used in the simulation are printed.

ARBS-PUL

Our simulations of ARBS-PUL demonstrated that if the catch efficiency of a vessel was equal to the benthos depletion
rate then the ARBS-PUL would be expected to remain constant with cumulative effort. Then if catch efficiency was lower
than the depletion rate, there was an increase in ARBS-PUL with increasing cumulative effort. If catch efficiency was
greater than the depletion rate then there was a decrease in ARBS-PUL with increased cumulative effort. This highlighted
that highly efficient vessels will cause a greater environmental impact relative to their target catch by continually fishing
an area. In contrast, this highlighted that vessels with lower catch efficiency will begin to reduce their environmental

impact relative to their target catch as they repeatedly fish an area.
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Figure 3.3: Empirical change in RBS per tonne of king scallop catch landed (ARBS-PUL) plotted against cumulative effort (swept area
(km?)) and separated by vessel, from the fishing intensity experiment. Cumulative effort is cumulative by fishing lane. Black points are
individual hauls estimated using depletion rate D = 0.2, and red lines are model fits from a mixed effects model fitted to all data using
depletion rate D = 0.2. Green points are individual hauls estimated using depletion rate D = 0.105, and blue line is model fit from mixed
effects model fitted to all data using depletion rate D = 0.105.

The empirical estimations of ARBS-PUL calculated using the two depletion rates (D = 0.105 and 0.2) showed a variety of
relationships with increasing cumulative effort, and these are likely to have varied between vessels because of each
vessel’s catch efficiency and the patterns in which the vessels fished each lane. The catch efficiencies of the vessels were
estimated by individual fishing lanes in Chapter 2. The two catch efficiency estimates for Vessel 1 were g = 0.35 and
0.62. Therefore, these estimations agree that ARBS-PUL should (eventually) decrease with increasing cumulative effort
(as indicated by the simulations) as these catch efficiencies are higher than either of the depletion rates. The initial
increase in ARBS-PUL was likely caused the vessel fishing unfished ground during initial hauls. The catch efficiency
estimate for Vessel 2 was g = 0.32, however the estimated ARBS-PUL began to increase, after an initial decrease, with
increased cumulative effort which the simulations indicate should not happen. The same was also true of Vessel 4, which
had catch efficiency estimates of g = 0.26, 0.35 and 0.47 and therefore were all greater than the depletion rates. Vessel
3 had catch efficiency estimates of g =0.47 and 0.51 and ARBS-PUL decreased with increasing cumulative effort for both
depletion rates, as should happen. Vessel 5 was the only vessel with estimated catch efficiency lower than one of the
depletion rates (g = 0.13) and therefore ARBS-PUL should have increased with increased cumulative effort for the higher

depletion rate. Instead ARBS-PUL began to decrease with increased cumulative effort after an initial increase, and this

was the same for both depletion rates.
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These discrepancies from the expected patterns highlighted by the simulations were caused by the manner in which
the vessels fished each lane (i.e. non-consistent depletion patterns). Here we assumed that the depletion rate of a vessel
on the benthos was independent of the catch efficiency, but it may have been that the depletion rate fluctuated
between vessels and may be linked to the vessel catch efficiency. Research quantifying how depletion rates vary
between vessels and how they are linked to their catch efficiencies is required to address this. The relationship between
catch efficiency and depletion rate is important for understanding how the impact on the benthic invertebrate biomass
changes per tonne of king scallop caught. If accurate depletion rates and catch efficiencies can be quantified, either by
individual vessel or by similar vessels, and then by other factors, such as habitat type, then these could be used to help
as evidence for trade-offs balanced between environmental efficiency and other efficiency measures such as catch,

bycatch and fuel efficiencies.

o o o (=]
] S S S
wn wn wn w
- Fuel = 250 - Fuel = 250 - Fuel = 250 - Fuel = 250
q=0.1 q=02 q=03 q=04
o o o o
o o (=] (=]
B 5 B rss
o o o o
0 50 100 200 0 50 100 200 0 50 100 200 0 50 100 200
o o o o
o _ = o b=3
n w0 wn w
\n Fuel = 500 - Fuel = 500 - Fuel = 500 -~ Fuel = 500
6 - q=041 q=02 q=03 q=04
c o =) o o
c 37 3 3 3
= e T T T T e e e
= 0 50 100 200 0 50 100 200 0 50 100 200 0 50 100 200
e
v o o o o
C 3 1 3 2 2
o - Fuel = 750 - Fuel =750 - Fuel = 750 - Fuel =750
S 4 q=01 4 q=02 4 q=03 4 q=04
T 8 g g U
g o | o | B | o |
L otfY———— ST T T 1 °cTT T T ° T T T 71 7T
0 50 100 200 0 50 100 200 0 50 100 200 0 50 100 200
o (=] o (=]
o _ S o o
wn wn wn w
- Fuel = 1000 - Fuel = 1000 - Fuel = 1000 -~ Fuel = 1000
— q=0.1 — q=02 — q=03 — g=04
o o [=] o
Q = o - o -
n wn wn w0
o - o o - o
T T T T T T T T T T T T T T T T 1 1 1T 7T
0 50 100 200 0 50 100 200 o] 50 100 200 0 50 100 200

Cumulative Area Swept (m?)

Figure 3.4: Simulated fuel intensity (l/tonne landed) plotted against cumulative effort (swept area). In each panel the fuel
consumption (I) and vessel absolute catch efficiency (q) used in the simulation are printed.

Fuel intensity

Our simulations of fuel intensity showed increases of fuel intensity with increased cumulative effort in all cases (Figure
3.4). The rate of increase was dependent on the fuel consumption rate and the catch efficiency of the vessels. Across
the three vessels where empirical fuel intensity was analysed, fuel intensity increased with increasing cumulative effort.
Our simulations show this increase is expected as, regardless of vessel specific daily fuel rate, more fuel would be
required to catch a tonne of king scallops as each area was depleted further and scallop density decreased. The empirical

catch rates showed depletion patterns and were analysed and discussed in Chapter 2. The majority of empirical hauls
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had a fuel intensity estimate less than 500 I/tonne, and all of the remaining hauls had a fuel intensity less than 2000
I/tonne. However, it is key to stress that the vessels were instructed to fish longer in a fishing lane than they may have
chosen to out with an experimental setting. As a consequence, we would expect to see fewer fuel intensities between

500 and 1000 I/tonne for an area of similar initial scallop densities out with an experimental setting.

Another important consideration is that the scallop catches in the present study were reported including shell weight,
as is common for molluscs. This is important as species with a greater proportion of inedible live weight (e.g. a shell)
will have a relatively lower fuel intensity compared to species with a higher percentage of live weight that is edible (such
as finfish). Parker and Tyedmers (2015) reported global median fuel intensities for a range of fishing methods and
species groups, although these are reported by live weight of the species rather than edible protein (Tyedmers 2001).
As a consequence, we can directly compare our estimates to those of Parker and Tyedmers (2015) for molluscs, which
were reported including shell weight, and dredge gears, as these gears are often used to capture molluscs. Parker and
Tyedmers (2015) found that the global median fuel intensity of dredges was approximately 500 I/tonne and was
between 500 and 1000 I/tonne for molluscs. Therefore, the majority of our by-haul fuel intensity estimates were lower
than the global medians estimated by Parker and Tyedmers (2015) for dredge vessels and molluscs. The primary reason
for this is likely to be the high density scallop sites chosen for this experiment, and these values demonstrate that scallop

fishing in such high density areas is relatively fuel efficient compared to the global averages.
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Figure 3.5: Empirical fuel intensity (I/tonne of scallops landed) plotted against cumulative effort (swept area (km?2)) and separated by
vessel, from the fishing intensity experiment. Cumulative effort is cumulative by fishing lane. Black points are individual hauls and red
lines are model fits from a mixed effects model fitted to all data.
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Methodological considerations

The area of each fishing lane (1700m by 370m) was large compared to the width of a typical haul path of a vessel (14
dredges was 10.64m in width). Due to these relatively narrow haul paths some vessels conducted multiple hauls before
passing over previously fished seabed or applied large amount of cumulative effort to one part of a fishing lane before
moving to another relatively unfished part (as demonstrated in Chapter 2). This will explain unexpected increases or
decreases in the estimated empirical ARBS-PUL and unexpected decreases in estimated empirical fuel intensity with
increasing cumulative effort. For this reason, fishing lanes L8, L10 and L15 were removed from the analysis due to too
less than 45 % of the seabed being swept. For the majority of fishing lanes, the high amount of cumulative effort applied
had resulted in satisfactory overall trends of depletion. Therefore, although the estimates of ARBS-PUL and fuel intensity
may not have been accurately estimated after each haul, due to the differences in fishing patterns, the overall trends
with cumulative effort were satisfactory for supporting the simulations. More care of the spatial implications of these

analyses would be required if specific parameters, such as a rate of change, were to be estimated.

This study area had been closed to commercial scallop dredging for five years prior to the experiment, and therefore
relatively high densities of king scallops had accumulated (Chapter 2). High densities of king scallops was beneficial for
the analyses here, as it allowed understanding of change in the reported efficiency metrics as the fishing lanes were
repeatedly fished. However, in a commercially fished area initial densities may be far lower. If RBS is assumed to be
relative to some unfished level, then the fishing may be occurring much further down the curves in Figure 3.1 and further
to the right on the x-axis on any of Figure 3.2 and Figure 3.3 (i.e. after high cumulative effort has already been applied
to an area). Lower scallop densities will also lead to greater values of fuel intensity, with the rate of increase in fuel

intensity between hauls increasing more rapidly for a vessel with higher scallop catch efficiency (Figure 3.4).

Implications for management

To apply the work from this study as a management strategy, vessel catch efficiencies could be quantified and vessels
classified by low, medium and high efficiencies. Then effort limits within areas could be set for vessels so that the
environmental impact of any haul does not exceed a threshold relative to the amount of scallop catch (measured by
ARBS-PUL). In this scenario, highly efficient vessels would be advised to fish areas lightly and less efficient vessels could
be permitted to fish areas for longer. To implement this strategy greater understanding of individual vessel catch
efficiencies and areas specific depletion rates would be required. In addition to the aforementioned methods for
studying catch efficiency (Chapter 2), benthic depletion rates could be further studied by before-after-control-impact

towed gear experiments (e.g. Hiddink et al 2006; Lambert et al 2017).

This management strategy could then be applied in a rotational management fashion in the Cardigan Bay king scallop
fishery. Once an overall effort limit is met, based on the collective effort applied by the fleet, an area could be closed
and another area opened. The effort limit may be set by catch or landings per unit effort, as in the Shetland king scallop
fishery (Tindall et al 2016), or estimated as a limit on the amount of cumulative effort that may be applied to any given
area. Vessel monitoring systems are available to monitor, in real time, the spatial patterns of vessels fishing within a
given area (Wallace et al 2015), and there is advances in technology which permit real time catch and landings reporting
(Little et al 2015). Therefore, the tools are available to monitor the efficiency of fishing and incorporate this in to

management as is already done in multiple fisheries throughout the world (Little et al 2015).
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The effort limit could also be determined from a trade-off of multiple efficiency objectives. The efficiency objectives
could include both ARBS-PUL and fuel intensity, other measures of environmental impact, bycatch reduction and wider
economic efficiencies. Potential effort limits to reduce environmental impacts for areas in this fishery have also been
discussed by Lambert et al (2017), who analysed recovery four months after this experiment and found that fishing
intensities > 6 (i.e. six times more swept area than the size of an area of seabed) on seabed communities was closest to
the magnitude of natural disturbance in the area. This implied that all the fishing conducted during this experiment had
a lesser effect than natural disturbances, although the authors discuss a precautionary approach towards identifying a
seabed impact effort threshold. To help best optimise different efficiency objectives, including the seabed impact
threshold identified in Lambert et al (2017) and the environmental and economic efficiency metrics reported in the
present study, a more sophisticated efficiency analysis should be considered for the future. Such an efficiency analysis
could be Pareto efficiency (Jacobsen et al 2017). Quantifying Pareto efficiency for this study may allow for determination
of the amount of cumulative effort that could be applied to each of the areas used in this study which best meets the
objectives of catch, bycatch, environmental and economic efficiencies collectively. Such an approach was not employed
here, due to lack of data to conduct a full efficiency frontier framework, and the clear variation between vessels, but

we believe this work could contribute to such an approach if attempted in the future.

Alternative efficiency metrics

The size-structure of king scallop catches was not monitored during all hauls in the experiment which meant we could
not consider the issue of target species discarding. Whether target species survive after being discarded is an important
consideration for the impacts of fishing (Davis 2002). If more individuals are killed by fishing than those in the landings
then this should be incorporated in stock assessments to accurately estimate the stock size (Benoit et al 2010). Similarly,
it is good environmental practice to reduce the amount of any animals killed by fishing which are not used for human
consumption. This analysis only focussed on those king scallops which were landed (i.e. above the MLS and not badly
damaged) and does not reflect on the efficiency of minimising discarded king scallops. The majority of discards would
be expected to be under the MLS, and their survivability after discarding was beyond the scope of the dataset from the
experiment. The efficiency of minimising discards is an important consideration for management but not one that was
not addressed here. The focus on only marketable king scallops is still appropriate as this is what potential primary

management measures are likely to focus on.

Conclusions

This work has demonstrated with simulations, and supported by empirical evidence, how a measure of environmental
efficiency (ARBS-PUL) changed when an area was repeatedly dredged. In particular, we highlighted the importance of
the relationship between the depletion rate of fishing on the benthos and vessel catch efficiency, and how the
relationship between these two values will affect environmental fishing efficiency as an area is repeatedly fished. A
consequent manage strategy could use knowledge of catch efficiencies of specific vessels to limit their environmental
impact on areas of the fishery. We have also provided simulations and empirical evidence of how fuel efficiency,
measured as fuel intensity, changed as an area was repeatedly fished, and demonstrated that king scallop dredge fuel
intensity was lower here than median estimates from a global analysis of dredge and mollusc fisheries. This is also
important from an environmental perspective, due to greenhouse gas emissions. The environmental and fuel efficiency

evidence from this study could be incorporated in a future analysis to determine an effort limit for areas in a fishery
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which achieves highest possible efficiency across multiple objectives. Further quantification of both ARBS-PUL and fuel
intensity across a greater range of vessels would be required to provide more evidence to support such trade-offs
between environmental and fuel efficiencies when repeatedly fishing an area. The resultant effort limits could be

directly incorporated in a potential effort-based rotational management strategy for a scallop fishery.
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CHAPTER 4: A COMPARISON OF AGE-, LENGTH- AND UN-
STRUCTURED INTEGRATED ANALYSIS MODELS FOR

ASSESSING SCALLOP STOCK SIZE
Abstract

Single species stock assessments continue to play an important role in supporting fisheries management, yet data-
limited situations can lead to uncertainty in their reliability. Here we compare the performance of three models in
relation to a temporally data-limited scallop stock, based on the data available, population characteristics and model
fit. All three models were integrated analysis (multiple observed datasets), stock assessment models based on different
characteristics of stock structure (length-, age- and un-structured respectively). Unstructured models are also known as
surplus production or biomass dynamic models. All models were designed to operate with aggregated catch data (single
sum of annual catch) as well as survey data as either length- or age-frequencies or total index. The models were designed
to account for the seasonal patterns in scallop life history and fishing activities. They were fitted to a short time series
containing missing survey data. Both the age- and un- structured models estimated that stock size decreased with time,
and at realistic and similar magnitudes. Both these models had the best goodness-of-fit. In contrast, the length-
structured model had a poor goodness-of-fit and estimated that stock size was rapidly increasing with time. This was
likely caused by the additional complexity of modelling growth and over-weighting of length-composition data in the
joint likelihood. This work has provided the foundations for assessing Welsh scallop stock(s) size(s) using some of the
most recent statistical stock assessment modelling tools and frameworks available. The posterior estimates of many
model parameters, such as fishery selectivity curves and survey catch efficiency, can also be used as prior distributions
in analyses in other king scallop fisheries. This work also demonstrated that age- and un- structured models can produce
similar stock size estimates but that there still remains variability between all three stock assessment model estimates
when applied over a short time series. This highlights the importance of carefully considering the estimated stock

structure in stock assessment models.

4.1 Introduction

The sustainability of a fishery depends on the size of the target species stock over time, and both the socio-economic
impact and the environmental impact of fishing (Hilborn and Walters 1992; Heino and Godg 2002; Hilborn 2005). The
size of the target stock over time is typically measured as abundance or biomass (Hilborn 2005). From the trend of stock
size, it is common to estimate concepts such as maximum sustainable yield (MSY), which can be used in target setting
or to derive biological reference points to limit fishing activities and avoid overfishing of stocks (Jensen and Marshall
1982; Caddy 2004; Shertzer et al 2008). MSY is the largest amount of annual catch from the fishery that could be
removed in perpetuity (Maunder 2008). Estimates of recent stock size, MSY and consequent biological reference points,
can inform the use of management tools, such as catch limits or effort restrictions, to ensure the future sustainability
of the target stock and fishery (Hilborn and Walters 1992). Despite the benefits of quantifying stock size, some important
commercial fisheries cannot do so due to data deficiencies, or the lack of a suitable method of assessment (Carruthers
et al 2014). Even commercially important species lack analytical assessments of stock status. For example, king scallop

(Pecten maximus) management is not informed by stock assessments for the majority of stocks in the UK.
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Stock assessment models are routinely used to estimate species stock size, as well as to provide other useful
management metrics such as annual fishing mortality rates, annual recruitment, MSY and biological reference points. A
variety of stock assessment techniques exist to estimate these management metrics and all involve the use of
mathematical calculations and statistical methodologies designed to account for high variability and uncertainty in
fishery -dependent and -independent data (Hilborn and Walters 1992). An important consideration is the choice in the
way the mathematical calculations, or population dynamic equations, are structured in models (Hilborn and Walters
1992). The structure of models is linked to parameter estimation, with a more detailed structure allowing for estimation
of more detailed parameters which may allow for a better representation of reality in the stock assessment model
(Hilborn and Walters 1992; Bjorndal and Brasao 2006). The structure of the model determines whether the stock size is
estimated as a single annual figure of biomass (unstructured) or whether the stock is simulated in groups consisting of

fish that are similar in some respect (e.g. age or size) (structured).

One general stock assessment approach for estimating stock size is historical stock reconstruction from fishery data
(Hilborn and Walters 1992). This 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). Unstructured historical reconstruction stock assessment models
are also referred to as surplus-production or biomass dynamic models and are considered the simplest historical
reconstruction stock assessment models due to the relatively few estimated parameters and less onerous data
requirements than other stock assessment modelling options (Jensen and Marshall 1982; Hilborn and Walters 1992;
Punt et al 2013). The population dynamic equations used to update the stock size over time in these models are often

based on equations developed by Schaefer (1954), Pella and Tomlinson (1969) or Walters and Hilborn (1976).

The most common structured model technique is to estimate the stock size by fish of the same age, and these are known
as age-structured models. Here, the population dynamic equations update the abundance in each age class over time.
Age is a convenient way to structure the stock as it corresponds to (typical) yearly model time steps and annually
reported landings (e.g. Fournier et al 1998; McGarvey et al 2010; Methot and Wetzel 2013). However, the lack of
routinely available age data for fish stocks, and the potentially high measurement error in the aging of many fish species,
has led to the development of length-structured stock assessment models (e.g. Sullivan et al 1990; Punt and Kennedy
1997; Punt et al 2010). Length data are generally easier to obtain and often have far lower measurement errors than
age data (Sullivan et al 1990). In these models the abundance of fish in each length class is updated through time, and
the detailed biological structure of the estimated stock is often maintained, or even enhanced, when compared with
age-structured models (Sullivan et al 1990). However, modelling a fish stock by length-structure involves explicitly
modelling growth as, unlike in age-structured models, fish can transition between classes within an annual model time

step (e.g. Punt et al 1997; Maunder 2001; Punt et al 2013).

Unstructured models have particularly been used in tuna stock assessments, other similar finfish stocks and extensively
for shellfish (Punt et al 2013), yet many consider their population dynamic equations too simple to capture the
complexity of biological reality and argue that a structured stock assessment should always be implemented over
unstructured stock assessments where data are available to do so (Hilborn and Walters 1992; Quinn and Deriso 1999;
Tahvonen 2009). Despite this strong criticism Hilborn and Ledbetter (1979) demonstrated that poor fits in unstructured
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models were often due to poor relationships between stock size and fishing effort, which caused fitting problems in
age-structured alternatives as well. In addition, several studies have shown that unstructured models can produce
similar management parameter estimates to, or even more reliable ones than, age-structured alternatives (Ludwig and
Walters 1985; 1989; Moxnes 2005). However, there are also examples where unstructured models have been shown to
be incapable of accurately estimating stock size (Townsend 1986; Bjorndal and Brasao 2006; Tahvonen 2008). The
variability in these experiences with different models suggests that the choice of an appropriate and reliable modelling

approach is context and data dependent.

Although age-structured methods are particularly common, they are not without critique. Some age-structured
techniques are implemented in the absence of age data. For example, it is possible to use a ‘slicing’ technique to assign
size-composition data to age-classes if it is desirable to use an age-structured model (e.g. McGarvey et al 2007). This
technique assigns age-classes based on measured growth rates (McGarvey et al 2007). Slicing techniques can lead to a
significant loss of information and so true length-structured models, where all calculation processes are kept length-
based, are preferable (Punt et al 2013). Another disadvantage of age-structured methods can occur in a MLS managed
fishery if the model uses an age-based selectivity curve method, as is common (Punt et al 2013). Selectivity curves are
used in stock assessments to describe the proportion of caught fish that are retained in the gear per length or age class.
In an MLS managed fishery, at least one age class of fish will span the MLS. In the fishery the true underlying length-at-
age distribution of such an age class will become skewed towards the individuals lesser than the MLS (as those > MLS
will be landed) and this skewness is unlikely to be captured in a stock assessment model using an age-structured
selectivity curve (Punt et al 2013). As a consequence, individuals < MLS in the MLS overlapping age-class will be removed
from the estimated stock at a higher rate than occurs in reality (Punt et al 2013). This can result in an overestimation of
biomass in age classes spanning the MLS, as the larger individuals and heavier individuals in the age class are more likely
to have been landed in reality. The ‘slicing’ technique can overcome this; however, the resultant age-structured model
becomes similar in complexity to length-structured models with the incorporation of growth rates (Punt et al 2013). In
a length-structured model, the size-groups can be set precisely enough to capture the knife-edged selectivity effect of

a MLS without manipulation of the raw data prior to model fitting (Punt et al 2013).

Analytical disadvantages of length-structured models also exist. Length-structured models do not track cohorts of fish
and typically have many more classes than age-structured models which leads to increased complexity and can lead to
worse performance (Punt et al 2013). In addition, length-structured models must explicitly model growth which
increases model complexity (Hillary and Eveson 2015) and can considerably increase the computational run time of
length-structured models. If growth is poorly described then length-structured models are likely to perform worse than
age-structured equivalents (Punt 2003; Punt et al 2013). Furthermore, unless tagging data are available to estimate
growth rates then age data are required to estimate the growth rates required in length-structured models. This means

length-structured models are often not entirely independent of age.

Whether using length-, age- or un-structured population dynamics equations, there are many options for the statistical
framework under which the stock assessment models are implemented. A field of stock assessment models known as
integrated analysis (IA) models use multiple data sources and a joint likelihood function to estimate model parameters
and stock size (Methot and Wetzel 2013). The population dynamics equations in these models estimate the stock size
through time based on the fundamental dynamics of growth, maturity, morality and recruitment, whilst modelling
process error (Punt et al 2013). Process error is the natural variation in the true stock dynamics, and differs from
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observation error which is the error in the methodology (Ahrestani et al 2013). The IA method for stock assessment has
several advantages over other methods such as cohort analysis or virtual population analysis (VPA). Firstly, there is no
assumption that the stock must be in a steady state (Sullivan et al 1990; Punt et al 2013). Secondly, by analysing multiple
data sources simultaneously logical consistency between data sources is best maintained (Maunder and Punt 2013).
Thirdly, IA models also provide an explicit and more complete estimation of the uncertainty involved in stock assessment
calculations, which may be considered crucial in management decisions (Maunder and Punt 2013). However, despite
the considerable analytical advantages of IA models, their complexity may make them challenging to understand for
both managers and biologists (Maunder and Punt 2013; Punt et al 2013). Like many approaches, IA models may also
become subject to poor performance if key parts (such as growth) are poorly described (Punt et al 2013). In addition,
and also like other methods, IA models are subject to poor performance if considerably inconsistent data sources are

used (Punt et al 2013).

Length-, age- and un-structured models have been implemented for scallop fisheries across the world and the majority
of which were IA models. Delay-difference models, which typically split the stock in to two stages (such as lower than
MLS and above), are extensions of unstructured models and have been used in multiple scallop fisheries (Nasmith et al
2016; Bloor et al 2017). Scallops can often be aged by counting external growth rings on their flat shell (Haskin 1954;
Campana et al 2001) which has resulted in the use of age-structured models in other scallop fisheries (Campbell et al
2012; Dobby et al 2017). However, the growth rings are not always visible and there is a risk of observation error, hence

length-structured models have also been implemented in scallop fisheries (Williams et al 2010; NEFSC 2014).

This present study compared the performance of each an age-, length- and un- structured IA stock assessment model
for estimating the size of a Welsh scallop stock. The population dynamics equations were extremely similar between
the length- and age-structured models, whereas the unstructured model population dynamics equations differed more.
Each model used the same computer estimation algorithm and statistical framework for parameter estimation. All
common fixed parameter values and assumptions were kept as similar as possible between the models. The commercial
fishery data were identical between the three models and the survey data was from the same source but arranged
according to model structure. Each of the length- and age-structured models estimated total stock abundance, total
stock biomass (TSB), spawning stock biomass (SSB), fishing mortality and recruitment, from which MSY, Bwsy, Fmsy and
carrying capacity were derived. These were then compared with the outputs of the unstructured model that provided
only TSB, MSY, Bwmsy, Fmsy and carrying capacity. The length- and age-structured models also estimated length- or age-
structured fishery selectivity, fishery retention (catch which was not discarded) and survey absolute catch efficiency
curves. The unstructured model also estimated survey absolute catch efficiency and fleet catchability. This research also
estimated von Bertlanffy growth, age- and length- weight and age- and length- at-maturity curves prior to model fitting,
as these were required for some of the models. Each model was fitted to the available data which spanned a relatively
short time series (five years), which contained missing survey data in one year. The models were evaluated on their

statistical goodness-of-fit to the observed data and the magnitude and trends with time of the key outputs.

The research aimed to highlight the importance of carefully considering modelled stock structure when estimating
stock size. This research also aimed to assess the suitability of each stock structure method for the Welsh king scallop
fishery, and help guide future data collection and model improvements. In addition, it was intended that many of the
parameters estimated by the models were likely to be directly useful in other analyses of this fishery or as prior
distributions in other king scallop fisheries.
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4.2 Materials and Methods

Assessment area

Each model was fitted to observed data from a temporally data-limited king scallop (Pecten maximus) stock in the areas
open to commercial scallop dredging of the International Council for the Exploration of the Seas (ICES) statistical
rectangle 33E5 (hereafter referred to as the assessment area), which is situated in Cardigan Bay, Wales, UK (Figure 4.1).
The assessment area does not include areas of this rectangle which were closed to commercial scallop dredging (Figure
4.1). King scallop fishing in Wales is currently managed using input controls such as gear (Newhaven dredges), MLS and

effort restrictions which are not linked to a stock assessment (The Scallop Fishing (Wales) (No. 2) Order 2010, Table 1.8).
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Figure 4.1: The location of the stock assessment area (areas included within red lines) within Cardigan Bay, Wales. The assessment
area is 1,372 km2. Green is land, orange areas are closed to scallop dredging and the dashed lines represent the 3nm and 12nm
distance from shore lines. Between the land of Wales (right side green) and the 12nm line is Welsh waters, and further from the coast
and beyond the 12nm line are European Union waters. White area is sea open to commercial scallop dredging. Survey hauls are
coloured according to year as indicated in the map legend. Two ICES statistical rectangles are outlined in grey and named on the map
(note the north and west edges of 33E5 are mostly coloured red as these are also the north and west edges of the assessment area).
The inset map shows the location of the main map within the British Isles.

ICES statistical rectangle 33E5 was chosen because it had considerably higher annual landings across the time series

than other ICES statistical rectangles that are partly in Welsh waters, and therefore represented a key component
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(approximately one third) of the greater Welsh scallop fishery. ICES rectangles were convenient so that the total landings
from them could be defined, and there were no finer scale landings data available. ICES rectangle 33E5 does not cover
the entirety of Cardigan Bay, and therefore the focus on this rectangle alone excludes parts of the Cardigan Bay stock
that fall outside the rectangle (to the north). The ICES rectangle immediately north of 33E5, 34E5, spans in to another
fishing ground (Llyn Peninsula ground) and therefore it was impossible to separate the landings from the Llyn Peninsula
and Cardigan Bay fishing grounds. It is currently unclear if the population in the Llyn Peninsula ground is part of the
same stock as the Cardigan Bay population. Genetic evidence suggests that the Cardigan Bay population is isolated from
the other Welsh king scallop grounds, but biophysical modelling suggests that Cardigan Bay is a sink for larvae from the
Llyn Peninsula ground (Hold et al in press). Therefore, the degree of isolation of the Cardigan Bay population remains
unclear. Additionally, including 34E5 would result in large areas included in the stock assessment where there is no king
scallop fishing based on knowledge of fishing grounds (Figure 1.5). As a consequence of this combined uncertainty 34E5
was not included in the assessment area, which meant that the portion of the Cardigan Bay stock in the 34E5 rectangle
were also not included. Survey indices from this area indicated king scallop densities to be relatively low (annual mean
of 0.24 to 0.82 king scallops = MLS per 100m?) (Delargy et al 2019), and therefore, although not ideal, the assessment
area was constrained to (the open parts of) 33E5 to best quantify the landings taken from the stock. The assessment
area was also chosen because fishery-independent dredge surveys have been conducted there since 2012 (Figure 4.1)

(Delargy et al 2019).

Brief overview of models

Each model consisted of population dynamics equations used to estimate the king scallop stock size over the time series.
The equations and parameters of each model are detailed in the forthcoming subsections. Parameters for each model
were either fixed and provided as inputs, or estimated when fitting the model using a Bayesian approach. A Bayesian
approach requires prior statistical distributions of each of the estimated parameters to be provided by the user. For
each model, the population dynamics equations were then fitted to observed data, to estimate the joint posterior
statistical distribution of the model estimated parameters (McAllister and lanelli 1997). The fitting procedure sampled
values from each estimated parameter prior distribution, and the probability of a given set of values generating
predicted data which reflects the observed data was evaluated through a joint likelihood function and the specified
prior distributions (McAllister and lanelli 1997). The structure of the population dynamic equations is described in the
flow diagram for the length-structured model (model with most parameters) for a single set of estimated parameter

values (Figure 4.2).

Observed data used for fixed parameters and likelihood evaluation

Annual estimates of total catch of king scallops (including shell weight (live weight), tonnes) were obtained from the
assessment area for the years 2012 to 2016. Catch data consisted of official landings (STECF 2018) and discards
estimated using discard rates (unpublished data from Marine Institute, Galway) (Table 4.1). Discard rates were available
from 2011, 2012, 2013 and 2017. The discard rates for 2014 to 2016 were estimated from a general linear model fit to
the relationship between known discard rates and years. The discard rate informed the percentage of the catch which
was discards and the percentage which was landings, for the years 2012 to 2016. Discards (live weight, tonnes) for these
years were then estimated using the amount of tonnes equating to a percentage of the total catch, which could be

derived from the landings. In addition, annual estimates of effort (all sizes of vessels, hours fished) in the assessment
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area were obtained for the years 2012 to 2016 for vessels fishing with dredges (STECF 2018). Effort was used to derive

annual catches in the unstructured assessment model and incorporated as fixed parameters.

ER— Historical population Historical recruitment
ecruitmen . . ‘-"'-—--..____ Total historical recruits
Total number of recrui_‘t estimation (RhiStpnst)
parameters (R, R™edian psd)
Length distribution of recruits
parameters (18,0%)
Maximum length of recruits Growth
Population update and Asympoticlength (L)
. . Growth rate (k)
abundance estimation per |
year
>4 ‘ ey
Survey selectivity curve (17, BY)
Mortality / . e
Maximum catchabilit
Annual fishing mortality rate . . vial
(Fy.. Fy) Calculate predicted catch, Calculate predicted survey Survey timing (p)

LTt ; : Proportion swept by survey (4
Fishing and discard selectivity landings and discards per index per year P oy y(4:)
curves (I, pF, 15, B?) year
Natural mortality (M) / l

A Survey likelihood
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Total variability of catch (1) Evaluate probability of Evaluate probability of | Coefficient of variation of total

. . v
Fraction of W attributable to —*| predicted catch, landings survey catch and length- survey catch (cv”) N
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landings (C) _ and discards against frequency distributions multinomial distribution (w)
g;i;;erlzz?j:)betweenIandlngsand observations against observations

Figure 4.2: Flow chart of the length-structured model for a single set of estimated parameter values. Beginning at the top centre with
the historical stock estimation and following the thicker arrows to the likelihood evaluation at the bottom centre two boxes. The boxes
on the left- and right-hand sides detail all the estimated parameters (red) and key fixed parameters (black) used in the length-
structured model calculations, and the thin arrows indicate where in the length-structured model process these parameters are used.
The process is then repeated for multiple sets of estimated parameter values.

Fishery-independent survey indices and age and length distributions were obtained from annual surveys that followed
a random sampling design in the assessment area. The surveys were not specifically designed for stock assessment of
the assessment area, and instead sampled the areas outlined in Figure 1.5 which overlap with a large proportion of the
assessment area. Positions were randomly selected from a grid overlaid on these survey areas. Only the survey hauls
which fell within the assessment area were used in the stock assessment models here (Figure 4.1). No hauls from the
SAC were included in the stock assessment models.

Table 4.1: Discard rates as percentage of king scallop catch from observers on board vessels fishing for king scallops with Newhaven
dredges in the stock assessment area (unpublished data from Marine Institute, Galway).

Year Discard rate (percentage of catch %) Used in models
2011 10.0 (actual) No
2012 7.3 (actual) Yes
2013 4.6 (actual) Yes
2014 3.8 (estimated) Yes
2015 3.1 (estimated) Yes
2016 2.3 (estimated) Yes
2017 1.5 (actual) No

Each survey was conducted from the RV Prince Madog and sampled using two Newhaven dredges. Each dredge had 10

teeth of 60mm in length and 60mm belly ring diameters, which differs from the commercial gear which have eight teeth
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of 110mm in length and wider belly rings (exact size varies). The dredges used in the surveys were designed to catch a
greater number of king scallops less than the MLS compared to the commercial gear, which allowed for a greater
understanding of the stock size structure. The survey data time series covered 2012 to 2014 and 2016. Abundance
survey indices (total number of king scallops caught), and age or length distribution as relative proportions, were
included in the joint likelihood function of the length- and age-structured models respectively. Only survey indices
(expressed as total biomass of king scallops caught, live weight) were used in the unstructured model joint likelihood.
Total numbers and biomass were not standardised, but total survey effort, expressed as the annual proportion of the
assessment area swept, was used to estimate survey data in each model as described in the survey calculation

equations.

In 2012 to 2014, the shell widths of up to 45 king scallops per dredge per haul were measured to the nearest mm and
these same scallops were aged, by counting external growth rings. If more than 45 king scallops were caught in a single
dredge then the frequency distributions were raised by the ratio of the total weight of king scallops caught in that
dredge to the weight of the 45 measured. In 2016 up to 90 king scallops were measured and aged, and the frequency
distributions were raised if more than 90 were caught in a single dredge by the same method. Each of the length and
age distributions included the same king scallops caught during the surveys. These age data were also used to determine

the fixed von Bertalanffy growth parameters used to estimate king scallop growth in the length-structured model.

Samples of king scallops were retained across the surveys (total of 472 individuals) and individually weighed (live
weight). From these data the fixed parameters of an age-weight relationship and a length-weight relationship were
estimated. These parameter estimates were used in age- and length- structured models respectively. The scallops in
this sample were then dissected and maturity stage was quantified using the gonad observation index (Mason 1958).
From these data the parameters of age- and size- at-maturity curves were estimated, which were required to estimate

SSB after stock assessment model fitting in the age- and length- structured models respectively.

Structure of the models

The length-structured model was based on a length-structured model developed by Hunter (2015) for Scottish finfish
stock assessment, which in turn was based on the length-structured model by Sullivan et al (1990). The length-
structured model here is therefore similar to the CASA model used in the US sea scallop fishery (NEFSC 2014) which was
also based on Sullivan et al (1990). The Hunter (2015) model was adjusted here to account for missing survey data, to
allow growth parameters to be included as fixed parameters, instead of estimated parameters, and to account for the
seasonality of the Welsh king scallop fishery and life history. The age-structured model was a modified version of the
length-structured model so that it could operate in age classes. The equations from the age-structured models are
presented here and can be assumed to be the same and operate with length classes for the length-structured model
unless otherwise stated. The length-structured model also had additional components for describing growth and
recruitment. The age-structured model estimated 11 classes from age two to age 12, whereas the length-structured
model estimated the stock in 1 mm size classes which resulted in 166 classes. The age-structured model began at age
class two so that recruitment was consistent in each of the length- and age-structured models, and so that recruitment
represented king scallops which could be caught be either the survey or fishery. Age 12 acted as a plus group in the age-

structured model, where surviving individuals were retained in this age class for the next year.

88 |Page



Each of the age- and length- structured models estimated stock size using population dynamics equations based on
growth, mortality and recruitment. Although growth was not explicitly modelled in the age-structured model, it was
implicitly modelled by moving surviving individuals to the next age class during each time step. In each model (age- and
length- structured) the stock abundance (N) was updated at age (a) (and can be assumed length (L)) over time (t) based
on growth (P), total mortality rate (Z) and recruitment (R), as is common in stage-structured fish stock modelling. In the
age-structured model the growth parameter moved all surviving individuals to the next age class. The estimation of
each of growth, total mortality rate and recruitment are described in consequent sub-sections. The updating of N
occurred in three stages within a single time step (year) in both models to capture the seasonality of the fishing season
and king scallop life history. This three-stage approach also allowed both models to operate in calendar years, which
was how the commercial data was reported, as opposed to fishing seasons. The first stage (N14:) updated the stock for
the period 1% January to 30™ April by applying half of the total fishing mortality rate (F), a third of the total natural
mortality rate (M) and no growth or recruitment (Eq 4.1). Half of the total fishing mortality rate was applied at this stage
as these four months were likely to represent similar landings to the other two months of fishing in the year (November
and December) (Pantin et al 2015), and the fishery is closed from the 1% of May until the 31% of October annually. No
growth or recruitment were applied at this stage as the majority of king scallop growth and recruitment takes place in

the late spring and summer where there is greater food availability (phytoplankton) (Chauvaud et al 2012).

1 1
Nlg, = 1va,te‘(i’”a't+ 3M) fort>1 (4.1)

The second stage (N24,:) updated the stock for the closed season period 1%t May to 31 October by applying zero fishing
mortality rate, half the natural mortality rate and all growth and recruitment (Eq 4.2). This period represented the closed

fishing season and the late spring and summer months.

1
N2g; = N1y, Ppe 2" + Ry, fort>1 (4.2)

The third stage (N, ;.1) updated the stock for the period 1°* November to 31* December by applying half the fishing
mortality rate, a sixth of the natural mortality rate and no growth or recruitment (Eq 4.3). This period represented two
months of fishing where landings were expected to be relatively high compared to other months of the fishing season

(Pantin et al 2015).

1 1
Ngsr = 1v2a,te‘(?"a'f+ &) fort>1 (4.3)

Due to high variability in the observed data, the initial abundance (N, ) was likely to be inappropriate if estimated
directly as an estimated parameter in each model. Therefore, a historical stock was estimated within each model over
an artificial time series, to allow each model time to ‘stabilise’ and estimate a realistic initial stock size. This is often
referred to as a ‘spin-up’ period, where a time-series model is given time to equilibrate and generate a suitable starting
value that is consistent with the model’s calculations (Thornton and Rosenbloom 2005). To do this, a historical stock
(Ng nist) was updated over historical time (hist) using estimated fishing mortality rates from the earliest year in the time
series (t=1) (Eq 4.4). The historical recruitment values (Rj;s;) were estimated parameters in both models and were then
entered to age or length classes as described in the Recruitment section. The initial historical recruitment (R pis¢=1) Was

set as the initial historical stock (N, ;;5¢= 1), applied across age or length classes.

1 1 1 2
Na,hist = (Na,hist—lpae_(EFa'1+§M) + Ra,hist)e_(EFa'l_'-EM) fOT hist > 1 (4-4)
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The final historical stock (N p;st=r) Was then set as the initial stock abundance (N, ;) for the actual time series in each
model (i.e. 2012). The length of the artificial historical recruitment time series (n) used to generate the initial abundance
in the each model (N, ;) was four years, as this allowed enough time for both models to generate a suitably sized initial
stock. This artificial historical stock approach also reduced user bias in the estimation of N, ;, which could each have
been implemented as an estimated parameter. By treating N, ; as an estimated parameter, user bias from the prior
distribution would have been incorporated in each stock size estimate for 2012. Under this artificial historical stock
approach, the user bias was incorporated in the Ry;;; parameters and the models were given sufficient time to move
away from these prior distributions and identify the likely true values of N, ;. A similar approach to estimating initial
stock size and structure was implemented in the length-structured model of Tasmanian rock lobster (Jasus edwardsii)
(Punt and Kennedy 1997). For each model, longer artificial historical recruitment time series were tested but did not
improve model performance, and therefore the four-year historical time series was chosen to minimise the number of

estimated parameters.

The unstructured model differed from both the age- and length- structured models as growth, natural mortality and
recruitment were not explicitly estimated, but instead estimated using a logistic biomass dynamic model (Schaefer 1954,
Hilborn and Walters 1992). The unstructured model estimated the stock size as TSB (live weight, tonnes) over time (t)
based on the intrinsic stock growth rate (r), carrying capacity (K) (live weight, tonnes), fleet catchability (g¥) and
observed effort (E) (hours fished). The updating of TSB over time occurred in three stages within a single time step (year)
to capture the seasonality of the fishing season and king scallop life history, and to ensure consistency with the age- and
length- structured models. The first stage (TSB1) updated the stock by applying half the observed fishing effort (E), and
no growth, natural mortality or recruitment (Eq 4.5). Half the observed effort was applied at this stage to reflect the
half of the fishing mortality rate applied at this stage in the other two models. This assumed effort was directly

proportional to fishing mortality rate, as is a common assumption.

TSB1, = TSB, —>(q"TSB.E,) for t > 1 (4.5)

The second stage (TSB2) updated the stock by applying all growth, natural mortality and recruitment (Eq 4.6). As growth,
recruitment and natural mortality were not explicitly modelled by these equations they could not be divided by parts

of the year as they were in the age- and length- structured models.

TSB1;
K

TSB2, = TSB1, +rT5B1, (1-22) fort > 1 (4.6)

The third stage (TSB;,1) updated the stock by applying half the observed effort, to reflect the half of the fishing
mortality rate applied at this stage in the other two models (Eq 4.7). Each of r, K, qF and the TSB in 2012 (TSB,-,) were

estimated parameters in the model.
TSB;y1 = TSB2; —%(qFTSBZtEt) fort>1 4.7)

Growth

Growth was not modelled explicitly in the age-structured model, and all surviving king scallops in a given age class were
moved to the next age class during the closed season period. In the plus group (age 12) surviving individuals were

retained. King scallops lay annual external shell growth rings in the late spring in the Irish Sea, therefore the increase in
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modelled age during the closed season is realistic and best ensures the ages between estimated and observed survey

data were consistent. Growth was included in the unstructured model as part of Eq 4.6.

Mean growth increments in the length-structured model were modelled using a von Bertalanffy curve, which was
transformed to be independent of age (Eq 4.8). Growth was therefore defined from the initial length structure of the
estimated stock and the two von Bertalanffy parameters L, and k, which represented the asymptotic length and growth
rate respectively. Variation in growth rates of individual scallops at each length were incorporated by the specification
of unique, log-normal distributions for each length. The two growth parameters were fixed parameters estimated by
fitting a von Bertalanffy curve to king scallop age and length data obtained during the research surveys across all years
in the assessment area. This curve was fitted using nonlinear least squares estimation and the FSA package for R (Ogle

et al 2018).

ALy = (Lo — L)(1 —e7*") (4.8)

The von Bertalanffy curves in the length-structured model forced the growth rate to decrease with increased length,
which is an accurate representation of scallop growth (Chauvaud et al 2012). The decrease in growth rates with length,
combined with the unique log-normal distributions for each length, resulted in a reduction in the variation in growth
increments in larger scallops in the model. This reduction in growth increment variability is also realistic, as the largest

scallops would have grown at more similar rates (Chauvaud et al 2012).

Mortality

The age- and length- structured models estimated age- or length- dependent, annual total mortality rates in an identical
manner. Therefore, all reference to length classes can be directly substituted for age classes. Total mortality rates in
both these models were the sum of fishing and natural mortality rates. The annual natural mortality rate was assumed
to be constant with time and independent of king scallop age or length, as is common in stage-structured models (Punt

et al 2013).

Age- and length- dependent fishing mortality was estimated by year as the product of annual fishing mortality rates and
commercial fleet selectivity at age or length (sf or sf). Selectivity at age and length were estimated using a logistic
curve (Eq 4.9) (where L may be substituted for a). The shape (af, or ;) and scale (8%, same name in each model)
parameters of each logistic curve were estimated parameters in both models. The annual fishing mortality rates
represented the mortality rate applied to older or larger scallops that were fully selected and retained by the fishery,

and these were estimated parameters in both models for each time step (F; ... Fy).

1

- —aF L
Lie 1n(9)(a aSO)EF

(4.9)

sb =

In both models, annual catches were then estimated using two-stage Baranov catch equations (Baranov 1918) (where
p represented the fraction of the year and where L may be substituted for a to distinguish between the two models) (Eq
4.10 and Eq 4.11). Both equations used fishing (F, . or F; ) and natural (M) mortality rates and the estimated age- or

length- structured abundance. The first stage estimated the catches from the period 1%t January to 30™" April (Eq 4.10)
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and the second stage estimated the catches from 1% November to 315 December (Eq 4.11). This two-stage catch
approach allowed summer recruitment, growth and natural mortality to be applied in the population dynamics

equations before the November-December catch was calculated.

1
5F, 1 1 1
Clge = %(1 — e‘(iFa'erEM)) Ny for0 < p< 3 (4.10)
FFae +3M
2 y
1
5F, 1 1 5
C2a; = %(1 — e‘(iFa'“EM)) N2g: forz < p<1 (4.11)
SFpe +2M
2far T

The annual catch-at-age (or length) (Cn, ) was obtained by the summation of C1,, and C2,, before separation in to
landings and discards. A logistic curve was used to estimate the retention fraction at age or length, and both the shape
(aByor 1Z,) and scale (82, same name in each model) parameters of this curve were estimated in both models (Eq 4.12).
The product of the retention fraction-at-age (s2) and Cn,, resulted in the landings-at-age (Ln, ). Discards-at-age
(Dng ) were consequently estimated by subtracting Ln, . from Cng,

sP=— X (4.12)

_ —aD )L
Lhe 1n(9)(a aSO)BD

Both Ln,; and Dn,, were converted to mean biomass-at-age (live weight, tonnes) (Lb, ; and Db, ;) by multiplication
with mean weight-at-age (or mean weight-at-length in the length-structured model). The two fixed parameters of the
weight-age relationship used to estimate mean weight-at-age (x and y, Eq 4.13) were estimated using a general linear
model on individual scallop weight and age caught in the assessment area during the surveys. The two fixed parameters
of the weight-length relationship used to estimate weight-at-length (a and b, Eq 4.14) were estimated using a general
linear model on natural logarithm transformed individual scallop weight and length caught in the assessment area
during the surveys. Each of Lb, . and Db, were summed across age classes (or length classes) to obtain estimated
aggregated landings (Lb{St) and discards (Db£St) for each time step. Both Lbft and DbESt were included in the
likelihood function and modelled with a multivariate-normal distribution, where t consisted of both Lb¢S*and Db§st, to
represent estimated annual catch (Ch#s*) (Eq 4.15). A covariance matrix (6) was included in the likelihood function and
estimated from the products of the coefficient of variation (CV) of each landings (cv*) (single value) , discards (cv?)
(single value) and the correlation between the landings and discards (), the latter of which was a fixed parameter in
both models set at 0.95 to reflect high correlation between landings and discards. cv’ was the product of the total
variability in the catch (u) and fraction of this variability attributable to the landings (), both of which were estimated

parameters in both models. cv” was the product of u and the fraction of u attributable to the discards (1 - ).

W=y+x*va (4.13)
W = alb (4.14)
In(Chb2P) ~ multinom(In(z), &) (4.15)
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In the unstructured model, annual catch (Cb;) (live weight, tonnes) was estimated as the sum of the total catch from
each part of the annual fishing season (1% January to 30" April and 15 November to 31 December) using seasonal TSB,
q" and half of E, (Eq 4.16). This approach assured consistency with Eq 4.5, 4.6 & 4.7 and the age- and length- structured

models.

Ch, = g(qFTSBtEt) + %(qFTSBZtEt) (4.16)

Annual landings (Lb;) (live weight, tonnes) were estimated using the fixed annual discarding rate (Dr;) and estimated

Cb; (Eq 4.17). Annual discards (live weight, tonnes) were then estimated by subtracting Lb; from Cb;.

Lb, = Cb,(1 — Dry) (4.17)

Estimated annual landings and discards were included in the likelihood function in the exact same manner as the age-
and length- structured models, which resulted in the total variability in the catch (u) and the fraction of this variability

attributable to the landings () also being estimated parameters in this model.

Recruitment

Recruitment was defined as individuals large enough to be caught by either the commercial or survey gear. For king
scallops in Cardigan Bay the lengths of typical recruits (~78 mm) roughly corresponded to individuals aged two years old
(although large variation in the size of two-year olds exists). Due to limited understanding of the drivers of recruitment
in scallop stocks, a stock recruit relationship was not used in the age- or length- structured models. Instead, the
modelling of recruitment in both the age- and length- structured models involved estimating annual recruitment
(number of king scallops) as annual estimated parameters (R;), similar to Chen (2005), and then dividing these recruits
in to classes. To reduce user bias in the estimation of each R,, the median (R™¢%") and standard deviation (R%) of

the prior distribution of R; were estimated parameters in each of the age- and length- structured models.

For the length-structured model, the length distribution of the recruits was estimated with a log-normal distribution, as
is common in length-structured models (Punt et al 2013), with the median length of recruits (%) and the standard
deviation of recruit lengths (o®) estimated parameters in the model. The maximum length of recruits was also
incorporated in the model to prevent recruits from being assigned to unrealistic length classes. Maximum length of
recruits was a fixed parameter set as the maximum size of the small, yet distinct, peak at smaller length classes in each
of the observed annual length-frequency distributions (Figure 4.12). The recruitment modelling approach implemented

in this model meant the estimated length distribution of recruits did not vary annually.

In the length-structured model, the R; estimates were multiplied by the recruit length distribution to assign recruits to
the estimated stock. In contrast, the entire R; estimates were assigned to age class two in the age-structured model.

The unstructured model included recruitment as part of overall stock growth in Eq 4.6.

Estimated survey

Each model also evaluated estimated survey indices against observed survey indices. Estimated survey age-frequency

(or length-frequency) distributions (Ns, ) were also included in the likelihood function for the age- and length-
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structured models. Survey data were not obtained in 2015, so survey data were not estimated in each model for this
year. For the age- and length- structured models the survey equations were identical, and reference to length class (L)
can be directly substituted for age class (a). In these two models the estimated survey data were calculated based on
survey maximum absolute catch efficiency (q¥), age-structured survey (or length-structured) selectivity (st ), the annual
proportion of the assessment area swept by the survey each year (4;) and the timing of the survey expressed as a
fraction of the year (p;). This resulted in survey abundance per age or length class, and the annual relative frequency of
each class was calculated relative to the size of the annual total survey index. The annual total survey index was
estimated as the summation of estimated numbers of scallops caught in the survey across age or length classes each
year. As surveys were not conducted at the beginning of the year, the stock was updated appropriately based on the
timing of the survey by incorporating growth, recruitment and mortality in to the survey equations to ensure consistency
with the population dynamics and catch equations (Eq 4.18, 4.19 & 4.20). This meant that each of the three survey

equations took in to account fishing which had taken place prior to the survey occurring in that year.

Pe*x12/1 1
Nsge = Nyesaq'Ace” e Gractsm) for0< p, < % (4.18)
#12)- 12)-a., _(pr1D=a1
Nsae = (V1o * C2 4 (R, » 2y MgV a, for 1< po< 2 (419)
(pg*12)—10/1 1
Nsq = N2a‘tsngAte_7t 7 (gFartgh) for §< pr <1 (4.20)

sV was modelled as a logistic curve, as the survey gear were less likely to retain younger and smaller scallops (Eq 4.21).
The shape (aY, or 1Y) and scale (8", same name in each model) parameters of each curve were estimated parameters
in both models. g" was an estimated parameter in both models. A: were calculated by, firstly, multiplying the length of
each survey haul by the width of the mouth of a dredge and the number of dredges, to estimate the swept area for each
survey haul. Secondly, the summation of the swept area of the hauls on each survey were then divided by the area of
the assessment area to obtain A;. A: were then included as fixed parameters in each model. There were also two
numerical constants in Eq 4.21 (In(81) and In(9)) which helped define the shape and position of the curve.

s/ = ! (4.21)

—In8D)(L-1y )=, +In(9)
1+e ( 10)3‘/

The equations used to calculate the estimated survey indices in the unstructured model were also seasonal, reflecting
the same three periods as the age- and length- structured models. In this model the estimated annual biomass of king
scallops caught by the survey (Bs;) was calculated based on stock size at the time of the survey (TSB;, TSB1; or TSB2,),
absolute catch efficiency (q"), the annual proportion of the assessment area swept by the survey each year (4,) and the

timing of the survey expressed as a fraction of the year (p;) (Eq 4.22, 4.23 and 4.24).

. pex12 1 . 1
Bse = q"A(TSB, — (= —*5q" +TSB x ) | for 0< py < 3 (422)
Bse = "4, (1581, + L2 arspr, (1= T2)) for L p <2 (4.23)
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For each model the likelihood of the estimated survey indices were modelled against observed survey indices (Eq 4.25),
with survey abundance (total count of scallops caught per annum) used in the age- and length- structured models and
survey biomass (tonnes) of king scallops (total live weight caught per annum) used in the unstructured model. The CV
for the survey indices (cv") (single value) was an estimated parameter in each model. In addition, both the age- and
length- structured models evaluated the likelihood of estimated age- or length- distributions (Ns53f,) (Eq 4.26). Ns&st,
was modelled with a Dirichlet-multinomial distribution, where n was the true sample size and a was a vector
determining the mean and variance of the Dirichlet component of the distribution (Thorson et al 2017). The Dirichlet
component of this distribution was incorporated to account for variation in age- or length- structure between individual
survey hauls and overdispersion (Thorson et al 2017). To achieve this the Dirichlet component required a weighting
parameter (w) which represented the effective sample size of the survey, and was an estimated parameter in each of
the age- and length- structured models. The effective sample size accounted for non-independence of haul length or
age or length compositions and (should have) weighted the survey compositional data appropriately against other data
sources in each model (Thorson et al 2017). A full description of the Dirichlet-multinomial distribution and derivation of

the weighting parameter can be found in Thorson et al (2017).

In Ns2bs ~ Normal(In Ns&st, (cv” In Nsgst)?) (4.25)
Ns 25~ Multinomial (Ns&L,, n) Dirichlet(Ns&Y,, ) (4.26)

Model fitting

The joint likelihoods of the age- and length- structured models (L(catch, index, dist|8)) were defined as the product
of the likelihoods of the catch (catch), survey index (index) and survey structure (age or length) distribution (dist), given
the set of estimated parameters 6 (Eq 4.27). The joint likelihood of the unstructured model (L(catch, index|08)) was
defined as the product of the likelihoods of the catch (catch) and survey index (index), given the set of estimated

parameters 6 (Eq 4.28).
L(catch, index, dist|0) = L(catch|0) * L(index|6) * L(dist|0) (4.27)
L(catch,index|0) = L(catch|8) = L(index|0) (4.28)

In each model, the Hamiltonian Monte Carlo (HMC) method was used to estimate the joint posterior distribution of the
estimated parameters which maximised the respective joint likelihood. The HMC method uses posterior gradient
information to guide random sampling of the target posterior distribution, and this approach is a more efficient method
for estimating the posterior distribution than the random walk implemented by the Markov Chain Monte Carlo (MCMC)
sampling method (Neal 2011). Furthermore, the HMC method deals with the optimisation of the estimated parameters

as a physical system as opposed to points in parameter space (Neal 2011). This allows the HMC method to explore the
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joint posterior distribution of the estimated parameters more effectively than other methods (Neal 2011). Betancourt

(2017) provides a more detailed discussion on the geometric understanding of this method.

Each model was fitted using HMC implemented through Stan (Stan Development Team 2018). Each Stan model was
implemented in R (R Core Team 2018) using the package ‘rstan’, which is the Stan interface for R. Stan automatically
finds appropriate tuning parameters, such as number and size of sampling steps for exploring the joint posterior
distribution, using a No-U-Turn Sampler (Hoffman and Gelman 2014). For each model, four sampling chains were
initialised at different starting locations and for a number of iterations dependent on model. Warm up iterations (half
the number of iterations) were discarded for each model, as these iterations were used to adjust the number and size
of the sampling steps. Hunter (2015) found that 1,000 iterations were as effective as 10,000 for their variation of the
length-structured model. However, 7,500 iterations were required for the length-structured model implemented here
to provide reliable posterior estimates. The number of reliable posterior estimates were determined by the Stan
software, which accounts for independence of samples from other samples and dependent samples are discarded for
each estimated parameter. The age- and un- structured models used 2,000 iterations each as this number provided
reliable posterior estimates and kept model run time low. Prior distributions were chosen for each of the estimated
parameters in each model (length-structured = Table 4.2 (29 parameters), age-structured = Table 4.3 (27 parameters),
unstructured = Table 4.4 (8 parameters)), so that realistic constraints were enforced on parameters and to avoid fitting
unsuitable posterior distributions. The choice of prior distributions was based on a mixture of knowledge of parameter
ranges and, for parameters which had some difficulty in statistical fitting, trial and error within sensible parameter
ranges. Although the priors did not contain known information from other studies, this Bayesian approach was chosen

to appropriately quantify the uncertainty associated with model estimates (McAllister and lanelli 1997).

Table 4.2: Prior distributions given to the estimated parameters in the length-structured model.

Log-normal distributions parameterised and presented as median (first) and standard deviation (second) of underlying normal
distribution. Normal and half-normal distributions parameterised and presented as median (first) and standard deviation (second).
Beta distributions parameterised as two shape parameters.

Model Parameter  Description Units Prior Distribution Justification
Component
Commercial 15 Shape mm Lognormal (In(100), 0.4) Centred at lower MLS (mm) with large
fleet size- parameter enough standard deviation to allow a
selectivity wide range of values.
curve
B Scale mm Lognormal(In(40),1) Centred at sensible selection range (mm)
parameter with and long tail allows for large values.
Commercial 15 Shape mm Lognormal(In(100),0.2) Centred at lower MLS (mm) and lower
fleet discard parameter standard deviation than I£;to ensure
ogive at size parameter remains close to MLS.
BD Scale mm Lognormal(In(5),0.2) Centred at narrow selection range (mm)
parameter to ensure steep discard selectivity curve.
Survey size- Y, Shape mm Lognormal(In(50),0.5) Centred at sensible value based on
selectivity parameter observed survey data and with large
curve standard deviation to allow sampling of

wide range of values.

BY Scale mm Lognormal(In(15),0.5) Centred at reasonable selection range
parameter with standard deviation to allow
sampling of wide range of values.
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Survey q” Maximum Proportion Beta(1.5,1.5) Symmetrical distribution constrained
catch catch between 0 and 1.
efficiency efficiency of

king scallops
Fishing Fi=1 Annual Rate Lognormal(In(0.5),0.75) Median set at 0.5 and wide standard
mortality fishing deviation to sample range of values.
rate mortality

rate for

initial year

Fe Annual Rate Lognormal(In(F1),0.175) Median set to fishing mortality from
fishing previous year and standard deviation low
mortality to allow for gradual changes in fishing
rate for mortality between years.
yearst>1

Recruitment IR Median mm Lognormal(In(78),0.3) Centred at 78mm by visual inspection of
length of survey length-frequency distributions.
recruits. Standard deviation chosen to allow

reasonable range of values.

SR Standard Unitless Lognormal(In(0.2),0.5) Allows sensible range of recruit lengths
deviation of when generating new recruits.
recruit
lengths.

Rmedian Natural Natural Normal(18,10) Median value on log scale with very large
logarithm logarithm standard deviation to allow sampling of
median numbers wide range of values.
number of
recruits

Rs? Standard Unitless Halfnormal(0,0.5) Sensible range and standard deviation to
deviation of find suitable recruitment standard
number of deviation
recruits

Rt Annual Numbers Lognormal(Rmedian, Rsig) Use model estimates of other priors to
number of set median and standard deviation.
recruits

Rhist Annual Numbers Lognormal(In(250000),5) Median value set to sensible guess for
historical historical recruitment, with large
number of standard deviation to allow sampling of a
recruits wide range of values.

Catch U Variability Unitless Halfnormal(0,3) Halfnormal distribution permits large
likelihood values, and large standard deviations
allows wide range of sample values.

C Fraction of 4 Proportion Beta(1.1,1.1) Symmetrical distribution constrained
attributable between 0 and 1.
to landings

Survey (%4 Coefficient Unitless Halfnormal(0,2) Halfnormal distribution permits large
likelihood of variance values, and large standard deviations
in index allows wide range of sample values.

w Weighting Unitless Halfnormal(0,10) Halfnormal distribution permits large
parameter values, and large standard deviations
representing allows wide range of sample values.
the effective
sample size
of size-
frequency

distributions
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Model inspection and evaluation

For each model, correlation between estimated parameters and the mixing of the four chains were inspected (not
presented here). The estimated parameter posterior distributions were compared to the respective prior distributions
to inspect whether the specified prior distributions were having a large influence on the respective posterior
distributions. Residual variation in the aggregated catch and aggregated survey data were calculated for all three of
the models from observations (Obs) and estimates (Est) (Eq 4.29) and inspected for normality and temporal
autocorrelation between each year (t) and the one prior. Standardised residual variation in the age- and length-
frequency distributions were calculated and inspected for each of the age- and length- structured models, respectively
(Eq 4.30), where sd was the standard deviation of the frequency distribution model estimates and a represented an
age-class (or length-class). The standard deviation was calculated as the square root of the variance of the Dirichlet-
multinomial distribution as reported in Thorson et al (2017) (Eq 4.31), where n, was the relative number of samples
each year and f; was an annually estimated parameter from the Dirichlet-multinomial distribution representing
overdispersion and was extracted from each model fit. Standardised residuals were preferred for the frequency
distribution data as there these data had higher variation in residual magnitude caused by high variability in frequency

distribution observations and estimates.

Obs
res, = In Estt (4.29)
t
Obs;, — Est
stdresy, = —te Pta (4.30)
sd(Obst_a)
Obs; (1 — Obs n. + 6
sd(Obs;q) = = ng ) ( 1t+ .Btt) (4.31)

Model goodness-of-fit and comparison of goodness-of-fit between the three models was evaluated using plots of
estimated data and observed data (presented in Results). Model goodness-of-fit and out-of-sample performance was
not evaluated through information criteria methods as each model had a different joint-likelihood function which

prevented comparison between models.

Estimation of TSB, SSB, MSY, Bwmsy, carrying capacity, relative biomass and relative fishing mortality

The unstructured model estimated annual TSB directly, and SSB was not estimated by this model due to lack of stock
structure to apply maturity information to. The unstructured model also estimated carrying capacity (K) directly and
MSY, Busyand Fusy were then estimated from the posterior distributions of the parameters r and K (Eq 4.32, 4.33 and

4.34) (Hilborn and Walters 1992).

MSY = % (4.32)
K
BMSY = z (4.33)
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Fusy = 3 (4.34)

Table 4.3: Prior distributions given to estimated parameters in age-structured model.

Log-normal distributions parametrised and presented as median (first) and standard deviation (second) of underlying normal
distribution. Normal and half-normal distributions parameterised and presented as median (first) and standard deviation (second).

Beta distributions parameterised and presented as two shape parameters.

Model Parameter Description Units Prior Distribution Justification

Component

Commercial ak, Shape Years Lognormal (In(3.5), 0.1) Centred at age which roughly

fleet age- parameter corresponds to lower MLS (mm) with low
selectivity standard deviation to avoid sampling too
curve far from this age.

B Scale Years Lognormal(In(1.25),0.2) Centred at reasonable selection range
parameter (years) with low standard deviation to

avoid sampling too far from this age.
Commercial al, Shape Years Lognormal(In(3.25),0.1) Centred at age similar which roughly
fleet discard parameter corresponds to lower MLS (mm) and low
ogive at age standard deviation to ensure parameter
remains close to MLS.

BP Scale Years Lognormal(In(0.4),0.6) Centred at narrow selection range (years)
parameter to ensure steep discard selectivity curve.

Survey age- a’y Shape Years Lognormal(In(1.1),0.1) Centred at sensible value and low
selectivity parameter standard deviation to encourage sensible
curve range of sampling.

BY Scale Years Lognormal(In(1.75),0.2) Centred at sensible selection range with
parameter standard deviation to allow sampling of

sensible range of values.

Survey catch q" Maximum Proportion Beta(1.5,1.5) Symmetrical distribution constrained

efficiency catch between 0 and 1. Consistent with prior
efficiency of distribution of parameter from length-
king scallops structured model.
Fishing Fi=1 Annual Annual rate  Lognormal(In(0.5),0.75) Median set at 0.5 and wide standard
mortality rate fishing deviation to sample range of values.
mortality rate Consistent with prior distribution from
for initial year length-structured model.

Fi Annual Annual rate  Lognormal(In(F+1),0.175)  Median set to fishing mortality from
fishing previous year and standard deviation low
mortality rate to allow for gradual changes in fishing
foryearst>1 mortality between years. Consistent with

prior distribution from length-structured
model.

Recruitment Rmedian Natural Natural Normal(18,10) Median value on log scale, as thisis a
logarithm logarithm hyper-parameter, with very large
median numbers standard deviation to allow sampling of
number of wide range of values. Consistent with
recruits prior distribution from length-structured

model.

Rs4 Standard Unitless Halfnormal(0,0.5) Sensible range and standard deviation to
deviation of find suitable recruitment standard
number of deviation. Consistent with prior
recruits distribution from length-structured

model.

R: Annual Numbers Lognormal( Use model estimates of other priors to
number of Rmedian set median and standard deviation.
recruits R5%)
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Consistent with prior distribution from
length-structured model.

Rhist Annual Numbers Lognormal(In(250 Median value set to reasonable guess for
historical million),5) historical recruitment, with large
number of standard deviation to allow sampling of a
recruits wide range of values. Considerably large

median required for this parameter than
equivalent in length-structured model
due to differences in recruitment
modelling, and the recruits here will be
spread through population over historical

time.
Catch u Variability Unitless Halfnormal(0,3) Halfnormal distribution permits large
likelihood values, and large standard deviations

allows wide range of sample values..
Consistent with prior distribution from
length-structured model. Note observed
catches vary considerably between years

14 Fraction of u Proportion Beta(1.1,1.1) Symmetrical distribution constrained
attributable between 0 and 1. Consistent with prior
to landings distribution from length-structured

model.
Survey v Coefficient of  Unitless Halfnormal(0,2) Halfnormal distribution permits large
likelihood variance in values, and large standard deviations
index allows wide range of sample values.

Consistent with prior distribution from
length-structured model.

w Weighting Unitless Halfnormal(0,10) Halfnormal distribution permits large
parameter values, and large standard deviations
representing allows wide range of sample values.
the effective Consistent with prior distribution from
sample size of length-structured model.
age-
frequency

distributions

To estimate annual TSB in the age- and length- structured models annual age- or length- structured abundance was
converted to biomass (live weight, tonnes) by multiplication with mean weight-at-age or weight-at-length. To estimate
annual SSB, mature scallop biomass for each age or length was estimated as the product of the biomass in each age or
length class and the fraction of mature individuals per class. The fractions of mature individuals -at-age and -at-length
were determined by fitting logistic curves (Eq 4.9) to the proportion of mature individuals at each age- or length- class
from the sample of 472 laboratory dissected king scallops, prior to main model fitting. The shape and scale parameters
of each curve were estimated using a nonlinear least squares model. Annual TSB and SSB were then obtained by

summation of age- or length- structured biomass and mature biomass across classes, respectively.

Estimation of MSY, Bwmsy, Fmsy and carrying capacity for the age- and length- structured models was conducted by fitting
an unstructured model to the annual median TSB estimates, and their 95% prediction intervals, from each of these two
models. The unstructured model used for this was simpler than the primary unstructured model being compared to the
age- and length- structured models in this study and re-estimated TSB (B;) for each year in the time series so that the
parameters r and K could be estimated (Eq 4.35). Instead of estimating catches using observed effort and fleet

catchability, the observed landings (Lbfbs) were directly included to reduce the number of estimated parameters. The
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estimated TSB was modelled against observed TSB (in this case observed TSB were the TSB estimates from each of the

age- and length- structured models) with a likelihood function (Eq 4.36).

Table 4.4: Prior distributions given to estimated parameters in primary unstructured model.

Log-normal distributions parameterised and presented as median (first) and standard deviation (second) of underlying normal
distribution. Normal and half-normal distributions parameterised and presented as median (first) and standard deviation (second).
Beta distributions parameterised and presented as two shape parameters.

Model Parameter  Description Units Prior Distribution Justification

Component

Stock size TSBpist=1  TSBof Live Lognormal (In(5000), 1)  Centred at sensible value with large standard
historical weight, variation to permit sampling of wide range of
stock in year  tonnes values.
1 (historical
time)

K Carrying Live Lognormal(In(10000),1)  Centred at sensible value with large standard
capacity of weight, variation to permit sampling of wide range of
stock tonnes values.

r Intrinsic Rate Lognormal(In(0.8),1) Centred at sensible value with large standard
stock growth variation to permit sampling of wide range of
rate values.

Catch qF Fleet Unit less Beta(0.2,1.5) Centred at low value to encourage sampling
catchability of low values.

Survey q" Maximum Proportion  Beta(1.5,1.5) Symmetrical distribution constrained
catch between 0 and 1. Consistent with prior
efficiency of distribution of parameter in both length- and
king scallops age-structured models.

Catch u Variability Unit less Halfnormal(0,3) Halfnormal distribution permits large values,

likelihood and large standard deviations allows wide

range of sample values.

Consistent with prior distribution of
parameter in both length- and age-structured

models.
4 Fractionof u  Proportion  Beta(1.1,1.1) Symmetrical distribution constrained
attributable between 0 and 1. Consistent with prior
to landings distribution of parameter in both length- and

age-structured models.

Survey (4% Coefficient Unit less Halfnormal(0,2) Halfnormal distribution permits large values,
likelihood of variance and large standard deviations allows wide
in index range of sample values. Consistent with prior

distribution of parameter in both length- and
age-structured models.

Biyy = B, + 7B, ( - %) — Lbo¥s (4.35)
In BES ~ Normal(In BESE, (cv® In BESE)?) (4.36)

This approach was taken as other approaches for estimating MSY rely on the existence of a stock-recruit relationship

(Hilborn and Walters 1992) or a relationship between TSB and surplus production (Jacobsen 2002), neither of which
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existed over the short time series. Surplus production is the difference between production (stock growth) and those
removed by natural mortality (stock decline), and therefore represents the size of catch that may be fished to maintain
a constant stock size (Hilborn and Walters 1992). The intrinsic population growth rate (r), carrying capacity (K), initial
TSB (B;) and coefficient of variation of TSB (cv?) were estimated parameters in each of the unstructured models applied
to the age- and length- structured TSB estimates. These models were fitted using HMC sampling with Stan, and executed
through R as detailed for the main models. Similarly, four sampling chains were executed per model with 2,000
iterations per chain. Prior distributions were chosen for each of the estimated parameters in each model (length-
structured unstructured fit = Table 4.5, age-structured unstructured fit = Table 4.6) (each 4 parameters).

Table 4.5: Prior distributions given to estimated parameters in the simple unstructured model fitted to length-structured TSB
estimates.

Log-normal distributions parameterised and presented as median (first) and standard deviation (second) of underlying normal
distribution. Half-normal distributions parameterised and presented as median (first) and standard deviation (second).

Model Parameter  Description Units Prior Distribution Justification

Component

Stock size Bi-1 TSBin year 1 Live weight,  Lognormal (In(3725), 1) Centred at value of median ‘observed’
of time series tonnes biomass in year 1 from length-structured
(tonnes). model. Large variance to allow sampling of

range of values.

K Carrying Live weight,  Lognormal(In(15000),1) Centred at sensible value with large
capacity of tonnes variance to allow range of sampling values.
stock.

r Intrinsic stock Rate Lognormal(In(0.8),1) Centred at sensible value with large
growth rate. variance to allow sampling of range of

vales.
Stock size cvB Coefficient of Unit less Halfnormal(0, 2) Halfnormal distributions permits large
likelihood variation of values, and large standard deviations
TSB. allows wide range of sample values.

Relative biomass, calculated as estimated annual TSB divided by estimated Bwmsy, and relative fishing mortality rate,
calculated as estimated annual fishing mortality rate divided estimated Fmsy, were also estimated for each model. The
annual fishing mortality rate from the unstructured model was estimated as the product of observed annual effort

(E,) and estimated fleet catchability (¢).

Sensitivity analysis of natural mortality rate

A sensitivity analysis of the fixed annual natural mortality rate, M, was conducted for each of the age- and length-
structured models across the range of values 0.1, 0.15, 0.2, 0.25 and 0.3 yr’. These values were selected as they were
regularly spaced across a range which included the majority of natural mortality rates that have been reported for other
scallop fisheries, or used in other scallop stock assessments (Table 1.5). Although a natural mortality rate of 0.5 yr! was
used in a New Zealand scallop fishery stock assessment, this valued was considered too high for a king scallop stock and
therefore the range used here was capped at 0.3 yr1.This range was also the same range used in a similar sensitivity
analysis conducted for the Isle of Man king scallop fishery (Allison 1993). Each model was fitted with each of the values
of M, to produce five sets of results for each model corresponding to the five values of M. All other fixed parameters
and estimated parameter prior distributions were kept identical, however the number of model iterations per chain
was increased (as guided by the software) for some values of M to avoid estimated parameter confounding and to
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produce reliable posterior estimates. The results of the sensitivity analysis of M are presented as a graphical comparison
of median posterior estimates of key model outputs (annual fishing mortality rate, stock size and recruitment) and

percentage changes in median and CV of samples when changing M.

Table 4.6: Prior distributions given to estimated parameters in the simple unstructured model fitted to age-structured TSB estimates.

Log-normal distributions parameterised and presented as median (first) and standard deviation (second) of underlying normal
distribution. Half-normal distributions parameterised and presented as median and standard deviation.

Model Parameter Description Units Prior Distribution Justification

Component

Stock size Bt-1 TSBin year 1 of Live weight, Lognormal (In(4634), 1) Centred at value of median
time series tonnes ‘observed’ biomass in year 1

from length-structured
model. Large variance to
allow sampling of range of

values.
K Carrying capacity  Live weight, Lognormal(In(8000),1) Centred at reasonable value
of stock tonnes with large variance to allow

range of sampling values.

r Intrinsic stock Rate Lognormal(In(0.2),1) Centred at reasonable value
growth rate. with large variance to allow
sampling of range of vales.

Stock size cv® Coefficient of Unit less Halfnormal(0, 2) Halfnormal distributions

likelihood variation of TSB permits large values, and
large standard deviations
allows wide range of sample
values.

Sensitivity of M within each model type was also evaluated by comparing the out-of-sampling performance, expressed
as the Widely Applicable Information Criterion (WAIC). This information criterion makes no assumption about the shape
of the joint posterior distribution and was calculated from the joint log-posterior-predictive density (Ippd) and a penalty
term, which incorporates both the joint posterior (p(y;|9)), where y; is an observation and ¢ the joint posterior

samples, and variance of the joint posterior samples (vary) (Eq 4.37) (McElreath 2020).

WAIC(y,9) = —2(lppd — X;varg log(p(¥;]9))) (4.37)

The final model results presented used an M value which was selected by interpretation of the sensitivity results and
knowledge of natural mortality rates used in other king scallop stock assessments. The final selection of M is described

in the Results section after consideration of the sensitivity results.

4.3 Results

Survey results

The survey swept 0.019, 0.022, 0.026 and 0.037 km? of seabed in 2012, 2013, 2014 and 2016 respectively, which
corresponded to between 0.001 and 0.004 % of the assessment area being swept each year (assessment area was 1,372
km?). The survey indices (number of king scallops caught per 100m? of seabed swept) ranged from 0 to 10.5 (Figure 4.3).
The 2013 survey had hauls with the highest densities, and the 2016 survey had the most hauls with low densities. The
total biomass (live weight) of king scallops obtained on each of these surveys was 0.062, 0.094, 0.066 and 0.033 tonnes
in 2012, 2013, 2014 and 2016 respectively.
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Figure 4.3: A map of the survey indices coloured by annual survey. Red outline is the assessment area, and all white area within is sea
open to commercial scallop dredging. The orange areas are areas of sea closed to commercial scallop dredging and green is land.
Each point represents a survey haul and is scaled in size relative to density of king scallops caught (number caught per 100m? of seabed
swept).

Sensitivity analysis of natural mortality rate

Increasing the annual natural mortality rate resulted in a decrease in estimated median annual fishing mortality rate for
each year in the time series and an increase in estimated median total stock abundance, median TSB and median
recruitment in each year, for each of the length- and age-structured models (Figure 4.4 and Figure 4.5). The only
exceptions were where higher values of M resulted in a lower estimate of median total stock abundance and median
TSB for the years 2015 and 2016 in the age-structured model, compared with lower values of M. Despite the change in
estimated median magnitudes, there were only minor changes in the estimated trends with time for these metrics in
the length-structured model and fishing mortality rate and recruitment in the age-structured model. The effect of an
increase of natural mortality rate on the estimated trend with time of median total stock abundance and median TSB

was more complex in the age-structured model, and evidently was affected by choice of natural mortality rate.

Changing M from 0.15 to 0.2 caused the greatest absolute percentage change (more negative in this case) in estimated

median annual fishing mortality rate for each year in the time series and changing M from 0.1 to 0.15 caused the least
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absolute percentage change (negative), in the length-structured model (Figure 4.6, Row 1, Column 1). Conversely,
changing M from 0.15 to 0.2 caused the least absolute percentage change (negative) in estimated median annual fishing
mortality rate for each year in the time series in the age-structured model (Figure 4.6, Row 1, Column 1). The other
changes represented medium percentage changes in estimated median annual fishing mortality rate (all negative).
There was a trend with time for the greatest absolute percentage change (negative) to occur in 2016 for the majority of
changes in M across both models. The absolute percentage change in estimated fishing mortality rate for the length-

structured model was always greater (more negative) than the age-structured equivalents.
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Figure 4.4: Median estimates of annual fishing mortality rate (averaged across scallops > 110 mm shell width), total stock abundance
(millions of scallops), total stock biomass (TSB) (thousands of tonnes) and recruits (millions) from the length-structured model from
five model tests each using a different value of natural mortality rate (M).

Changing M from 0.2 to 0.25 caused the greatest percentage change (positive) in each of median total stock abundance,
TSB and recruitment for all years (except recruitment in 2016) for the length-structured model (Figure 4.6, Row 1,
Columns 2 - 4). Changing M from 0.1 to 0.15 caused the least percentage change in recruitment for all years in the
length-structured model (Figure 4.6, Row 1, Columns 2 - 4). There was little evidence of a trend between median
percentage change and time across these three metrics as M was changed for the length-structured model. Changing

M from 0.1 to 0.15 caused the greatest absolute percentage change (positive) in each of median total stock abundance,
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TSB and recruitment in the age-structured model, however towards the end of the time series the absolute percentage
change from 0.15 to 0.2 was greater for median total stock abundance and TSB (Figure 4.6, Row 1, Columns 2 — 3).
Generally, the median percentage change decreased with time for each of the median total stock abundance, TSB and
recruitment in the age-structured model but this resulted in an increase in absolute percentage change after 2015 (as
the lines pass through 0 and became more negative) (Figure 4.6, Row 1, Columns 2 - 4). In many cases the absolute
percentage change of the medians of these metrics were lower in the age-structured model than the respective

percentage changes in the length-structured model.
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Figure 4.5: Median estimates of annual fishing mortality rate (averaged across scallops > 110 mm shell width), total stock abundance
(millions of scallops), total stock biomass (TSB) (thousands of tonnes) and recruits (millions) from the age-structured model from five
model tests each using a different value of natural mortality rate (M).

Changing M from 0.1 to 0.15 and 0.15 to 0.2 caused the greatest percentage change in the CV of estimated annual
fishing mortality rates for the length-structured model, although these changes were in opposite directions (increase
and decrease from previously values, respectively) (Figure 4.6, Row 2, Column 1). The percentage change in the CV of
estimated annual fishing mortality rates from the age-structured model was less than the length-structured model for

the majority of years for each change in M, with the change in M from 0.25 to 0.3 causing the greatest percentage
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change in CV (Figure 4.6, Row 2, Column 1). The percentage change in the CV of the estimated annual fishing mortality

rates did not follow a consistent trend with time for either model.
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Figure 4.6: Change in percentage of median and coefficient of variation with time for each of estimated annual fishing mortality rate
(averaged across scallops > 110mm shell width) (F), total stock abundance, total stock biomass (TSB) and recruitment estimates for
each of the length- and age-structured models as the annual natural mortality rate (M) is incremented by 0.05. Change from one
value of M to another is indicated by colour as described in the plot legend. Change was calculated from the median or coefficient of

variation estimated with the value of M listed first to the median or coefficient of variation estimated with the value of M listed

second—first
first

and age-structure model results with dashed lines.

second, and calculated by: % change = * 100 . The length-structured model results are denoted with undashed lines,

Changing M from 0.15 to 0.2 caused the greatest absolute percentage change (positive) in the CV of each of estimated
total stock abundance, TSB and recruitment in the age-structured model (Figure 4.6, Row 2, Columns 2-4). Changing M
from 0.2 to 0.25 also caused a large absolute percentage change in CV for all estimated metrics in each year for this

model, however each change was a decrease from the previous values of M. The percentage changes in these estimated

metrics for these changes in M were much larger than any percentage changes in CV caused by changing M in the length-
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structured model (Figure 4.6, Row 2, Columns 2-4). There was no trend of percentage change in CV with time for either

of the models.

The lowest WAIC value was found when M = 0.3 in each of the age- and length- structured models, and highest when
M = 0.1 or 0.15 (Table 4.7). Therefore, model tests using M = 0.3 indicated a greater out-of-sample performance (as
measured by WAIC) and, generally, a narrower spread of sampled estimates compared to the other values of M that
were tested across both models. However, further testing of the model, not displayed here, indicated that the WAIC
kept on decreasing with increasing increments of 0.05 of M for each model. Therefore, the WAIC was not particularly

informative as it favoured ever increasing values of M.

As a result of the WAIC values proving unreliable, the natural mortality rate selected for the age- and length- structured
models was based on the value used in other king scallop stock assessment models (M = 0.15, Allison 1993; Dobby et al
2017). However, when this value was tested in the length-structured model considerable model fitting issues occurred
(namely high correlation between estimated parameters) and the lowest WAIC was produced (despite not being the
lowest M value tested). Furthermore, large percentage changes in median and CV of key estimates were observed when
changing to or from this value of M, indicating unusual key output estimates were made by each of the age- and length-
structured models when M = 0.15. Therefore, a value of M = 0.2 was used as this was the closest value to 0.15 tested
which had a lower WAIC value across both models.

Table 4.7: Widely Applicable Information Criterion (WAIC) values for each value of natural mortality rate (M) used in the sensitivity
tests of the age- and length- structured models.

WAIC value
Natural mortality rate (yr?) (M) Length-structured model Age-structured model
0.1 13825.1 5076.9
0.15 13825.7 5075.2
0.2 13818.9 5072.9
0.25 13817.8 5071.2
0.3 13814.7 5070.9

Parameter estimates

The posterior distributions of each of the estimated parameters are reported for the length-structured model (Figure
4.7), the age-structured model (Figure 4.8) and the primary unstructured model compared here (Figure 4.9). The relative
frequency, or density, of parameter values in each posterior distribution reflects the rate of change in cumulative
probability of each sampled value being the true value. A low relative frequency indicates a value is more unlikely for a
given parameter, whereas a high relative frequency indicates a value is more likely. The value of the highest relative
frequency estimates for each parameter were all sensible. Key estimated parameters are reported further in

forthcoming subsections.
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These figures can also be used to assess the influence of prior distributions on the respective posterior distributions of
each estimated parameter. Several of the posterior distributions of the age- and length- structured model were strongly
driven by their prior distributions. These included B°(the scale parameter of the discard curve), cv" (coefficient of
variation of the survey index) and some of the annual recruit and fishing mortality rate parameters. A posterior
distribution which is strongly driven by the prior distribution means the parameter is being driven by the user (through
prior distribution choice) rather than by data. The posterior distributions of other parameters, for example the Ry;;; and
{ parameters, were reasonably independent of their prior distributions. The majority of the posterior distributions of
parameters in the unstructured model were reasonably independent of their prior distributions, with the exception

of cvV.

The natural mortality estimate used in both the age- and length- structured models was 0.2 yr, as outlined previously.
The fixed von Bertalanffy growth parameters estimated for the length-structured model were L= 139.6 mm and k =
0.375. The length-weight relationship fixed parameters estimated for the length-structured model were a = 0.0000005
and b = 2.695. The age-weight relationship fixed parameters estimated for the age-structured model were x = -0.128

and y = 0.136. The curves produced from these three sets of parameters are presented in Figure 4.10.
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Figure 4.7: Prior and posterior distributions for each of the estimated parameters in the length-structured model. On each panel
the bars are the posterior distribution and the red curve is the prior distribution. The y-axis is the relative frequency of each
parameter value from model sampling and the x-axis is on the scale of each parameter value.
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Model fits to observed data

The model estimates of annual landings, discards, catch and total survey indices showed varying degrees of goodness-
of-fit to the respective observed data across each of the models (Figure 4.11). The observed data fell within the 95%
prediction intervals (Pls) of the estimated data for the majority of years for all four of the age-structured model panels,
with the exceptions being the landings and catch in 2015, the landings, discards and catch in 2016 and the survey index
in 2013 (Figure 4.11, Column 2). In addition, each of these estimated metrics followed the decreasing trend with time
in the observed data for the age-structured model. The observed landings, discards and catches fell outside the 95% Pls
of the estimated data in the years 2015 and 2016 for the length-structured model (Figure 4.11, Rows 1- 3, Column 1).
The observed survey index only fell within the 95% Pls of the estimated data in 2014 for the length-structured model
(Figure 4.11, Row 4, Column 1). In addition, each of these estimated metrics failed to follow the decreasing trend with

time in the observed data for the length-structured model.
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Figure 4.8: Prior and posterior distributions for each of the estimated parameters in the age-structured model. On each panel the bars
are the posterior distribution and the red curve is the prior distribution. The y-axis is the relative frequency of each parameter value
from model sampling and the x-axis is on the scale of each parameter value.

The majority of the observed data for the landings, discards, catch and survey indices fell within the Pls of the respective
data in each year for the unstructured model, apart from the landings, discards and catch in 2014 and the survey index
in 2013 and 2016 which all fell marginally outside (Figure 4.11, Rows 1-4, Column 3). The estimated landings, discards
and catch followed the decreasing trend with time in the observed data, however the estimated survey indices failed to

follow this trend.
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The estimated survey length-frequency distribution captured the variability in the observed survey length-frequency
distributions reasonably well across all years, with under- and over- estimations as expected with such fine classes
(Figure 4.12). The estimations captured the recruits in the survey, which are the peak that can be observed in the smaller
length classes of every year. The best model estimations of length-frequency were for the years 2012 and 2013, where
in 2014 and 2016 the estimations did not capture all the variability in the observed data. The estimated survey age-
frequency distribution from the age-structured model captured the variability in the observed survey age-frequency
distributions reasonably well across all years (Figure 4.12). The estimated data captured the peak age-class in each year,
although the estimated data continually underestimated the relative frequency of this peak age-class. The relative

frequency of other age classes were overestimated in each year.
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Figure 4.9: Prior and posterior distributions for each of the estimated parameters in the primary unstructured model. On each panel
the bars are the posterior distribution and the red curve is the prior distribution. The y-axis is the relative frequency of each parameter
value from model sampling and the x-axis is on the scale of each parameter value.

The residuals of the catch were fairly well distributed around the quantile-quantile (qq) line for the length-structured
model (Figure 4.13, Row 1, Column 1), indicating the observed and estimated data were of similar distribution. The
residuals of the catch were less well distributed around the qq line for the age- and un-structured models, indicating
differences in the observed and estimated data distributions (Figure 4.13, Row 1, Columns 2 & 3). There was no evidence
of temporal correlation between catch residuals for any of the models (Figure 4.13, Row 2, Columns 1, 2 & 3) (note that
correlation of 1 is expected for the initial residual). The residuals of the total survey indices were not well distributed in

any of the models, indicating differences in the observed and estimated data distributions (Figure 4.13, Row 3, Columns
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1, 2 & 3). There was no evidence of temporal correlation between survey index residuals for either of the three models

(Figure 4.13, Row 4, Columns 1, 2 & 3).
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Figure 4.10: Three panels showing stock structure relationships. Top left is length-at-age and was fitted with a von Bertalanffy growth
equation, where length is shell width (mm) and age is measured in years. Top right is weight-at-length and was fitted with an
allometric growth power equation, where weight is live weight (kg). Bottom left is weight-at-age and was fitted with a square root
equation.

The age- and length-structured standardised residuals indicated some issues in model fitting to the structured survey
data (Figure 4.14). A relatively high, positive standardised residual existed for age six in 2012, indicating that the
observation was much greater than expected relative to the model standard deviation in age frequency distributions.
Similarly, although to a far lower magnitude, a relatively high, positive standardised residual existed for length-classes
41 mm in 2012 and 51 mm in 2016. The remainder of length- and age-class standardised residuals were relatively low

for all years.Figure 1.3

Model estimates of key stock parameters

Each of the length- and age-structured models estimated the shape and scale parameters for three selectivity curves
(Figure 4.15). Median fishery selectivity rapidly increased for king scallops greater than 100 mm shell width in the length-

structured fishing selectivity curve, and median full selectivity occurred at approximately 110 mm. The Pls were
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relatively wide, indicating a reasonable degree of uncertainty in this curve. The fishery retention fraction rapidly
increased between 90 mm and 110 mm and Pls were narrower than the fishing selectivity curve. The survey selectivity
curve, which has been multiplied by g and therefore represented the absolute catch efficiency of the survey gear,
rapidly increased between 70 mm and 100 mm shell width, and the width of the PIs increased with increasing king
scallop shell width (i.e. length). For the age-structured curves, it is important to consider that the younger age classes
contain a greater range of shell widths than older age classes and therefore the shape of these curves are expected to
differ from the length-structured equivalents. The mean age-structured fishing selectivity increased after age two and
median full selectivity occurred at approximately age five. The Pls were relatively narrow. The age-structured median
fishery retention fraction rapidly increased after age two, mean full retention occurred at age four, and the Pls were
also reasonably narrow. The age-structured median survey selectivity, again representing absolute catch efficiency,
increased from age one to age four, after which catch efficiency remained constant with increasing age. The Pls were

wide for estimated catch efficiency of king scallops aged four and older.

The estimated fishing mortality rate (averaged across scallops of shell width > 110mm) decreased with time in each of
the length- and age-structured models, with estimates higher in the age-structured model for each year (Figure 4.16,
Row 1, Columns 1-2). Fishing mortality rate decreased more rapidly with time in the unstructured model, and the Pls
were narrower than the other two models (Figure 4.16, Row 1, Column 3). The median estimated fishing mortality rate
was very similar between the length- and un-structured models at the beginning of the time series. Fishing mortality
rate was validated by comparison to observed effort from the area, where fishing mortality rate is assumed to be an
invariant measure of effort. Observed effort (thousand hours fished) from the assessment area decreased more rapidly

with time than any of the model estimated fishing mortality rates.

The total stock abundance was estimated to be increasing with time in the length-structured model, and decreasing
with time in the age-structured model (Figure 4.16, Row 2, Columns 1-2). The Pls were considerably larger in the length-
structured model. Likewise, the TSB increased with time in the length-structured model, and decreased with time in
both the age- and un-structured models (Figure 4.16, Row 3, Columns 1-3). The PIs were largest in the length-structured
model, and the smallest in the unstructured model. SSB followed the same respective trends in the length- and age-
structured models (Figure 4.16, Row 4, Columns 1-2). The number of recruits fluctuated throughout the time series in
both the length- and age-structured models, with increases and decreases observed and greater Pls in the length-

structured model (Figure 4.16, Row 4, Columns 1-2).

TSB was expressed as densities and compared across models (Figure 4.17). The densities for each model were multiplied
by the estimated maximum survey catch efficiency (q") to compare with observed survey estimates. As this approach
was approximate, this was only conducted to determine whether TSB estimates were on an appropriate scale rather
than looking for precise overlap. Both the median density estimates, scaled by q", from the length- and age-structured
models were similar to the observed survey densities in 2012, and the length-structured model was again similar in
2013. For consequent years the median length-structured densities became greater than the observed survey densities.
The median age-structured densities were less than the observed survey densities in 2013 and 2014, but greater in
2016. The median unstructured model density estimates were higher than the observed survey densities in 2012, lower

in 2013, similar in 2014 and higher in 2016.
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Figure 4.11: Stock assessment model fits to four sets of data. Column 1 is the length-structured model, Column 2 is the age-
structured model and Column 3 is the unstructured model. Values are reported on a natural logarithm scale for presentation
purposes. Row 1 is natural logarithm annual tonnes landed, Row 2 is natural logarithm annual tonnes discarded, Row 3 is
natural logarithm annual tonnes caught (landings + discards) and Row 4 is natural logarithm survey data. The survey data
for the length- and age-structured models is natural logarithm total numbers of king scallop caught during the survey, and
for the unstructured model this is the natural logarithm total tonnes of king scallop caught during the survey. Year is the x-
axis on each plot. 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 represents the observed trend for each metric. The secondary y-axis (right-hand side) represents
a standardisation of each metric and corresponds to the same lines as the left-hand axis. The right hand axes are the metrics
in the left hand axes (although not logged) standardised by annual effort (hours fished) in Rows 1 — 3, and standardised by
the cumulative area swept by the dredges during the survey each year in Row 4.
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Model estimated management metrics

The median estimates of MSY, Bumsy and carrying capacity were lowest in the age-structured model (Table 4.8). The un-
structured model median estimates of these were very similar to the respective age-structured estimates, although
always slightly higher (Table 4.8). The un-structured model had much wider Pls than the age-structured model. The
length-structured model median estimates were considerably higher than the other two models, although CIS were a

similar width to the age-structured model (Table 4.8).
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Figure 4.12: Estimated survey frequency distributions compared to observed survey frequency distribution data. The first column is
the length-structured fits from the length-structured model and the second column is the age-structured fits from the age-structured
model. Each row corresponds to a year of survey data. The bars represent the observed frequencies, the red lines are the median
distributions from the respective model, and the two areas around the red lines represent the 75% and 95% prediction interval ranges
of the respective model estimates.

Median estimated TSB was higher than the median estimated Bwmsy in the years 2012 and 2013, and lower in the years
2014, 2015 and 2016 for the age-structured model (Figure 4.18). Overall there was a decreasing trend in median

estimated TSB relative to median estimated Bwmsy with time for this model. Median estimated TSB was always higher
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than median estimated Bwmsvin the unstructured model, although the relative stock biomass decreased with time (Figure
4.18). Median estimated TSB was lower than the median estimated Bwmsy in the years 2012 and 2013, and higher in the
years 2014, 2015 and 2016 for the length-structured model (Figure 4.18). Overall there was a rapidly increasing trend
in median estimated TSB relative to median estimated Bwmsy with time for this model. Median relative stock biomass
estimates were higher in the unstructured model than the age-structured model across all years. Median relative stock
biomass estimates from the length-structured model covered a wider range and were considerably different from the

other two models at various points in time (Figure 4.18).
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Figure 4.13: Diagnostic plots of the aggregated catches and survey indices from each model. The first column is residuals from the
length-structured model, the second column are those from the age-structured model and the third column are from the unstructured
model. Rows 1 and 2 correspond to the aggregated catch and rows 3 and 4 correspond to the aggregated survey. Rows 1 and 3 are
normal quantile-quantile plots, where the points are expressed on a relative scale and the diagonal line indicates no difference
between the two sets of residuals. Rows 2 and 4 are auto-correlation plots to inspect temporal correlation between residuals, where
1 or -1 indicates positive or negative correlation respectively. The unbroken lines indicate the correlation at the each time step (lag
one) and the broken lines are included to indicate the correlation thresholds.
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Median estimated fishing mortality rate was always considerably higher than the median estimated Fwsy for the age-
structured model, although the relative trend decreased with time (Figure 4.18). Median estimated fishing mortality
rate was higher than the median estimated Fusvin the years 2012, 2013 and 2014, and lower in the years 2015 and 2016
for the unstructured model (Figure 4.18). Overall there was a decreasing trend in median estimated fishing mortality
rate relative to median estimated Fmsy with time for this model. Median estimated fishing mortality rate was always
lower than the median estimated Fwsy for the length-structured model, and this trend was relatively constant with time
(Figure 4.18). Median relative fishing mortality rate estimates were considerably higher from the age-structured model
than the other two models, with the unstructured model median estimates also much higher than the relatively low

median estimates from the length-structured model.
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Figure 4.14: Standardised residuals for survey frequency distributions from each of the age- and length-structured models. Residuals
are standardised by the standard deviation of observations at that length- or age-class. The x-axis corresponds to annual surveys, and
the y-axis corresponds to either length- or age- class. Black circles indicate observation higher than estimate (positive) and red circles
indicate observation lower than estimate (negative). Circle size is scaled by magnitude of standardised residual, as indicated by scale
bar to the right of each panel.
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4.4 Discussion

Model statistical performance and comparison

The goodness-of-fit of each of the models’ sets of estimated data to the observed data varied considerably. The length-
structured model was the poorest fit to the annual aggregated landings, discards and catch. The age- and un-structured
models were much better fits than the length-structure model. The majority of the observed landings, discards and
catch all fell within the 95% PI of model estimates for the age-structured model, however the unstructured model had
far narrower Pls. The estimated survey index fitted well to the observed data for the age-structured model, but poorly
in both the length- and un-structured models. These two models estimated different trends with time to the observed
survey indices. These poor fits are likely to be improved by extending the annual surveys to conduct more hauls and
sample more of the assessment area, which is crucial for obtaining a representative sample of the stock (Hilborn and
Walters 1992). The age-structured model survey frequency distributions were a better fit to observations than the
length-structured equivalents. The length-structured model had the greatest number of classes, estimated the most
parameters, two more than the age-structured model, and had the additional complexity of explicitly modelling growth
using two additional fixed parameters. These factors are likely to have contributed to the poor goodness-of-fit of this
model. In addition, it is likely that the length-structured model goodness-of-fit would benefit from further down-
weighting of the influence of the length-frequency distribution likelihood on the joint likelihood to allow better fitting
to the commercial data. This is considered best practice when IA models struggle to fit to all sources of data in the joint

likelihood (Francis 2011; Francis 2017).

The distributions of the observed and estimated aggregated catch residuals were similar for the length-structured
model, whereas the age- and un-structured models were more dissimilar. This indicated that the length-structured
model’s estimated aggregated catches followed the same distribution as the observed annual catches. None of the
distributions of observed and estimated aggregated survey residuals were similar for any of the models, indicating
different distributions. The model results presented here should be considered with some caution as a consequence of
these dissimilarities in distributions. However, all cases of dissimilarity are expected to improve by extending the time
series and therefore generating more residuals. The standardised frequency distribution residuals from the age- and
length-structured models did not display any strong patterns for trends in extreme residuals, which indicates the model

estimated distributions which follow the same distributions as the observations.

Comparison of model estimates

The selectivity curves are difficult to compare directly between the length- and age-structured models due to the
differing number of classes and the variation in size of scallops between the age classes. In addition, it is key to note the
two MLS in force throughout the assessment area, which undoubtedly added uncertainty to selectivity curve fitting. The
length-structured model has likely overestimated [£, (median 107mm), as we would expect full selectivity to occur at
110mm (upper MLS) and lgo to be considerably lower than this. The age-structured model has probably also
overestimated ago(median 3.5 years), as we would expect this to be lower based on size-at-age data, and the resultant
curve indicates median full selectivity occurs at age 5, which we would also expect to be lower. Additionally, both af,,
and the scale parameter (87) in the age-structured model were highly dependent on their prior distributions, and
therefore the resultant fishery selectivity curve was largely driven by user bias. Similarly, the scale parameter of the

retention fraction curves in both models (8°) were highly dependent on their prior distributions, and therefore the
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resultant retention fraction curves were largely driven by user bias. However, the retention fraction rapidly increased
between 95mm and 105mm and ages 2 and 3 respectively and therefore the resultant curves are reasonable, but with
some room for improvement in the length-structured model, for a fishery with two MLS (100mm and 110mm). The
estimated survey catch efficiency curves had wide PIs for larger and older scallops which implied uncertainty in the
parameter estimates for these curves. Once again, the shape (aY,) and scale (8") parameters for the age-structured

survey catch efficiency curve were highly dependent on their prior distributions, meaning the resultant curve was driven

by user bias.
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Figure 4.15: Model selectivity curves based on sampled values of shape and scale parameters for each curve. The top row are the
curves from the length-structured model, and the bottom row are from the age-structured. The first column is the commercial fleet
selectivity, the second column is the commercial retention fraction curve (inverse of discarding) and the last column is the survey gear
absolute catch efficiency. On each panel selectivity or catch efficiency is presented on the y-axis and class on the x-axis. The thickest
black line is based on median sampled values of the two parameters and the light grey area represents 75% prediction intervals and
the darker grey area 95% prediction intervals.

The estimated median survey catch efficiencies (g”) were similar at 0.69, 0.63 and 0.60 for the age-, length- and un-
structured models respectively, with the smallest 95% Pl range in the un-structured model (0.25 to 0.93) and the largest
95% Pl range in the length-structured model (0.18 to 0.96). These estimates from the age- and length- structured models
were for the age(s) or size(s) of scallop which the gear caught best, whereas the unstructured model estimates were for
biomass of scallops and does not consider size or age structure differences in catch efficiency. Therefore, it is expected
that the age- and length-structured estimates should be higher. These median estimates were considerably higher than

previous estimates for these dredges (0.29), which was obtained using underwater video footage to count the number

of king scallops on the seabed before dredging over (Lambert et al 2014). This method did not account for scallop size
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or age and therefore is directly comparable to the unstructured model catch efficiency estimate, but the age- and
length- structured model estimates should be higher. The median estimates here were also considerably greater than
other catch efficiency estimates of Newhaven dredges catching king scallops (0.13 — 0.62) (Chapter 2; Chapman et al
1977; Beukers-Stewart et al 2001), although these Newhaven dredges have a larger mesh size and belly ring diameter
and therefore would be expected to have a lower catch efficiency. Similarly, the estimated medians here are much
higher than catch efficiency estimates for any other dredge type catching king scallops (0.05 — 0.35) (Baird 1955; 1959;
Dupouy 1982). However, catch efficiency estimates as high as the median estimates reported here have been made for
other towed gears targeting other species of scallops including Japanese dredges targeting Yesso scallop (Patinopecten
yessoensis) (0.4 — 0.6) (Kosaka 2016), otter trawls targeting saucer scallop (0.19 — 0.69) (Joll and Penn 1990; Kangas et
al 2011) and scientific, modified New Bedford dredges targeting sea scallop on fine substrates (0.64 — 0.71) (Miller et al
2019).

None of the trends in estimated annual fishing mortality rate from each of the models decreased at a similar rate to the
decrease in observed effort, which indicated all models may not be capturing the true trend in fishing mortality rate. If
fishing mortality rate is directly proportional to observed effort, which remains an assumption, then it is likely to have
been challenging for the models to estimate the trend in fishing mortality rate due to the rapid decrease of observed
effort with time. Differences existed between the models in estimated fishing mortality rate, with the age-structured
estimates consistently highest, and the length-structured model estimates indicated a very shallow decrease in fishing

mortality rate with time.

Different trends and magnitudes in stock size estimates (total abundance, TSB and SSB) were estimated between the
three models as well. The length-structured model estimated stock size to be rapidly increasing with time whilst the
other models estimated decreases in stock size with time, of different magnitudes and gradients. It is key to note these
stock size estimates do not include the nearby Cardigan Bay SAC (closed area). The magnitude of median stock size
estimates (TSB, as this was estimated for all three models) was assessed by scaling by the estimated survey catch
efficiency and then expressed as densities. Each model was deemed to over- and under- estimate TSB throughout the
time series, by comparison of these scaled densities to observed survey indices. However, the magnitude of each median
stock size estimate was biologically plausible. Median recruitment was 37.1 — 93.6 % of the median total abundance
across the time series for the length-structured model and 11.0 — 23.3 % for the age-structured model. The median
percentage of recruits estimated in the age-structured model overlapped with the range of estimated percentage of
recruits in the USA East Coast sea scallop (Placopecten magellanicus) fishery (17 — 35 % of the total abundance) (Aldous

et al 2013), which may indicate that the magnitude of estimated recruitment was sensible in the age-structured model.

The length-structured model had considerably greater estimates of median MSY, Bwusyand carrying capacity compared
to the other models. The median MSY estimate from the length-structured model was much larger than the observed
landings in any year (178.1 to 3605.7 tonnes). This was a consequence of a large, and increasing with time, annual TSB
estimate, indicating that a greater yield could be sustainably harvested. The median estimates of MSY, Busyand carrying
capacity were similar between the age- and un-structured models, but the unstructured model was consistently higher.
The stock size (TSB) relative to the Bmsy was highly varied between the models. The median relative stock size was above
one for the entirity of the time series for the unstrucutred model, indicating the stock size much was larger than the
Bwmsy. However, the median relative stock size was only above one for the first two years in the age-strcutured model
and only above one for the final three years in the length-structured model. The median relative stock size for the other
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years from these models was below one, indicating that the stock size was below the Bwmsy in each of these years.
Therefore, there are clear differences in estimated stock size realtive to the biological reference point Bmsy with time

between the three models.

Similarly, the model outputs also disagreed on the estimated annual fishing mortality rate relative to estimated Fwmsy.
Median relative fishing mortality rate was extremely high and well above one for each year in the time series in the age-
structured model, indicating the estimated annual fishing mortality rate was considerably larger than the estimated
Fwmsy. In contrast, the median relative fishing mortality rate from the length-structured model was well below one for
each year which indicated the annual fishing mortality rate was lower than the Fmsy. The unstructured model output
disagreed further, with relative median stock size above one for the initial three years in the time series and below one
for the final two years. However, the median relative fishing mortality rate was very similar between the length- and
un-structured models for 2016. It should be noted that additional observation error may have not been captured in the
estimates of MSY, Bwmsy, Fmsy and carrying capacity in the length- and age-structured models as these used a secondary
model to estimates these values, unlike the unstrucutred model which estimated these values in situ. Therefore these

estimates should be treated with additional caution in the age- and length-structured models.

The differences in stock size trend with time between the length- and age-structured models is likely to have been
caused by the different frequency distributions when the stock was structured by length or by age and the effect of
each model’s fishery selectivity curve. The shape of the age-structured survey distribution differed from the length-
structured survey distribution (Figure 4.12), in that a higher proportion of the stock were contained in classes to the left
of the distribution. This was because key age classes (such as age two and three) span a broad range of king scallop sizes
due to higher growth rate variability at young age classes. The age-structured fishery selectivity curve increased quickly
with increasing age (as scallops of age two and three can be large enough to be caught and landed), compared to the
length-structured fishery selectivity curve which maintained low selectivity and increased later in the frequency
distribution. From model testing, this combination of left-skewed population structure and fishery selectivity curve
resulted in the decreasing trend in stock size with time in the age-structured model. The differences in stock size trend
caused by these effects is likely to be reduced by down-weighting the influence of the frequency distributions on the

joint likelihood of each model (Francis 2011; Francis 2017).

Another source of variation between the models may have been caused by parameter confounding, which is known to
be a greater issue in length-structured models than age-structured models (Punt et al 2013). Parameter confounding is
when a parameter value affects another parameter value, and as a result the model may struggle to estimate the two
parameters independently. In particular, the natural mortality rate can become confounded with fishing selectivity
(Punt et al 2013) and this may have been more serious in the length-structured model. It is also evident that the age-
and length-structured models are sensitive to the chosen natural mortality rate, however as there were little trends
evident from the sensitivity analysis it is not true that alternative values of natural mortality rate would reduce
differences in model estimates. The difference between the trends in estimates may also be a consequence of the short

time series, poorly described growth, or differences in recruitment definition and estimation (Punt et al 2013).
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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.
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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 m? 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 m? of the assessment area) from
each of the length-, age- and un-structured models respectively.

Table 4.8: Median and Pl estimates of maximum sustainable yield (MSY), the stock biomass at MSY (Busy) and the stock carrying
capacity for each of the age- length- and un-structured models. Note these estimates from the age- and length-structured models are
derived from a secondary unstructured model fit to the age- and length-structured model stock biomass estimates to estimate the
parameters r and K, used to calculate these displayed estimates. The primary unstructured model displayed in the table computes
these estimates directly within the model.

Metric Estimate Age Length Un
MSY (Tonnes, live weight) 95% PI 1002.9 7147.3 1505.6
Median 364.3 4757.7 498.1
5% PI 49.1 2098.9 125.7
Bwsy (Tonnes, live weight) 95% PI 5403.7 9668.4 8344.0
Median 3881.3 6749.0 4139.2
5% PI 2256.7 5167.5 2630.0
Carrying capacity (Tonnes, 95% PI 10807.3 19336.8 16688.0
live weight) Median 7762.5 13498.0 8278.5
5% PI 4513.4 10335.1 5260.3

On balance there are arguments for either the age- or un-structured models performing best with these datasets. The
unstructured model had the best goodness-of-fit to the observed commercial data, and the age-structured model had
the best goodness-of-fit to the observed aggregated survey indices and reasonable goodness-of-fits to the observed

commercial data and observed survey age-frequency distributions. Both of these models produced similar estimates of
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median MSY, Busy and carrying capacity, which were a more realistic magnitude relative to the observed landings than

the length-structured model estimates. The length-structured model also had the worst statistical goodness-of-fit.
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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 By, and relative fishing mortality rate is the median estimated
annual fishing mortality rate divided by the median estimated Fusy. In each panel the x-axis displays years and the dashed line indicates
the point where median estimated TSB or fishing mortality rate equals Busyor Fusyrespectively. The other lines are coloured by model
type, as indicated in the plot legend.

This work reinforces that the costs and benefits of using age- or un-structured models for stock assessment is complex
and case dependent. Both our age- and un-structured models produced reasonable and sensible estimates of stock size,
which contradicts studies which have found unstructured models incapable of doing this (Townsend 1986; Bjorndal and
Brasao 2006; Tahvonen 2008). Likewise, our work here also disagrees with other studies which have reported poor fits
between observations and estimates from unstructured models (Massey et al 2006; Jonsen et al 2009). Our study is in
agreement with other studies which have shown unstructured models can estimate key metrics as well as age-
structured models (Ludwig and Walters 1985; 1989; Moxnes 2005). In those studies the key metrics were optimal effort
and economic revenue, and therefore different to the key metrics analysed here. The age-structured model
implemented here had greater data requirements and was more complex than the unstructured model, but as a
consequence provided greater detail and was capable of estimating additional pieces of information such as recruitment
and SSB. The age-structured model is also be capable of estimating age-structured fishery selectivity and retention
curves and an age-structured survey absolute catch efficiency curve when more informative data are available, as has

been shown with recent applications of the age-structured model to the Isle of Man king scallop fishery (not displayed
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here). The trade-off between data requirements, complexity and detail of outputs is a subject for consideration for

future assessment analysts.

Stock status and management advice

The age- and un-structured models both showed that the stock size decreased with time, although there was a marginal
increase in median estimated stock size between 2015 and 2016 in the unstructured model. The observed annual survey
indices also decreased with time, after 2013, and therefore it is highly likely the stock size did decrease with time based
on these three pieces of evidence. The median estimated stock size (TSB) was 2,229 tonnes and 4,571 tonnes in 2016
from the age- and un-structured models, respectively, meaning there was still clear discrepancy between the stock size
estimates. The median estimated MSY was 364 tonnes and 498 tonnes from the age- and un-structured models,
respectively, again indicating some differences in model estimates. Due to model estimate uncertainty, it is
recommended that a total allowable catch (TAC) between the lower 95% prediction intervals of each of the age- and
un-structured model estimated MSY (49 to 126 tonnes) is set for the assessment area. Advice from the length-structured

model is not considered here due having the worst fits of estimated data to observed data.

Enforcing catch limits upon the Cardigan Bay stock would also have considerable management challenges. There is
currently no licencing for the assessment area and therefore no way to control the number of vessels or how much they
each land. Implementing a licencing system would also be challenging as an agreement would need to be formed
between both the EU and Wales so that the licencing would apply to both Welsh waters and EU waters (as both are in
the assessment area). In addition, it is also likely to be challenging to determine whether landings from the Cardigan
Bay stock were obtained from the assessment area or outside under the current reporting system and as a result catches
may be biased. However, the conversion of catch limits to an effort-based approach, such as a daily or weekly limit on
fishing time, may be more appropriate for this fishery in an attempt to limit fishing effort further. However, applying
further effort restrictions in only Welsh waters is likely to result in a displacement of effort to the part of the assessment

area in EU waters.

Another key management consideration for these models is the spatial area where the models were applied. Total
landings (from all nations, not just UK) used here were reported by ICES statistical rectangles, such as the assessment
area. Accurate total removals from the stock through fishing is important, as fishing pressure is likely to be biggest driver
of stock size. However, these rectangles are not aligned with local spatial management in Wales. As a consequence of
well-intentioned local management, the assessment area has two MLS enforced (one inside and one outside 12nm line),
and there is currently no requirement for vessels to declare which management zone they were fishing in. A solution
should either result in landings being reported in accordance with local management regimes or the MLS standardised

between the two management zones.

Methodological considerations and future development

The fitting of each model was time consuming, as suitable prior distributions had to be identified for all estimated
parameters and each model had initial convergence issues due to the short time series. The Stan software and HMC
method are thorough methods for exploring the joint posterior distribution of each model and highlighted when the
algorithm had difficulties finding numerical solutions when inappropriate prior distributions had been specified for

parameters. Some estimated parameters had fairly intuitive prior distributions which were based on knowledge of what
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values the parameters should take, however other estimated parameters (such as the historical recruitment) were less
intuitive and the prior distribution was set through trial and error, within sensible ranges, until the model was able to
converge to a numerical solution. Wide priors were set for such parameters to reduce user bias in the prior distributions,
but these prior distributions were bounded at sensible limits, which introduces some user bias, to prevent sampling of
unrealistic parameter values and reduce computational time. Hyperpriors, where the median and standard deviation of
a prior were each determined with further priors, were implemented for the annual recruitment parameters to further

reduce user bias on these parameter estimates.

Strong user bias was existent in the posterior distributions of multiple estimated parameters in the length- and age-
structured models, likely due to the high number of estimated parameters relative to the available data which may have
been relatively uninformative due to the short nature of the time series (Hilborn and Walters 1992; McAllister and lanelli
1997). Reducing the number of estimated parameters in each model, by estimating these parameters as fixed
parameters, can reduce parameter uncertainty and variance on model outputs (such as stock size or fishing mortality
rate) (Hilborn and Walters 1992). However, the fixed value of a parameter would need to be determined from a field
study, separate data analysis or literature review. In particular, research to determine the parameters of any of the
three selectivity curves estimated in each of the length- and age-structured models would likely result in improved
overall model performance. Experiments to define the selectivity of both landings and discards in commercial dredges
and the survey dredges could be conducted by comparison of catch rates from multiple gear types (e.g. Hamley and
Regier 1973; Millar 1992). Alternatively, tag and recapture studies could also be employed to achieve this (e.g.
Anganuzzi et al 1994; Myers and Hoenig 1996). Absolute catch efficiency, estimated in all three models, could be
estimated by a depletion study (Beukers-Stewart et al 2001; Rago et al 2006), with divers (Beukers-Stewart et al 2001;
Fifas et al 2004), using optical methods (Lambert et al 2014; Miller et al 2019), by mark-recapture (Dickie 1955) or by

dredging over known abundance on seeded grounds (McLoughlin et al 1991).

Conversely, the fixed von Bertalanffy growth parameters may be estimated within the model in the future when a longer
time series is available. Although this would require two more parameters to be estimated, the advantage is that the
growth parameters would be more consistent with the model’s estimated stock (Punt et al 2013). The king scallops used
to estimate the growth parameters were obtained with dredge fishing gear, and therefore gear selectivity will have
restricted the description of small king scallop growth rates in the von Bertalanffy curve (Hilborn and Walters 1992),
and therefore internal estimation of growth parameters may improve the length-structured model. Time-varying
growth parameters may also be more appropriate for a longer time series where growth rates may change with time
(e.g. Szalai et al 2003). Growth could also be modelled using a multinomial process, which would explicitly capture the

true nature of growth rather than using approximations from a von Bertalanffy curve (Punt et al 2010).

Length-structured and age-structured models have been shown to produce inconsistent estimates of biomass when
data are limited (Jonsen et al 2009) and the performance of all three models is likely to improve considerably with an
extended time series, both in terms of individual model goodness-of-fit and a reduction in the differences in estimates
between the three models (Hilborn and Walters 1992). The time series was short relative to the lifespan of the target
species (> 10 years) and the commercial catches had a relatively high coefficient of variation (1.05). Increasing the time
series is more likely to capture extreme situations which would help define the upper and lower limits of parameter
values (Hilborn and Walters 1992). The length of the time series for the US east coast sea scallop length-structured stock

assessment model (> 40 years) is considered a major reason for its ability to produce good estimates of stock size
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(Anhalzer et al 2018). Initial testing of the models applied here with a longer king scallop data time series from the Isle
of Man has indicated improved model performance (not presented here). Although catch data were available prior to
2012 for the Cardigan Bay fishery, neither of the length- or age-structured models would have been able to determine
stock structure without survey frequency data, and survey indices also help tune the magnitude of estimated stock size
in all three models. Therefore, it was not possible to extend this data time series earlier than 2012. However, it is
essential that landings, discards and survey data are collected in the future to build the Cardigan Bay king scallop data

time series.

This study used landings data from the 2017 Data Collection Framework data call at the European Union to assess
fisheries effort regimes (STECF 2018), which meant that all landings and effort data by member states were collated by
ICES statistical rectangle. The restriction of this analysis to a single rectangle may have resulted in a failure to capture
the dynamics of the parts of the larger stock in the neighbouring ICES statistical rectangles and closed area (Hilborn and
Walters 1992). In particular, the biomass of king scallops in the neighbouring closed area within ICES statistical rectangle
33ES5 is almost certainly important, and is likely to be contributing larvae to the assessment area and therefore research
of the link between the closed area population size and the assessment area stock size is strongly encouraged through
the continuation of fishery-independent surveys (Punt and Methot 2004; Pinchin and Wilberg 2012). Spatially explicit
age- and un-structured models considering both open and closed areas have been shown to better estimate stock size
and fishing mortality rate than equivalent models applied separately to the open and closed areas (Punt and Methot
2004; Field et al 2006; Pinchin and Wilberg 2012), and therefore the models should be developed to spatially explicit
versions to encompass this neighbouring closed area. A large closed area, such as the closed area in 33E5, is likely to
result in greater accuracy of model estimates, provided a measure of relative abundance is available for the closed area
(Punt and Methot 2004; Pinchin and Wilberg 2012). The scientific survey used in the models implemented here also
samples in the closed area, so such a measure of relative abundance is available for the time series implemented here.
However, these spatially explicit models require an additional parameter, or an age- or length-structured curve
governed by multiple parameters, to describe the migration rate of the stock (both larvae and adults) between open
and closed areas (Pinchin and Wilberg 2012). Either prior quantification of these parameters would be required, or they

would need be incorporated as new estimated parameters in each model.

In the future, researchers wishing to implement this model for ICES statistical rectangle 33E5 will need to obtain landings
data separately from each of the individual nations landing king scallops in the assessment area, as these landings are
not routinely collected together. Alternatively, the model may be applied to another area where total landings can be
appropriately defined. The discard rate data were obtained from a subset of commercial vessels and the number of
vessels sampled should be expanded through a larger observer programme. A larger discard observer programme may
also help to further quantify the different discarding rates that occur in line with the two MLS. The survey should also
be adjusted to cover the entire assessment area, and with more hauls, as this is extremely important for capturing

length-, or age- distributions and survey indices that are representative of the entire stock (Hilborn and Walters 1992).

These models were implemented as IA models to obtain reliable estimates of the uncertainty in model estimates and
efficiently utilise multiple observed datasets. Modelling additional observed datasets may be a useful avenue for future
model development to account for further uncertainty (e.g. Methot and Wetzel 2013). For example, observed fishing
effort data can be modelled to help tune fishing mortality to the correct trend and magnitude in each of the length-and
age-structured models (Xiao 1998). Tagging data could be obtained and modelled to help estimate growth, address
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parameter confounding and can be modelled as a secondary set of survey data to better estimate abundance in the
length-structured model (Punt et al 2013; Hillary and Eveson 2015). Environmental data could be modelled if a
recruitment relationship was defined, or environmental variables may be directly linked to stock size (e.g. Haltuch and
Punt 2011). King scallop recruitment has been shown to be affected by mean spring sea temperature, availability and
quality of larval settlement habitat and chemicals used in the netting of salmon farms (Minchin et al 1987; Shephard et
al 2009; Howarth et al 2011). In addition, other scallop fisheries have reported a wider range of factors affecting
recruitment including predator abundance, presence of invasive species, algal blooms, density of the spawning scallop
stock, hydrodynamic conditions, disease and physical disturbance (Summerson and Peterson 1990; Hart 2006; Morris

et al 2009).

The fixed natural mortality rate parameter used in the age- and length- structured models was based on a sensitivity
analysis to find a value which did not cause model fitting problems and was similar to values used in other king scallop
stock assessments (Table 1.5). 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 approach
applied here, estimating natural mortality based on the values used in other fisheries’ stock assessments, was the best
approach with the available data and is commonly practiced (Hewitt and Hoenig 2005). Ultimately, however, there is
no available evidence whether this value was appropriate for this Welsh king scallop stock. Furthermore, it is likely that
age- or length- structured natural mortality estimates would improve estimates through increased biological reality as
natural mortality would be expected to differ with age or length. This is true for the US Georges Bank sea scallop stock
assessments, which showed improved fits to survey data using size-dependent natural mortality rates when compared

to stock assessment model runs using size-independent natural mortality rates (NEFSC 2014).

Alternative approaches

Alternatively, the fishery stock status may be managed by using trends in survey indices or catch rates as a measure of
relative stock size. However, neither of these methods can be used to estimate absolute abundance or estimate Bwmsy
without extensive research of the absolute or relative catch efficiencies of the gear. In addition, commercial catch rates
can result in hyperstabilility, where catch rates remain high despite stock abundance decreasing, and is common in
fisheries with high searching efficiency (Hilborn and Walters 1992). The reverse, termed hyperdepletion, is also possible
in fisheries where a large part of the stock may be inaccessible to fishing (Hilborn and Walters 1992). In either scenario,
changes in commercial catch rates do not reflect changes in stock abundance and are therefore often unreliable to
assess stock status through time (Williams et al 2010). Other methods exist to estimate stock size from fishery-
independent data, such as the conversion of survey indices to abundance (Williams et al 2010). To implement such a
method for this fishery, more detailed surveying of the assessment area and a greater understanding of absolute catch

efficiency, which would be used to scale indices, would be required.

A key benefit of the stock assessment models implemented here is the additional useful pieces of information estimated
alongside stock size, and these are useful for other analyses (such as per recruit analyses or scale survey indices using
catch efficiency) or as other model prior distributions in this fishery or other scallop fisheries. The stock assessment
models could also be extended to be able to forecast and conduct testing of harvest control rules, which is often not
possible with other methods. In addition, these IA models provided the opportunity to efficiently utilise all available

data (Maunder and Punt 2013).
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The length of the available time series meant this fishery was data-limited, but only relative to the data requirements
of the stock assessment models implemented. Several other methods have been developed to estimate single species
stock size in cases where data are far more limited than here (Dowling et al 2019). The methods are wide ranging (see
Dowling et al 2019), and the demand from management bodies for assessed fish stocks has resulted in generic methods
that can be implemented with limited scientific expertise (Dowling et al 2019). These methods typically use calculations
for which the assumptions are broad enough to reflect the population dynamics of many fish stocks, and parameters
are often taken from other data-rich species (known as the “Robin Hood” approach) (Punt et al 2011; Kokkalis et al
2017). Information from other species can be incorporated directly, as a prior distribution on a parameter, or several
single species assessments may be conducted simultaneously to make use of survey indices that apply to species with
similar life histories (Punt et al 2011). These methods typically conduct extensive simulations to help build confidence
in their outputs (Kokkalis et al 2017) and can be developed as ‘tools’ designed for quick and simple data-limited stock
assessment (Dowling et al 2019). These methods were not considered here as, firstly, although not necessarily collected
for the application of the IA models applied here, a broad range of data were available for this stock, and secondly, the
application of generic data-limited methods often make, or violate, multiple assumptions and may fail to address
inconsistencies in available data (Dowling et al 2019). The approach taken in the present study incorporated careful
understanding and analysis of available data, detailed understanding of the underlying calculations and assumptions in

the methodology and the models were tailored to the specifics of the fishery.

Conclusions

It is likely that the true stock size decreased with time, based on the estimated outputs of the age- and un-structured
models and the trend in observed survey index. Many other useful metrics were estimated by the two best performing
models including estimated annual fishing mortality rates, annual recruitment, MSY, biological reference points, fleet
catchability, age-structured fishery selectivity, discard retention and survey catch efficiency curves. Multiple fixed
parameters were also estimated prior to model fitting including parameters for von Bertalanffy growth, age-weight and
length-weight curves. All of these fixed and estimated parameters are directly useful to the fishery in the future, and
some will also be directly useful to other king scallop fisheries. Many of the parameters would also be useful as prior

distributions in assessments of other fisheries.

The age- and un-structured models produced sensible estimates for the majority of metrics scrutinised. Several of these
metrics were similar between the two models, indicating that the differences in stock structure led to only minor
differences in some model estimates (MSY, Bwsyand carrying capacity). However, relative estimates of stock size and
fishing mortality rate were quite different. On balance, we believe either of these models would be a suitable tool for
estimating the absolute size of this stock, and many other aforementioned metrics, but are likely to require additional
data to be able to estimate relative stock size and relative fishing mortality rate. The ability to obtain similar stock
estimates is in agreement with previous studies that have found either age- or un-structured models to be suitable for
stock assessment in other fisheries, but in disagreement with the findings of other studies. The age- and un-structured
models performed considerably better than the length-structured model which performed poorly. Therefore, the

current outputs from the length-structured model should not be considered by management.

The performance of all three models is expected to improve further with an increased data time series, and initial testing
of these three models on a longer data set from the Isle of Man king scallop fishery has indicated improved model
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performance. Therefore, it is recommended that all three models are implemented with a longer time series to further
judge the suitability of each model for stock assessment of this king scallop stock. Alternatively, it may be preferable to
continue to implement each model to obtain three estimates of key stock management metrics. A single model, or all

three models, could be used by management to guide management tools to sustainably manage the stock in the future.
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CHAPTER 5: DISCUSSION

This chapter summarises what was learned in Chapters 2, 3, and 4, and how these pieces of work contribute towards
the broader aims of the thesis. The aims were to estimate two key pieces of evidence important for the sustainable
management of the Cardigan Bay scallop fishery; the absolute size of king scallop populations in the area and the effect
of a unit of fishing effort on both the target species and the wider ecosystem. Data limitations which may apply to
multiple chapters are also discussed. This chapter then discusses the wider uses and implications of the work to
scientists and other fisheries, before discussing the implications of the work for the sustainable management of local
Welsh scallop stocks. In particular, strategies are proposed to use, and build on, the findings of the thesis to sustainably
manage the Welsh stocks. Lastly, many of future improvements to the work produced here, and the remaining gaps in
the data required to sustainably manage the fishery, are addressed. Suggestions are made for future research to address

these improvements and data gaps.

5.1 Key findings and estimates

King scallops are of high value to the UK, and in particular Wales (MMO 2018). However, fishing for scallops with dredges
is controversial and often negatively impacts the wider ecosystem (Stewart and Howarth 2016). In addition, king scallop
landings have decreased in Wales since 2012 (MMO 2018). Because of this high commercial value, scallop dredge
impacts on the wider ecosystem and the decrease in landings, it is imperative that Welsh king scallop populations are
managed with tools that are based on scientific evidence. This thesis aimed to provide quantitative evidence, based on
fisheries monitoring data, which could be used to support the sustainable management of Welsh king scallop
populations and the environmental and economic impacts of fishing these. The thesis focussed on methodologies used
to estimate two key pieces of evidence important for the sustainable management of the Cardigan Bay scallop fishery;
the absolute size of king scallop populations and the effect of a unit of fishing effort on both the target species and the

wider ecosystem.

Collectively two of these three chapters (2 and 4) have conducted work towards three of the four general approaches
listed by Hilborn and Walters (1992) for estimating stock size. The three are: (1) scaling catches to abundance using
knowledge of absolute catch efficiencies; (2) historical stock reconstruction from fisheries monitoring data; and (3)
depletion estimators. The work towards three general approaches here allows flexibility over the direction of future
research to assess Welsh king scallop stocks. The remaining method listed by Hilborn and Walters (1992) is mark-
recapture or change in ratio methods, which were not considered in this thesis 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 (Howell and Fraser 1984). Two of the chapters (2
and 3) have also investigated, and contributed to the understanding of, the effect of a unit of fishing effort on the target

stock, wider environment and fuel efficiency when areas were repeatedly fished.

Greater understanding of whether catch rates could be scaled to estimate abundance of scallops was obtained by
estimating the absolute catch efficiencies of five commercial scallop dredgers fishing nine areas in Chapter 2. This was
achieved using a spatial depletion model which quantified the effect of repeatedly fishing these areas on consequent
catch rates. This study demonstrated the wide variation in absolute catch efficiencies (0.13 to 0.62) between commercial

vessels and that estimates for individual vessels can also vary considerably. This variation highlighted that catch
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efficiencies are not suitable for scaling commercial scallop catch rates to estimates of absolute abundance without
further research. This chapter also investigated whether sediment type, vessel characteristics (such as size, engine
power or number of dredges) or vessel practices (such as total swept area of hauls, length of hauls and haul speed)
could explain the differences in absolute catch efficiencies between vessels, but ultimately the sample size was not large

enough to draw strong conclusions.

In Chapter 4, absolute catch efficiency was also estimated for the research vessel RV Prince Madog using three different
historical reconstruction IA stock assessment models. These estimates should be treated with some caution based on
the data caveats highlighted in Chapter 4. Each model provided a differing estimate of catch efficiency, length-structured
catch efficiency curve, age-structured catch efficiency curve and overall catch efficiency regardless of scallop size or age,
and therefore these estimates were not directly comparable between the three models. Either of the structured catch
efficiency curves or the unstructured model catch efficiency estimate could be used to scale this research vessel’s
catches to absolute abundance in the dredge path in the future, or could be incorporated as prior distributions for future
analyses to further study research vessel catch efficiency. The unstructured model also estimated the commercial
fishery catchability, which is the proportion of the entire stock that was removed with a unit of effort (Arreguin-Sanchez
1996), however, much like commercial vessel catch efficiency, further research of small scale variation in catchability is
encouraged before catchability could be used to scale commercial catches to abundance. As with the catch efficiency

estimates, the catchability estimate is likely to be useful as a prior distribution for stock assessments in other fisheries.

The median catch efficiency estimates from the age- and length- structured models (0.69 and 0.63, respectively) would
be expected to be greater than all those estimated in Chapter 2 (0.13 to 0.62) as the survey dredges have a finer belly
ring diameter than the commercial dredges, and because the age- and length- structured model estimates were for only
the age(s) or size(s) which the gear caught best. It would be challenging to estimate age- or length- structured catch
efficiency curves from catch data alone using the Patch model implemented in Chapter 2, as gear selectivity and catch
efficiency are confounded in this situation (Hennen et al 2012). The estimated median catch efficiency from the
unstructured model is also not directly comparable to the Chapter 2 estimates because of the differences in dredge
specifications and because the unstructured model estimate spanned all ages or sizes of scallops, whereas the Chapter

2 estimates were for scallops = the MLS only.

The three historical reconstruction models implemented in Chapter 4 also each estimated the stock size within the areas
open to commercial scallop fishing in ICES statistical rectangle 33E5 across a five year time series. Again, these estimates
should be treated with some caution due to the data caveats highlighted in Chapter 4. The spatial depletion model in
Chapter 2 was also used to estimate mean king scallop > the MLS densities for nine small areas in close proximity, and
these could then be expressed as absolute abundance (> the MLS) within these areas. The range of densities between
the areas demonstrated that scallop abundance can change considerably over a relatively limited spatial range of similar
habitat. The total stock abundance estimates from the age- and length- structured models in Chapter 4 were expressed
as densities after division by the area of the assessment area, but these would not be directly comparable to the
densities estimated in Chapter 2 because those focused on only scallops = the MLS. However, it is possible to extract
only the abundances from those length-classes = MLS from the length-structured model (although not presented in this
thesis) and compare densities across the same size range to explore the differences in densities between these open
and closed commercial fishing grounds in 2014. This comparison is not made here due to the aforementioned
uncertainty in the current length-structured model stock size estimates. It should also be noted that the Chapter 2
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densities were estimated for April 2014 and prior to the fishing intensity experiment, and those in Chapter 4 were
estimated for the end of the 2014 calendar year. Therefore, the density estimates from Chapter 2 and Chapter 4 are not
directly compared here to analyse differences in densities between fished and unfished king scallop beds. This
comparison was not an aim of the thesis and the data used from the fishing intensity experiment did not include king

scallops < the MLS.

In addition to analysing the effect of a unit of fishing effort on the consequent catch in Chapter 2 using a spatial depletion
model, the effect of a unit of fishing effort on environmental efficiency and fuel consumption rate as areas were
repeatedly fished was investigated in Chapter 3. It was shown that the relationship between vessel catch efficiency and
depletion rate is important for understanding changes in environmental fishing efficiency as areas were repeatedly
fished by dredges. In particular, this work demonstrated that a vessel with a catch efficiency greater than the benthic
depletion rate would have an increasing environmental impact relative to the target catch as it continued to fish an
area. The opposite was also true, that a vessel with a catch efficiency less than the benthic depletion rate would have a
decreasing environmental impact relative to the target catch as it continued to fish an area. Fuel efficiency, measured

as fuel intensity, was estimated for three commercial vessels as they repeatedly fished areas.

In addition to estimating total stock size and catch efficiencies, several other highly useful life history or fishery
parameters were estimated between the stock assessment models in Chapter 4 including annual SSB, annual fishing
mortality rates, annual recruitment, length- or age-structured selectivity curves for the fishery, length- or age-structured
retention curves from the fishery and biological reference points such as Bwmsy, Fmsy and carrying capacity. These
estimates should be treated with some caution due to the highlighted data caveats in Chapter 4. Furthermore, additional
fixed parameters were estimated prior to fitting the models including individual growth curve (von Bertalanffy)
parameters, size- and age- at-maturity curve parameters and length- and age- weight curve parameters. Many of these
parameters would still be useful as prior distributions in other stock assessment analyses. Chapter 4 also highlighted
that estimated model structure is an important consideration in stock assessment, as demonstrated by the considerably
different estimates produced by the length-structured model compared to the other two models. In addition, this
Chapter highlighted that age- and un- structured models can produce similar estimates of stock size and biological

reference points.

5.2 Potential data limitations in multiple chapters

The demand for scientific evidence to support sustainable fisheries management with limited data has required fisheries
analysts to be creative in their analyses (Maunder and Punt 2013). In all cases, best attempts were made to account for
data deficiencies, inconsistencies or errors, or, failing this, approaches were identified that should be considered to
analyse such data in the future. The key limitations or benefits of the methods implemented in each previous chapter

are discussed there. Here, this section discusses key data limitations which may have affected multiple chapters.

Chapters 2 and 3 both use the same empirical datasets from a fishing intensity experiment, which was not designed to
assess catch efficiency, environmental efficiency or fuel efficiency. The analyses in these chapters quantified changes in
these variables as areas were repeatedly fished, and were therefore dependent on the overlap between hauls (or
depletion pattern). As illustrated in Chapter 2 the depletion patterns were highly variable between vessels, fishing lanes

and with increasing cumulative effort. In Chapter 2, this was addressed with a spatial depletion model capable of
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accounting for this variation in depletion patterns and the resulting findings and estimates should be considered reliable.
The depletion patterns were not directly addressed in the analysis of Chapter 3, which may have resulted in bias of
estimates. However, as a high amount of effort was applied to the fishing lanes overall depletion patterns were detected
(as supported by the estimation of sensible catch efficiency values by the Patch model in Chapter 2) and as specific
parameters, such as the slope of a depletion line, were not estimated in this chapter the findings are unlikely to change
after an explicit spatial analysis. However, some of the estimated values of RBS, change and fuel intensity at points in

time may be erroneous as a consequence.

Accuracy of estimations of landings, catches and fishing mortality is a considerable problem in fisheries assessment, and
can occur due to discrepancies in discarding practices, error or illegal catches (Jensen and Vestergaard 2002; Coll et al
2014; Pennino et al 2016). Misreporting of landings or catch data may have affected the data used in this thesis, but
remained beyond the scope of this thesis to quantify and account for. Misreporting of landings can result in an
underestimation of, or highly imprecise and inaccurate estimations of, fishing mortality rate (Patterson 1998; Jensen
and Vestergaard 2002), and therefore the estimated fishing mortality rates in Chapter 4 may be underestimated or
inaccurate if considerable landings misreporting occurred. Erroneous catches from the fishing intensity experiment
dataset used in Chapters 2 and 3 may have also affected estimates and findings, but every effort was made to ensure

any errors were extremely limited as highlighted in these chapters.

5.3 Wider implications

This thesis has estimated a wide range of states, rates and life history parameters corresponding to king scallops and
their fishery in Wales and these are of particular benefit to local management for managing the fishery or direct use in
future stock assessments or research studies. In addition, many of these estimates will also be useful as prior

distributions in stock assessment models or analyses for a wider range of scallop fisheries.

Chapter 2 highlighted that commercial vessel catch efficiency can be highly variable over small spatial scales. This
variability indicates that commercial catch rates should not be scaled to estimates of abundance without further
research explaining variation in catch efficiencies. This is in agreement with other studies which stated the relationship
between catch rates and stock size is too complex to assume catch rates can relate directly to abundance (Hilborn and
Walters 1992; Williams et al 2014). The range of estimated commercial vessel catch efficiencies (0.13 to 0.62) was
broader than the range estimated by Beukers-Stewart et al (2001) (0.295 to 0.407), for king scallops = 110 mm in shell
width. The range estimated in Chapter 2 was also broader than the range from other king scallop fisheries that used
similar Newhaven spring-loaded dredges (0.13 to 0.41), although these were not reported to the same size group
(Chapman et al 1977; Dare et al 1993; Lambert et al 2014). Therefore, prior distributions of catch efficiency in king
scallop stock assessments using catches from commercial vessels fishing with Newhaven dredges should consider the
broader range estimated here. Interestingly, there was no evidence that the number of dredges hauled had an effect
on catch efficiency in Chapter 2. The research vessel catch efficiency estimated in Chapter 4 was for Newhaven dredges
with a different specification to the commercial gear, but was far higher (0.60) than the value estimated for the same
vessel and gear by Lambert et al (2014) (0.29). The posterior distribution of this estimate from Chapter 4 (0.25 to 0.93)
straddled the estimate by Lambert et al (2014) and highlights that further research is required to determine the catch

efficiency of this research vessel.

134 |Page



The initial densities estimated in Chapter 2 were for an area closed to commercial scallop dredging and these densities
were within reported ranges of king scallop densities from other closed areas (1 — 85 per 100 m?) (Table 2.3), although
not to the same size category of > 110 mm shell width. The range of estimated densities in Chapter 2 highlighted that
king scallop density can vary considerably over small spatial scales (110 km? area), and were not shown to be linked to
gravel content in the sediment. The densities in Chapter 2 were all higher than those reported by Lambert et al (2014)
for the same area and a few months later in the same year (21 per 100 m?). Lambert et al (2014) reported densities for
all sizes of king scallops, and therefore this estimate should be higher than those estimated here. Differences in densities
could be due to natural fluctuations or the accuracy of the two different techniques used (videos and depletion
estimation). The broad range of density estimates for closed areas from other studies and those estimated here

reinforce the need for annual surveys to assess changes in abundance across small spatial scales.

The comparison of three IA stock assessment models which each estimated stock size with different stock structure
highlighted that choice of stock assessment model structure is complex and likely case dependent. Both the age- and
un- structured models produced reasonable and sensible estimates of stock size, which contradicts studies which have
found unstructured models incapable of doing this (Townsend 1986; Bjorndal and Brasao 2006; Tahvonen 2008).
Similarly, the implemented unstructured model had high goodness-of-fit between estimated and observed commercial
data, despite being applied over only five years, which is in disagreement with other studies which have reported poor
fits between observations and estimates from unstructured models (Massey et al 2006; Jonsen et al 2009). The ability
of an unstructured model to perform similarly to an age-structured model is in agreement with other studies which
have shown unstructured models can estimate key metrics as well as age-structured models (Ludwig and Walters 1985;
1989; Moxnes 2005). In those studies the key metrics were optimal effort and economic revenue, and therefore
different to the key metrics analysed here. This work showed that unstructured models, commonly known as

production, surplus-production or biomass dynamic models, can be useful tools for estimating stock size in fisheries.

The critical relationship between vessel catch efficiency and depletion rate is important for understanding changes in
environmental fishing efficiency as areas are repeatedly fished by towed gears (Chapter 3). This relationship indicated
that lightly fishing areas is more environmentally efficient for highly efficient vessels as there will be less to catch on
consequent hauls relative to the environmental impact of consequent hauls. In contrast, the effect of less efficient
vessels repeatedly fishing an area is less problematic as these vessels will still return reasonable catches relative to the
amount of the environmental impact caused by consequent hauls. This finding is important for environmentally
focussed management plans looking to balance trade-offs between maximising profit through catches and reducing the
environmental impact of the fishery through effort limitations, as discussed later. Potential effort limits have also been
discussed by Lambert et al (2017), who analysed recovery four months after the experiment studied in Chapters 2 and
3 and found that fishing intensities > 6 on seabed communities was closest to the magnitude of natural disturbance in
the area. This implied that all the fishing conducted during the experiment in Chapters 2 and 3 had a lesser effect than
natural disturbances, although Lambert et al (2017) discuss a precautionary approach towards identifying a seabed

impact effort threshold.

The estimations of fuel intensities of three commercial vessels in Chapter 3 demonstrated that king scallop dredge fuel
intensity here was lower than median estimates from a global analysis of dredge and mollusc fisheries (Parker and

Tyedmers 2015). Lower fuel intensity indicates less fuel is required to catch a tonne of scallops and therefore the fishing
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is more fuel efficient. The primary reason for this is likely to be high density scallop sites chosen for this experiment,
and these values demonstrate that scallop fishing in such high density areas is relatively fuel efficient compared to the

global averages.

5.4 Implications for management

The evidence from the two best performing stock assessment models in Chapter 4 showed that the stock size in the
open fishing grounds of ICES statistical rectangle 33E5 decreased with time between 2012 and 2016, and landings of
scallops by UK vessels in to Welsh ports have also declined from 2012 onwards (Figure 1.4) which may indicate further
decline in stock sizes. Therefore, management should focus on reducing the fishing mortality rate of scallops in Welsh
waters to attempt to prevent further stock decline. Two key strategies for reducing fishing mortality rate are to set a
catch limit or to set effort limits for vessels targeting king scallops. Either of these strategies could be implemented

across large regions of Welsh waters (such as Cardigan Bay) or may be applied to small areas in a rotational fashion.

Catch limits could be set as an annual TAC for the Cardigan Bay fishery assessed in Chapter 4. Setting a TAC has been
done in scallop fisheries such as the Patagonian scallop (Pottinger et al 2006), the USA weathervane scallop (NPFMC
2014), East Canada sea scallop fishery (Caddy et al 2010; DFO 2013), US sea scallop (Aldous et al 2013), loM queen
scallop (Andrews et al 2010) New Zealand scallop (Cryer 2001a; Williams et al 2010; Twist et al 2015) and the Iceland
scallop (ICES 2013) fisheries. The three stock assessment models applied in Chapter 4 each produced an estimate of
MSY which could be used to set an annual catch limit for this fishery. However, these estimates should be treated with
caution due to the data caveats highlighted in Chapter 4 and because it is often considered too risky for management
to set catch limits at estimates of MSY (Maunder 2008). Consequently MSY and Bwsy have recently been considered as
limit reference points to indicate when a fishery risks becoming unsustainable rather than target reference points
(Maunder 2008). Therefore, the recommended catch limit should be precautionary. The age- and un-structured model
median MSY estimates were approximately 364 tonnes and 498 tonnes, respectively. However due to model estimate
uncertainty and the data caveats, a TAC between the lower 95% prediction intervals of each of the age- and un-
structured model estimated MSY (49 to 126 tonnes) could be set for the assessment area. The length-structured model
outputs are not considered here due to it being the worst performing model. Additionally, the TAC should only be
increased in the future when the long-term stock size is also increasing with time because this avoids adjustment based

on natural annual fluctuations, and this approach is implemented in the loM queen scallop fishery (Andrews et al 2010).

Catch rates from the fishery could be used to assess whether the TAC is likely to be met, over- or under- shot in a season,
as is done in the East Canada sea scallop and loM queen scallop fisheries (Andrews et al 2010; Caddy et al 2010; DFO
2013). If TACs are overshot then fishing seasons could be closed early or the overshot amount deducted from the
following year’s TAC (Andrews et al 2010). The TACs could be implemented as ITQs, which is done in New Zealand scallop
fisheries (Williams et al 2010), and would allow fishers to sell or trade unused or unwanted quota to other fishers (Copes
and Charles 2004). After scallop stock assessments are conducted for other parts of Welsh waters, individual TACs could
be assigned to different regions and this is an approach that has been implemented in the US sea scallop fishery (Aldous
et al 2013). Alternatively, catch limits may not be based on the outputs from these models due to the highlighted data
caveats and these models may instead serve as an example of appropriate methodology for stock assessment once they

can be applied with less of these caveats.
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The data requirements of the best performing models (age- or un- structured) can drive future data collection. The age-
structured model had greater data requirements, required more fixed parameters, estimated more parameters and was
generally more complex than the unstructured model, but as a consequence provided greater detail and was capable
of estimating additional pieces of information such as recruitment and SSB. The age-structured model was also capable
of estimating age-structured fishery selectivity and retention curves and age-structured survey catch efficiency. These
estimates will become more reliable and be less dependent on prior distributions when more informative data are
available, as has been shown with recent applications of the age-structured model to the loM king scallop fishery (not
displayed here). In contrast, the unstructured model estimated far less parameters than the age-structured model,
estimated fishery catchability and was not dependent on potentially erroneous aging of king scallops, but required the
effort data corresponding to the catches. The trade-off between data requirements, complexity and outputs is a subject

for consideration by future stock assessment analysts.

Addressing the aforementioned areas required to improve the availability and accuracy of data, and the accuracy of the
analytical methodology, are likely to improve the reliability of the estimates from the stock assessment models. The key
data collection improvements are increasing the time series of commercial data available, developing systems so that
these can be reported at finer spatial scales in line with local MLS management and accounting for neighbouring closed
areas in stock assessment models (Punt and Methot 2004; Field et al 2006; Pinchin and Wilberg 2012). In particular, if
landings were reported to finer spatial scale then these models could be applied to many other areas around the Welsh

coast to estimate king scallop stock sizes.

However, enforcing catch limits upon the Cardigan Bay stock would have considerable management challenges. There
is currently no licencing for the assessment area and therefore no way to control the number of vessels, or how much
they each land. Implementing a licencing system would be challenging as an agreement would need to be formed
between both the EU and Wales so that the licencing would apply to both Welsh waters and EU waters (as both are in
the assessment area). In addition, it is also likely to be challenging to determine whether landings from the Cardigan
Bay stock were obtained from the assessment area or otherwise under the current reporting system and as a result
catches may be biased. However, the conversion of catch limits to an effort-based approach may be more appropriate

for this fishery in an attempt to limit fishing effort further.

Swept area is recommended here for quantifying scallop dredge effort because it accounts for the number of dredges
hauled and can be used to easily standardise catches and environmental impact. Many scallop fisheries regulate effort
through temporal restrictions (Hervas et al 2011; ICES 2013; Tindall et al 2016). However, it is recommended that effort
is regulated by swept area in the Welsh king scallop fishery as this would allow for direct quantification of amount of
seabed impacted by each haul. Vessel monitoring systems are available to monitor, in real time, the spatial patterns of
vessels fishing within a given area (Wallace et al 2015), and there have been advances in technology which permit real
time catch and landings reporting (Little et al 2015). Therefore, the tools are available to monitor the efficiency of fishing

and incorporate this in to management as is already done in multiple fisheries throughout the world (Little et al 2015).

An effort based approach could be highly effective in a rotational management fashion, where areas are opened, fished
and then closed once particular thresholds are met. Rotational closure of areas within the fishery could allow for the
recovery of areas and protection of juveniles whilst fishing still persists in other areas (Stewart and Howarth 2016).

Rotational management has been used in multiple scallop fisheries (Holmes et al 2013; Williams et al 2014; Akroyd et
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al 2015). After rotational management was implemented in the US sea scallop fishery catch rates increased considerably
in some areas (0.8 kg/tow to 9.7 kg/tow between 1997 and 2000), there was evidence of overall greater mean weights
of landed scallops and greater larvae export was detected (Hart 2003; Hart and Rago 2006; Aldous et al 2013). The use
of rotational areas has also been considered effective in protecting the ecosystem as well as protecting sea scallops in
this fishery (Aldous et al 2013). Effort-based rotational management has the possibility to work in Cardigan Bay where
closed areas had high densities of commercially sized king scallops in 2014 (Chapter 2) and consequent fishery-
independent surveys indicate high densities existed in these areas in 2019 (Delargy et al 2019). The threshold for
opening and closing areas could be based on catch rates like the Shetland king scallop fishery which can be closed if
LPUE rates drop below a pre-defined level (23 marketable king scallops per hour per dredge) (Tindall et al 2016). This
approach would also require that landings were reported on a finer spatial scale, as previously mentioned. The threshold
could also incorporate the findings from Chapter 3 and consider the catch efficiencies of vessels repeatedly fishing small
areas in an attempt to reduce the amount of environmental impact per tonne of king scallops landed. This would involve
quantifying and classifying vessels by low, medium or high catch efficiencies and limiting their effort accordingly, with
the most efficient vessels being able to apply the least amount of effort. This is an example of a trade-off between target
species catch efficiency and reducing environmental impacts, but could also be extend further to include other factors

in the trade-off such as fuel efficiency.

The effort-based approach is likely to better control the environmental impacts of the fishery than a TAC approach,
especially if a strategy directly incorporating environmental fishing efficiency is incorporated as an effort threshold for
areas. A TAC does not determine how much effort is employed and therefore the environmental impacts of catching a
given TAC are far more challenging to quantify than an effort-based approach. Therefore, the effort-based approach is

the recommended management strategy for the Welsh king scallop fishery.

5.5 Data gaps and future work

The evidence required to implement the suggested management strategies is dependent on accurate estimates of stock
size or careful understanding of the effects of a unit of effort on the target species and wider environment. The

techniques used to study these would each benefit from future research as outlined here.

To continue to implement the IA stock assessment models from Chapter 4 in the future, several key data gaps should
be addressed in addition to improving the temporal length and spatial scale of the datasets. In particular, research to
determine the parameters of any of the three selectivity curves estimated in each of the length- and age-structured
models would likely result in improved overall model performance. Experiments to define the selectivity of both
landings and discards in commercial dredges and the survey dredges could be conducted by comparison of catch rates
from multiple gear types (e.g. Hamley and Regier 1973; Millar 1992). Alternatively, tag and recapture studies could also
be employed to achieve this (e.g. Anganuzzi et al 1994; Myers and Hoenig 1996). Absolute catch efficiency, required
for all three stock assessment models, could alternatively be estimated by a depletion study (Beukers-Stewart et al
2001; Rago et al 2006), with divers (Beukers-Stewart et al 2001; Fifas et al 2004), using optical methods (Lambert et al
2014; Miller et al 2019), by mark-recapture (Dickie 1955) or by dredging over known abundance on seeded grounds
(McLoughlin et al 1991).
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The natural mortality rate could be estimated 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; Jensen 1996; Lorenzen
1996). To account for neighbouring closed areas the migration rate of the stock (both larvae and adults) between open
and closed areas would need to be quantified by a research study or estimated within the stock assessment models
(Pinchin and Wilberg 2012). Similarly, it is also important to better define the connectivity between scallop beds within
Wales to help define stock assessment units. Such research could include further genetic or biophysical larval dispersal
modelling studies (Chow et al 1997; James et al 2002; Hold et al in press). Broadening the range of commercial vessels
sampled by scientific observers would allow for a better estimate of the annual discarding rate. This is essential for

estimating the amount of king scallops which are returned to the sea after capture.

Modelling additional observed data would also be useful for future model development to account for further
uncertainty in estimates (e.g. Methot and Wetzel 2013). For example, observed fishing effort data can be modelled to
help tune fishing mortality to the correct trend and magnitude in each of the length- and age- structured models (Xiao
1998). Tagging data could be obtained and modelled to help estimate growth, address parameter confounding and can
be modelled as a secondary set of survey data to better estimate abundance (Punt et al 2013; Hillary and Eveson 2015).
Environmental data could be modelled if a relationship with stock recruitment was defined, or environmental variables
may be directly linked to stock size (e.g. Haltuch and Punt 2011). King scallop recruitment has been shown to be affected
by mean spring sea temperature, availability and quality of larval settlement habitat and chemicals used in the netting
of salmon farms (Minchin et al 1987; Shephard et al 2009; Howarth et al 2011). In addition, other scallop fisheries have
reported a wider range of factors affecting recruitment including predator abundance, presence of invasive species,
algal blooms, density of the spawning scallop stock, hydrodynamic conditions, disease and physical disturbance
(Summerson and Peterson 1990; Hart 2006; Morris et al 2009). Therefore, any study which can quantify effort,
implement tagging research or investigate relationships between environmental variables and stock size or recruitment

would be useful for the improvement of stock assessment of this fishery.

An alternative approach for estimating stock size investigated in this thesis is to scale catches to abundance using
knowledge of vessel catch efficiencies (Hilborn and Walters 1992). The remaining abundances within dredge paths can
then be extrapolated to estimate abundance in areas between dredge paths using geostatistical techniques (Petitgas
1996). The estimated catch efficiencies of five commercial vessels fishing nine small areas (Chapter 2) highlighted that
greater understanding is required before this approach could produce reliable estimates of abundance, due to the high
variability in catch efficiency estimates. Vessel catch efficiency can be further studied using a variety of methods such
as optical methods or dives pre- or post-dredging (Caddy 1968; 1971; Beukers-Stewart et al 2001; Fifas et al 2004;
Lambert et al 2014; Miller et al 2019), mark-recapture (Dickie 1955), index-removal (Gedamke et al 2005), depletion
(Chapter 2; Beukers-Stewart et al 2001; Rago et al 2006) and dredging over known abundance on seeded grounds
(McLoughlin et al 1991). Many of these methods could be implemented in controlled studies designed to investigate

the effects of various factors such as habitat type, vessel characteristics and fishing practices in isolation.

Both the IA stock assessment models implemented in Chapter 2 and directly scaling catches to abundance either require
direct knowledge of catch efficiency or make assumptions about catch efficiency. Alternatively, optical methods can be
used to directly sample scallop stocks and sidestep the need to estimate catch efficiency of towed gears altogether.
Capture efficiency (equivalent of catch efficiency) of optical methods can be close to one, which is considerably better
than most towed gears, and this can result in more accurate estimates of abundance (Stokesbury 2002). Absolute
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abundance of sea scallops has been routinely estimated using optical methods in the US, with the absolute abundance
of the total survey area estimated using the mean density of sea scallops from video samples taken across small areas
(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 estimate accounts for both the selectivity and
capture efficiency of the method (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).
Therefore, scientific surveys may wish to invest in either optical system to monitor king scallop stocks in Wales, which

would also considerably reduce the environmental impacts of stock assessment surveys.

However, knowledge of dredge catch efficiency remains important whilst it is a capture method in the commercial
fishery. The proposed effort-based rotational management strategy takes account of the trade-off between catch
efficiency and environmental impacts and would benefit from further quantification of both vessel catch efficiency for
scallops and the benthic depletion rates by dredges across habitats in the fishery. In addition to the aforementioned
methods for studying catch efficiency, benthic depletion rates could be further studied by before-after-control-impact

towed gear experiments (e.g. Hiddink et al 2006; Lambert et al 2017).

5.6 Conclusions

This research developed and implemented methodologies to estimate key pieces of evidence that could support
strategies for the sustainable management of Welsh king scallop populations. The key pieces of evidence were multiple
estimates of absolute stock size with time and the MSY of a key Welsh king scallop stock (Chapter 4) and the relationship
between the catch efficiency and benthic depletion rates when areas were repeatedly fished (Chapter 3). These key
pieces of evidence allowed the proposal of strategies to attempt to manage the Welsh scallop fishery sustainably. In
addition, this research directly estimated absolute abundance of king scallop populations in small areas, demonstrating
another useful technique for estimating absolute abundance, and also estimated catch efficiencies of multiple
commercial scallop vessels (both Chapter 2). The research of vessel catch efficiencies serves as another technique for
estimating absolute abundance, through the scaling of catch rates, but this technique is not advised until further
research is conducted. Collectively these three chapters achieved the two key aims of the thesis, to implement
techniques to estimate absolute scallop abundance and investigate the effect of a unit of fishing effort on the target

species and the environment.

In addition, a wide range of further king scallop life history and fishery parameters have been estimated in this thesis
including, the Cardigan Bay stock annual SSB, annual fishing mortality rate, annual recruitment, biological reference
points, research vessel catch efficiency (overall, age-structured and length-structured), age- and length- structured
fishery selectivity and discard retention curves, fishery catchability, von Bertalanffy individual growth parameters, age-
and length- weight curves, age- and length- at-maturity curves and fuel intensities of three commercial scallop vessel as
they repeatedly fished areas. The vast majority of these parameters were estimated for the first time for the Cardigan
Bay fishery assessed in Chapter 4, and can serve as prior distributions for parameters in future stock assessments of
Welsh and other king scallop stocks.
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Furthermore, this thesis also demonstrated that vessel catch efficiencies can vary considerably over small spatial scales,
both between vessels and estimates for single vessels. Similarly, scallop densities can also vary considerably over small
spatial scales and, in this case, the differences in densities were not driven by the sediment type. This thesis also
demonstrated that vessels using towed bottom gears with a higher catch efficiency will cause an increasing
environmental impact relative to the amount of target catch as they repeatedly fish an area. Furthermore, king scallop
dredging was shown to have greater fuel efficiency than the global average for dredge and mollusc fisheries. Lastly, this
thesis demonstrated the importance of carefully considering estimated stock structure in historical reconstruction stock
assessment models and that unstructured models can produce similar estimates of stock status to age-structured

alternatives.
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APPENDIX
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Appendix figure 1: The number of times 10 cm apart points were swept in each of the fishing lanes from the fishing intensity
experiment in Cardigan Bay. The number of times swept is coloured as indicated in the figure legend.
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Appendix Figure 2: Standardised residuals from the likelihood of each Patch model fit reflecting the difference between observed
and estimated catches. Standardised residuals were calculated per haul as %, which means a negative standardised residual

results from an observed catch less than the estimated catch.

143 |Page



REFERENCES

Ahrestani, F.S., Hebblewhite, M. and Post, E., 2013. The importance of observation versus process error in analyses of
global ungulate populations. Scientific reports, 3, p.3125.

Akroyd, J., Liang K., Xu, Y., Liang, A., Li, A. 2015. MSC Assessment Report for Zhangzidao Yesso Scallop (Patinopecten
yessoensis) Fishery, North Yellow Sea. Public Comment Draft Report.

Albrecht, J. K. 2013. Taxonomic and functional recovery of epifauna after the permanent closure of an area of the
Cardigan Bay Special Area of Conservation (SAC), Wales, to a scallop dredge fishery. MSc thesis, Bangor University,
Fisheries & Conservation report No. 28, Pp.81

Aldous, D., Brand, A.R. and Hall-Spencer, J.M., 2013. MSC Assessment Report for USA Sea Scallop Fishery. Version 3:
Public Comment Draft Report.

Allison, E.H., 1993. The dynamics of exploited populations of scallops (Pecten maximus L.) and queens (Chlamys
opercularis L.) in the North Irish Sea (Doctoral dissertation, University of Liverpool).

Amoroso, R.O., Pitcher, C.R., Rijnsdorp, A.D., McConnaughey, R.A., Parma, A.M., Suuronen, P., Eigaard, O.R., Bastardie,
F., Hintzen, N.T., Althaus, F., Baird, S.J. et al, 2018. Bottom trawl fishing footprints on the world’s continental
shelves. Proceedings of the National Academy of Sciences, 115(43), pp.E10275-E10282.

Andrews, J., Akroyd, J., Hough, A., Kimura, P. 2013. MSC Assessment Report for Japanese scallop hanging and seabed
enhanced fisheries. Version 5: Public Certification Report.

Andrews, J.W., Brand, A.R. and Holt, T.J., 2010. MSC Assessment Report for Isle of Man Queen Scallop Trawl and Dredge
Fishery. Version 1: Public Certification Report.

Anhalzer, G., Macho, G., Smith, R. and Allen, R. B., 2018. MSC Assessment Report for US Atlantic Sea Scallop. Public
Certification Report.

Arreguin-Sanchez, F., 1996. Catchability: a key parameter for fish stock assessment. Reviews in fish biology and
fisheries, 6(2), pp.221-242.

Baird, R.H., 1955. A preliminary report on a new type of commercial escallop dredge. ICES Journal of Marine
Science, 20(3), pp.290-294.

Baird, R.H., 1959. Factors affecting the efficiency of dredges. In Modern fishing gear of the world (pp. 222-224). Fishing
News (Books) Ltd. London.

Baranov, F. |., 1918. On the question of the biological basis of fisheries, Bloomington, USA: Indiana University.

Begg, G.A., Friedland, K.D. and Pearce, J.B., 1999. Stock identification and its role in stock assessment and fisheries
management: an overview. Fisheries Research, 43(1-3), pp.1-8.

Benoit, H.P., Hurlbut, T. and Chassé, J., 2010. Assessing the factors influencing discard mortality of demersal fishes using
a semi-quantitative indicator of survival potential. Fisheries Research, 106(3), pp.436-447.

Betancourt, M., 2017. A conceptual introduction to Hamiltonian Monte Carlo. arXiv preprint arXiv:1701.02434.

Bethoney, N.D. and Stokesbury, K.D., 2018. Methods for image-based surveys of benthic macroinvertebrates and their
habitat exemplified by the drop camera survey for the Atlantic Sea Scallop. JoVE (Journal of Visualized Experiments),
(137), p.e57493.

Beukers-Stewart, B.D. and Beukers-Stewart, J.S., 2009. Principles for the management of inshore scallop fisheries
around the United Kingdom. Report to Natural England, Countryside Council for Wales and Scottish Natural Heritage.
University of York.

Beukers-Stewart, B.D., Jenkins, S.R. and Brand, A.R., 2001. The efficiency and selectivity of spring-toothed scallop
dredges: a comparison of direct and indirect methods of assessment. Journal of Shellfish Research, 20(1), pp. 121-126.

Beukers-Stewart, B.D., Mosley, M.W.J. and Brand, A.R., 2003. Population dynamics and predictions in the Isle of Man
fishery for the great scallop, Pecten maximus L. ICES Journal of Marine Science, 60(2), pp.224-242.

144 |Page



Beukers-Stewart, B.D., Vause, B.J., Mosley, M.W., Rossetti, H.L. and Brand, A.R., 2005. Benefits of closed area protection
for a population of scallops. Marine Ecology Progress Series, 298, pp.189-204.

Bishop, J., Venables, W.N., Dichmont, C.M. and Sterling, D.J., 2008. Standardizing catch rates: is loghook information by
itself enough?. ICES Journal of Marine Science, 65(2), pp.255-266.

Bishop, J., Venables, W.N. and Wang, Y.G., 2004. Analysing commercial catch and effort data from a Penaeid trawl
fishery: A comparison of linear models, mixed models, and generalised estimating equations approaches. Fisheries
Research, 70(2-3), pp.179-193.

Bjgrndal, T. and Brasdo, A., 2006. The East Atlantic bluefin tuna fisheries: stock collapse or recovery?. Marine Resource
Economics, 21(2), pp.193-210.

Bloor, I., Emmerson, J., Lambden, C. and Kaiser, M. J., 2017. The Isle of Man Annual Fisheries Science Report for 2017.
Bangor University, Fisheries & Conservation report No. 71.

Boulcott, P., Millar, C.P. and Fryer, R.J., 2014. Impact of scallop dredging on benthic epifauna in a mixed-substrate
habitat. ICES Journal of Marine Science, 71(4), pp.834-844.

Boulcott, P., Stirling, D., Clarke, J. and Wright, P.J., 2018. Estimating fishery effects in a marine protected area: Lamlash
Bay. Aquatic Conservation: Marine and Freshwater Ecosystems, 28(4), pp.840-849.

Brand, A., R., 2016. Scallop Ecology: Distributions and Behaviour. In: Shumway, S. E. & Parsons, G. J., ed. 2016. Scallops:
Biology, Ecology, Aquaculture, and Fisheries. Amsterdam: Elsevier. Ch 11.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A., Skaug, H.J., Machler, M. and
Bolker, B.M., 2017. glmmTMB balances speed and flexibility among packages for zero-inflated generalized linear mixed
modeling. The R journal, 9(2), pp.378-400.

Brown, G.M., 2000. Renewable natural resource management and use without markets. Journal of Economic
Literature, 38(4), pp.875-914.

Buestel, D., Dao, J.C. and Gohin, F., 1985. Estimation d’un stock naturel de coquilles Saint-Jacques par une methode
combinant les dragages et la plongee. Traitment des resultants par une methode geostatistique. International Council
for the Exploration of the Sea (CM Papers and Reports), CM.

Byrne, C. J., Azarovitz, T. R., and Sissenwine, M. P. 1981. Factors Affecting Variability of Research Vessel Trawl Surveys.
In Bottom Trawl Surveys, pp. 258-272. Ed. by W. G. Doubleday and D. Rivard. Government of Canada Fisheries and
Oceans, Ottawa.

Caddy, J.F., 1968. Underwater observations on scallop (Placopecten magellanicus) behaviour and drag
efficiency. Journal of the Fisheries Board of Canada, 25(10), pp.2123-2141.

Caddy, J.F., 1971. Efficiency and selectivity of the Canadian offshore scallop dredge. ICES CM, 1971, p.25.

Caddy, J.F., 2004. Current usage of fisheries indicators and reference points, and their potential application to
management of fisheries for marine invertebrates. Canadian Journal of Fisheries and Aquatic Sciences, 61(8), pp.1307-
1324.

Caddy, J., Gordon, D., Angel, J. and Knapman, P., 2010. MSC Assessment Report for Eastern Canada Offshore Scallop
Fishery. Public Certification Report.

Caddy, J.F. and Gulland, J.A., 1983. Historical patterns of fish stocks. Marine policy, 7(4), pp.267-278.

Caddy, J.F. and Mahon, R., 1995. Reference points for fisheries management (Vol. 374). Rome: Food and Agriculture
Organization of the United Nations.

Caddy, J.F. and Seijo, J.C., 1998. Application of a spatial model to explore rotating harvest strategies for sedentary
species. Canadian Special Publication of Fisheries and Aquatic Sciences, pp.359-366.

Cadrin, S.X., 2000. Evaluating two assessment methods for Gulf of Maine northern shrimp based on simulations. Journal
of Northwest Atlantic Fishery Science, 27, pp.119-132.

145 |Page



Campana, S.E. and Thorrold, S.R., 2001. Otoliths, increments, and elements: keys to a comprehensive understanding of
fish populations?. Canadian Journal of Fisheries and Aquatic Sciences, 58(1), pp.30-38.

Campbell, A. B., O’Neill, M. F., Leigh, M. N., Wang, Y-G. and Jebreen, E. J., 2012. Reference points for the Queensland
scallop fishery. Queensland: The State of Queensland, Department of Employment, Economic Development and
Innovation.

Campbell, L.M. and Cornwell, M.L., 2008. Human dimensions of bycatch reduction technology: current assumptions and
directions for future research. Endangered Species Research, 5(2-3), pp.325-334.

Campbell, R.A., 2004. CPUE standardisation and the construction of indices of stock abundance in a spatially varying
fishery using general linear models. Fisheries Research, 70(2-3), pp.209-227.

Caputi, N., Fletcher, W.J., Pearce, A. and Chubb, C.F., 1996. Effect of the Leeuwin Current on the recruitment of fish and
invertebrates along the Western Australian coast. Marine and Freshwater Research, 47(2), pp.147-155.

Carey, J.D. and Stokesbury, K.D., 2011. An assessment of juvenile and adult sea scallop, Placopecten magellanicus,
distribution in the northwest Atlantic using high-resolution still imagery. Journal of Shellfish Research, 30(3), pp.569-
582.

Carrothers, P.J.G., 1981. Catch variability due to variations in groundfish otter trawl behaviour and possibilities to reduce
it through instrumented fishing gear studies and improved fishing procedures. Can. Spec. Publ. Fish. Aquat. Sci, 58,
pp.247-257.

Carruthers, T.R., Punt, A.E., Walters, C.J., MacCall, A., McAllister, M.K., Dick, E.J. and Cope, J., 2014. Evaluating methods
for setting catch limits in data-limited fisheries. Fisheries Research, 153, pp.48-68.

Chapman, C.J., Mason, J. and Kinnear, J.A.M., 1977. Diving Observations on the Efficiency of Dredges Used in the Scottish
Fishery for the Scallop, Pecten Maximus (L.) (p. 16). Department of Agriculture and Fisheries for Scotland.

Chauvaud, L., Patry, Y., Jolivet, A., Cam, E., Le Goff, C., Strand, @., Charrier, G., Thébault, J., Lazure, P., Gotthard, K. and
Clavier, J., 2012. Variation in size and growth of the great scallop Pecten maximus along a latitudinal gradient. PloS
one, 7(5), p.e37717.

Chen, S. and Watanabe, S., 1989. Age Dependence of Natural Mortality Coefficient in Fish Population Dynamics. Nippon
Suisan Gakkaishi, 55(2), pp. 205-208.

Chen, Y., Kanaiwa, M. and Wilson, C., 2005. Developing and evaluating a size-structured stock assessment model for the
American lobster, Homarus americanus, fishery. New Zealand Journal of Marine and Freshwater Research, 39(3),
pp.645-660.

Chow, S., Okamoto, H., Uozumi, Y., Takeuchi, Y. and Takeyama, H., 1997. Genetic stock structure of the swordfish
(Xiphias gladius) inferred by PCR-RFLP analysis of the mitochondrial DNA control region. Marine Biology, 127(3), pp.359-
367.

Cinner, J.E., Sutton, S.G. and Bond, T.G., 2007. Socioeconomic thresholds that affect use of customary fisheries
management tools. Conservation Biology, 21(6), pp.1603-1611.

Cochrane, K.L.,, 2002. A Fishery Manager’'s Guidebook-Management Measures and Their Application (Tech. No.
424). Rome: FAO.

Coll, M., Carreras, M., Cornax, M.J., Massuti, E., Morote, E., Pastor, X., Quetglas, A., Saez, R., Silva, L., Sobrino, I. and
Torres, M.A., 2014. Closer to reality: Reconstructing total removals in mixed fisheries from Southern Europe. Fisheries
Research, 154, pp.179-194.

Collie, J.S., Escanero, G.A. and Valentine, P.C., 1997. Effects of bottom fishing on the benthic megafauna of Georges
Bank. Marine Ecology Progress Series, 155, pp.159-172.

Collie, J.S., Hall, S.J., Kaiser, M.J. and Poiner, I.R., 2000. A quantitative analysis of fishing impacts on shelf-sea
benthos. Journal of animal ecology, 69(5), pp.785-798.

146 |Page



Comets, E., Lavenu, A. and Lavielle, M., 2017. Parameter estimation in nonlinear mixed effect models using saemix, an
R implementation of the SAEM algorithm. Journal of Statistical Software, 80(3), 1-41

Copes, P. and Charles, A., 2004. Socioeconomics of individual transferable quotas and community-based fishery
management. Agricultural and Resource Economics Review, 33(2), pp.171-181.

Cragg, S., M., 2016. Biology and Ecology of Scallop Larvae. In: Shumway, S. E. & Parsons, G. J., ed. 2016. Scallops: Biology,
Ecology, Aquaculture, and Fisheries. Amsterdam: Elsevier. Ch 2.

Creutzberg, F., Duineveld, G.C.A. and Van Noort, G.J., 1987. The effect of different numbers of tickler chains on beam-
trawl catches. ICES Journal of Marine Science, 43(2), pp.159-168.

Cryer, M., 2001a. Coromandel scallop stock assessment for 1999. Ministry of Fisheries.

Cryer, M., 2001b. An appraisal of an in-season depletion method of estimating biomass and yield in the Coromandel
scallop fishery. Ministry of Fisheries.

Currie, D.R. and Parry, G.D., 1996. Effects of scallop dredging on a soft sediment community: a large-scale experimental
study. Marine Ecology Progress Series, 134, pp.131-150.

Currie, D.R. and Parry, G.D., 1999. Impacts and efficiency of scallop dredging on different soft substrates. Canadian
Journal of Fisheries and Aquatic Sciences, 56(4), pp.539-550.

Dare, P.J., Key, D. and Connor, P.M., 1993. The efficiency of spring-loaded dredges used in the western English Channel
fishery for scallops, Pecten maximus (L.). ICES CM1993/B, 15.

Davis, M.W., 2002. Key principles for understanding fish bycatch discard mortality. Canadian Journal of Fisheries and
Aquatic Sciences, 59(11), pp.1834-1843.

Deacon, R.T., 1989. An empirical model of fishery dynamics.Journal of Environmental Economics and
Management, 16(2), pp.167-183.

Delargy, A., Hold, N., Lambert, G.I., Murray L.G., Hinz H., Kaiser M.J., McCarthy, I. and Hiddink, J.G., 2019. Welsh waters
scallop surveys and stock assessment. Bangor University, Fisheries and Conservation Report No. 75. pp 48

Deroba, J.J. and Bence, J.R., 2008. A review of harvest policies: understanding relative performance of control
rules. Fisheries Research, 94(3), pp.210-223.

DFO 2013. Assessment of Browns Bank North Scallops (Placopecten magellanicus). DFO Can. Sci. Advis. Sec. Sci. Advis.
Rep. 2013/059.

DFO 2019. 2017 Value of Provincial Landings. Available at: https://www.dfo-mpo.gc.ca/stats/commercial/land-
debarg/sea-maritimes/s2017pv-eng.htm

Dichmont, C.M., Pascoe, S., Kompas, T., Punt, A.E. and Deng, R., 2010. On implementing maximum economic yield in
commercial fisheries. Proceedings of the National Academy of Sciences, 107(1), pp.16-21.

Dick, E.J. and MacCall, A.D., 2011. Depletion-Based Stock Reduction Analysis: A catch-based method for determining
sustainable yields for data-poor fish stocks. Fisheries Research, 110(2), pp.331-341.

Dickie, L.M., 1955. Fluctuations in abundance of the giant scallop, Placopecten magellanicus (Gmelin), in the Digby area
of the Bay of Fundy. Journal of the Fisheries Board of Canada, 12(6), pp.797-857.

Dobby, H., Millar, S., Blackadder, L., Turriff, J. and MclLay, A., 2012. Scottish scallop stocks: results of 2011 stock
assessments. Marine Science Scotland, Edinburgh. 158pp.

Dobby, H., Fryer, R., Gibson, T., Kinnear, S., Turriff, J. and Mclay, A., 2017. Scottish scallop stocks: results of 2016 stock
assessments. Marine Science Scotland, Edinburgh. 178pp.

Dowling, N.A., Smith, A.D., Smith, D.C., Parma, A.M., Dichmont, C.M., Sainsbury, K., Wilson, J.R., Dougherty, D.T. and
Cope, J.M., 2019. Generic solutions for data-limited fishery assessments are not so simple. Fish and Fisheries, 20(1),
pp.174-188.

147 |Page


https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2017pv-eng.htm
https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2017pv-eng.htm

Driscoll, J. and Tyedmers, P., 2010. Fuel use and greenhouse gas emission implications of fisheries management: the
case of the New England Atlantic herring fishery. Marine Policy, 34(3), pp.353-359.

Dupouy, H., 1982. Etude comparée des dragues a coquille Saint-Jacques utilisées en France.la péche
maritime, 61(1249), pp.213-218.

Eleftheriou, A. and Robertson, M.R., 1992. The effects of experimental scallop dredging on the fauna and physical
environment of a shallow sandy community. Netherlands Journal of Sea Research, 30, pp.289-299.

Elfstrom, C.M., Gaffney, P.M., Smith, C.T. and Seeb, J.E., 2005a. Characterization of 12 single nucleotide polymorphisms
in weathervane scallop. Molecular Ecology Notes, 5(2), pp.406-409.

Elfstrom, C.M., Smith, C.T., Jones, K.C. and Seeb, J.E., 2005b. Characterization of 16 polymorphic microsatellite loci in
weathervane scallop Patinopecten caurinus. Molecular ecology notes, 5(3), pp.514-516.

Ellis, N., Pantus, F. and Pitcher, C.R., 2014. Scaling up experimental trawl impact results to fishery management scales—
a modelling approach for a “hot time”. Canadian Journal of Fisheries and Aquatic Sciences, 71(5), pp.733-746.

Engas, A. and Godg, O.R., 1989. The effect of different sweep lengths on the length composition of bottom-sampling
trawl catches. ICES Journal of Marine Science, 45(3), pp.263-268.

FAO 2014. The State of World Fisheries and Aquaculture 2014. Rome.

Field, J.C., Punt, A.E., Methot, R.D. and Thomson, C.J., 2006. Does MPA mean ‘Major Problem for Assessments'?
Considering the consequences of place-based management systems. Fish and Fisheries, 7(4), pp.284-302.

Fifas, S., Vigneau, J. and Lart, W., 2004. Some aspects of modelling scallop (Pecten maximus, L.) dredge efficiency and
special reference to dredges with depressor plate (English Channel, France). Journal of Shellfish Research, 23(2), pp.611-
621.

Flood, M, Stobutzki, I, Andrews, J, Ashby, C, Begg, G, Fletcher, R, Gardner, C, Georgeson, L, Hansen, S, Hartmann, K,
Hone, P, Horvat, P, Maloney, L, McDonald, B, Moore, A, Roelofs, A, Sainsbury, K, Saunders, T, Smith, T, Stewardson, C,
Stewart, J & Wise, B (eds) 2014, Status of key Australian fish stocks reports 2014, Fisheries Research and Development
Corporation, Canberra.

Folk, R. L., 1954. The Distinction between Grain Size and Mineral Composition in Sedimentary-Rock Nomenclature. The
Journal of Geology, 62(4), pp. 344—359.

Fournier, D.A., Hampton, J. and Sibert, J.R., 1998. MULTIFAN-CL: a length-based, age-structured model for fisheries stock
assessment, with application to South Pacific albacore, Thunnus alalunga. Canadian Journal of Fisheries and Aquatic
Sciences, 55(9), pp.2105-2116.

Francis, R.C., 2011. Data weighting in statistical fisheries stock assessment models. Canadian Journal of Fisheries and
Aquatic Sciences, 68(6), pp.1124-1138.

Francis, R.C., 2017. Revisiting data weighting in fisheries stock assessment models. Fisheries Research, 192, pp.5-15.

Fraser, H.M., Greenstreet, S.P. and Piet, G.J., 2007. Taking account of catchability in groundfish survey trawls:
implications for estimating demersal fish biomass. ICES Journal of Marine Science, 64(9), pp.1800-1819.

Free-Sloan, N., 2007. A brief overview of the Alaska weathervane scallop fishery and the vessel permit limited entry
program. CFEC Report.

Frusher, S.D. and Hoenig, J.M., 2001. Estimating natural and fishing mortality and tag reporting rate of southern rock
lobster (Jasus edwardsii) from a multiyear tagging model. Canadian Journal of Fisheries and Aquatic Sciences, 58(12),
pp.2490-2501.

Garcia, S.M., 2003. Ecosystem approach to fisheries: issue, terminology, principles, institutional foundations,
implementation and outlook. FAO Fish Tech Paper, 443, pp.1-71.

Gedamke, T., DuPaul, W.D. and Hoenig, J.M., 2005. Index-removal estimates of dredge Efficiency for sea scallops on
Georges Bank. North American Journal of Fisheries Management, 25(3), pp.1122-1129.

148 |Page



Gonzalez-Yafiez, A.A., Millan, R.P., de Ledn, M.E., Cruz-Font, L. and Wolff, M., 2006. Modified Delury depletion model
applied to spiny lobster, Panulirus argus (Latreille, 1804) stock, in the southwest of the Cuban Shelf. Fisheries
Research, 79(1-2), pp.155-161.

Gribble, N. and Dredge, M., 1994. Mixed-species yield-per-recruit simulations of the effect of seasonal closure on a
central Queensland coastal prawn trawling ground. Canadian Journal of Fisheries and Aquatic Sciences, 51(5), pp.998-
1011.

Gruffydd, L.D., 1972. Mortality of scallops on a Manx scallop bed due to fishing. Journal of the Marine Biological
Association of the United Kingdom, 52(2), pp.449-455.

Gustafson, R.L. and Goldman, K.J., 2012. Assessment of weathervane scallops in Kamishak Bay and at Kayak Island, 2004
through 2010. Alaska Department of Fish and Game, Division of Sport Fish, Research and Technical Services.

Hall, S.J. and Mainprize, B.M., 2005. Managing by-catch and discards: how much progress are we making and how can
we do better?. Fish and Fisheries, 6(2), pp.134-155.

Hall-Spencer, J.M., Froglia, C., Atkinson, R.J.A. and Moore, P.G., 1999. The impact of Rapido trawling for scallops, Pecten
jacobaeus (L.), on the benthos of the Gulf of Venice. ICES Journal of Marine Science, 56(1), pp.111-124.

Hall-Spencer, J.M., Grall, J., Moore, P.G. and Atkinson, R.J.A., 2003. Bivalve fishing and maerl-bed conservation in France
and the UK—retrospect and prospect. Aquatic Conservation: Marine and Freshwater Ecosystems, 13(S1), pp.S33-541.

Haltuch, M.A. and Punt, A.E., 2011. The promises and pitfalls of including decadal-scale climate forcing of recruitment
in groundfish stock assessment. Canadian Journal of Fisheries and Aquatic Sciences, 68(5), pp.912-926.

Hamley, J.M. and Regier, H.A., 1973. Direct estimates of gillnet selectivity to walleye (Stizostedion vitreum
vitreum). Journal of the Fisheries Board of Canada, 30(6), pp.817-830.

Harley, S.J., Myers, R.A. and Dunn, A., 2001. Is catch-per-unit-effort proportional to abundance?. Canadian Journal of
Fisheries and Aquatic Sciences, 58(9), pp.1760-1772.

Harrington, J.J. and Semmens, J.M., 2010. Bass Strait Central Zone Scallop Fishery: 2009 Scallop Surveys Final Report.

Harrington, J.M., Myers, R.A. and Rosenberg, A.A., 2005. Wasted fishery resources: discarded by-catch in the USA. Fish
and fisheries, 6(4), pp.350-361.

Hart, D.R., 2001. Individual-based yield-per-recruit analysis, with an application to the Atlantic sea scallop, Placopecten
magellanicus. Canadian Journal of Fisheries and Aquatic Sciences, 58(12), pp.2351-2358.

Hart, D.R., 2003. Yield-and biomass-per-recruit analysis for rotational fisheries, with an application to the Atlantic sea
scallop (Placopecten magellanicus). Fishery Bulletin, 101(1), pp.44-57.

Hart, D.R., 2006. When do marine reserves increase fishery yield?. Canadian Journal of Fisheries and Aquatic
Sciences, 63(7), pp.1445-1449.

Hart, D.R. and Rago, P.., 2006. Long-term dynamics of US Atlantic sea scallop Placopecten magellanicus
populations. North American Journal of Fisheries Management, 26(2), pp.490-501.

Hartill, B. and Williams, J.R., 2014. Characterisation of the Northland scallop fishery (SCA 1), 1989-90 to 2010-11. New
Zealand Fisheries Assessment Report, 26.

Haskin, H.H., 1954. Age determination in molluscs. Transactions of the New York Academy of Sciences, 16(6 Series Il),
pp.300-304.

Hauge, K.H., Cleeland, B. and Wilson, D.C., 2009. Fisheries depletion and collapse. IRGC report “Risk Governance Deficits:
An analysis and illustration of the most common deficits in risk governance”. International Risk Governance Council
Chemin de Balexert, 9(1219), p.21.

Hearn, W.S., Pollock, K.H. and Brooks, E.N., 1998. Pre-and post-season tagging models: estimation of reporting rate and
fishing and natural mortality rates. Canadian Journal of Fisheries and Aquatic Sciences, 55(1), pp.199-205.

149 |Page



Heino, M. and Godg, O.R., 2002. Fisheries-induced selection pressures in the context of sustainable fisheries. Bulletin of
Marine Science, 70(2), pp.639-656.

Hennen, D.R., Jacobson, L.D. and Tang, J., 2012. Accuracy of the Patch model used to estimate density and capture
efficiency in depletion experiments for sessile invertebrates and fish. ICES journal of marine science, 69(2), pp.240-249.

Hervas, A., Murray, L. and Annand, C., 2013. MSC Assessment Report for FSBA Canada Full Bay Sea Scallop Fishery. Public
Certification Report.

Hervas, A., Nimmo, F., Southall, T. and Macintyre, P., 2011. MSC Assessment Report for The SSMO Shetland inshore
brown & velvet crab, lobster and scallop fishery. Public Certification Report.

Hewitt, D.A. and Hoenig, J.M., 2005. Comparison of two approaches for estimating natural mortality based on
longevity. Fishery Bulletin, 103(2), p.433.

Hiddink, J.G., Hutton, T., Jennings, S. and Kaiser, M.J., 2006. Predicting the effects of area closures and fishing effort
restrictions on the production, biomass, and species richness of benthic invertebrate communities. ICES Journal of
Marine Science, 63(5), pp.822-830.

Hiddink, J.G., Jennings, S., Sciberras, M., Szostek, C.L., Hughes, K.M., Ellis, N., Rijnsdorp, A.D., McConnaughey, R.A.,
Mazor, T., Hilborn, R. and Collie, J.S., 2017. Global analysis of depletion and recovery of seabed biota after bottom
trawling disturbance. Proceedings of the National Academy of Sciences, 114(31), pp.8301-8306.

Hilborn, R., 2005. Are sustainable fisheries achievable. Marine conservation biology: the science of maintaining the sea’s
biodiversity. Island Press, Washington, DC, pp.247-259.

Hilborn, R. and Ledbetter, M., 1979. Analysis of the British Columbia salmon purse-seine fleet: dynamics of
movement. Journal of the Fisheries Board of Canada, 36(4), pp.384-391.

Hilborn, R. and Walters, C.J., 1992. Quantitative fisheries stock assessment: choice dynamics and uncertainty—Chapman
and Hall. New York.

Hillary, R.M. and Eveson, J.P., 2015. Length-based Brownie mark-recapture models: Derivation and application to Indian
Ocean skipjack tuna. Fisheries research, 163, pp.141-151.

Hinz, H., Murray, L.G., Malcolm, F.R. and Kaiser, M.J., 2012. The environmental impacts of three different queen scallop
(Aequipecten opercularis) fishing gears. Marine environmental research, 73, pp.85-95.

Hinz, H., Scriberras, M., Benell J.D. and Kaiser, M.J., 2010a. Assessment of offshore habitats in the Cardigan Bay SAC.
Fisheries & Conservation report No. X, Bangor University. Pp..

Hinz, H., Scriberras, M., Murray, L.G. Benell J.D. and Kaiser, M.J., 2010b. Assessment of offshore habitats in the Cardigan
Bay SAC (June 2010 survey). Fisheries & Conservation report No. 14, Bangor University. Pp..

Hinz, H., Tarrant, D., Ridgeway, A., Kaiser, M.J. and Hiddink, J.G., 2011. Effects of scallop dredging on temperate reef
fauna. Marine Ecology Progress Series, 432, pp.91-102.

Hoffman, M.D. and Gelman, A., 2014. The No-U-Turn sampler: adaptively setting path lengths in Hamiltonian Monte
Carlo. Journal of Machine Learning Research, 15(1), pp.1593-1623.

Hold, N., Murray, L.G., Kaiser, M.J., Hinz, H., Beaumont, A.R. and Taylor, M.l., 2012. Potential effects of stock
enhancement with hatchery-reared seed on genetic diversity and effective population size. Canadian journal of fisheries
and aquatic sciences, 70(2), pp.330-338.

Hold, N., Robbins, P., Szostek, C. L., Salomonsen, H., Le Vay, L., Bell, E. and Kaiser, M. J., in press. Environmental drivers
affect shelf-scale connectivity with important considerations for conservation and management.

Holmes, B., Leslie, M., Keag, M., Roelofs, A., Winning, M. & Zeller, B., 2013. Stock status of Queensland’s fisheries
resources 2012. Queensland: State of Queensland.

Howarth, L.M., Roberts, C.M., Hawkins, J.P., Steadman, D.J. and Beukers-Stewart, B.D., 2015. Effects of ecosystem
protection on scallop populations within a community-led temperate marine reserve. Marine Biology, 162(4), pp.823-
840.

150 |Page



Howarth, L.M., Wood, H.L., Turner, A.P. and Beukers-Stewart, B.D., 2011. Complex habitat boosts scallop recruitment
in a fully protected marine reserve. Marine Biology, 158(8), pp.1767-1780.

Howell, T.R.W. and Fraser, D.l.,, 1984. Observations on the dispersal and mortality of the scallop Pecten maximus
(L.). ICES CM.

Howell, T.R.W., Davis, S.E.B., Donald, J., Bailey, N. and Tuck, 1., 2003. Report of marine laboratory scallop stock
assessment. Fisheries Research Services, Aberdeen.

Hubley, P.B., 2014. Georges Bank'a'and Browns Bank'North'Scallop (Placopecten Magellanicus) Stock Assessment.
Canadian Science Advisory Secretariat.

Hunter, A., 2015. Modelling changes in the growth, maturity, and abundance of fish in Scottish waters. PhD thesis,
University of Strathclyde.

ICES. 2013. Report of the Scallop Assessment Working Group (WGScallop), 2-5 September 2013, Galway, Ireland. ICES
CM 2013/ACOM: 42. 81pp.

ICES. 2016. Report of the Scallop Assessment Working Group (WGScallop), 5-9 October 2015, Trinity, Jersey, UK. ICES
CM 2015/ACOM: 23. 42 pp.

ICES. 2018. Report of the Scallop Assessment Working Group (WGScallop), 10-12 October 2018, York, UK. ICES CM
2018/EPDSG: 13. 52 pp.

lles, T.C., 1994. A review of stock-recruitment relationships with reference to flatfish populations. Netherlands Journal
of Sea Research, 32(3-4), pp.399-420.

Itaya, K., Fujimori, Y., Shimizu, S., Komatsu, T. and Miura, T., 2007. Effect of towing speed and net mouth size on catch
efficiency in framed midwater trawls. Fisheries Science, 73(5), pp.1007-1016.

Jacobsen, N.S., Burgess, M.G. and Andersen, K.H., 2017. Efficiency of fisheries is increasing at the ecosystem level. Fish
and fisheries, 18(2), pp.199-211.

Jacobson, L.D., Cadrin, S.X. and Weinberg, J.R., 2002. Tools for estimating surplus production and F MSY in any stock
assessment model. North American Journal of Fisheries Management, 22(1), pp.326-338.

James, M.K., Armsworth, P.R., Mason, L.B. and Bode, L., 2002. The structure of reef fish metapopulations: modelling
larval dispersal and retention patterns. Proceedings of the Royal Society of London. Series B: Biological
Sciences, 269(1505), pp.2079-2086.

Jebreen, E., Whybird, O. and O’Sullivan, S., 2008. Fisheries Long Term Monitoring Program: Summary of scallop
(Amusium japonicum balloti) survey results: 1997-2006. Department of Primary Industries and Fisheries, Brisbane,
Australia.

Jenkins, L.D. and Garrison, K., 2013. Fishing gear substitution to reduce bycatch and habitat impacts: an example of
social—ecological research to inform policy. Marine Policy, 38, pp.293-303.

Jenkins, S.R., Lart, W., Vause, B.J. and Brand, A.R., 2003. Seasonal swimming behaviour in the queen scallop
(Aequipecten opercularis) and its effect on dredge fisheries. Journal of experimental marine biology and ecology, 289(2),
pp.163-179.

Jensen, A.L., 1996. Beverton and Holt life history invariants result from optimal trade-off of reproduction and
survival. Canadian Journal of Fisheries and Aquatic Sciences, 53(4), pp.820-822.

Jensen, A.L., 2005. Harvest in a fluctuating environment and conservative harvest for the Fox surplus production
model. Ecological modelling, 182(1), pp.1-9.

Jensen, A.L. and Marshall, J.S., 1982. Application of a surplus production model to assess environmental impacts on
exploited populations of Daphnia pulex in the laboratory. Environmental Pollution Series A, Ecological and
Biological, 28(4), pp.273-280.

Jensen, F. and Vestergaard, N., 2002. Moral hazard problems in fisheries regulation: the case of illegal landings and
discard. Resource and energy economics, 24(4), pp.281-299.

151 |Page



Joll, L.M. and Caputi, N., 1995. Geographic variation in the reproductive cycle of the saucer scallop, Amusium
balloti,(bernardi, 1861)(mollusca: pectinidae), along the western Australian coast. Marine and Freshwater
Research, 46(4), pp.779-792.

Joll, L.M. and Penn, J.W., 1990. The application of high-resolution navigation systems to Leslie-DelLury depletion
experiments for the measurement of trawl efficiency under open-sea conditions. Fisheries Research, 9(1), pp.41-55.

Jonsen, I.D., A. Glass, B. Hubley, and J. Sameoto. 2009. Georges Bank ‘a’ Scallop (Placopecten magellanicus) Framework
Assessment: Data Inputs and Population Models. DFO Can. Sci. Advis. Sec. Res. Doc. 2009/034. iv + 76 p.

Kaiser, M.J., Clarke, K.R., Hinz, H., Austen, M.C., Somerfield, P.J. and Karakassis, I., 2006. Global analysis of response and
recovery of benthic biota to fishing. Marine Ecology Progress Series, 311, pp.1-14.

Kaiser, M.J., Collie, J.S., Hall, S.J., Jennings, S. and Poiner, |.R., 2002. Modification of marine habitats by trawling activities:
prognosis and solutions. Fish and Fisheries, 3(2), pp.114-136.

Kaiser, M.J., Hormbrey, S., Booth, J.R., Hinz, H. and Hiddink, J.G., 2018. Recovery linked to life history of sessile epifauna
following exclusion of towed mobile fishing gear. Journal of applied ecology, 55(3), pp.1060-1070.

Kaiser, M.J., Hill, A.S., Ramsay, K., Spencer, B.E., Brand, A.R,, Veale, L.O., Prudden, K., Rees, E.I.S., Munday, B.W., Ball, B.
and Hawkins, S.J., 1996. Benthic disturbance by fishing gear in the Irish Sea: a comparison of beam trawling and scallop
dredging. Aquatic Conservation: Marine and Freshwater Ecosystems, 6(4), pp.269-285.

Kaiser, M.J. and Spencer, B.E., 1996. The effects of beam-trawl disturbance on infaunal communities in different
habitats. Journal of Animal Ecology, pp.348-358.

Kaiser, M.J., Spence, F.E. and Hart, P.J., 2000. Fishing-gear restrictions and conservation of benthic habitat
complexity. Conservation Biology, 14(5), pp.1512-1525.

Kangas, M., Sporer, E., Brown, S., Shanks, M., Chandrapavan, A and Thomson, A. 2011 Stock Assessment for the Shark
Bay Scallop Fishery. Fisheries Research Report No. 226. Department of Fisheries, Western Australia. 76pp.

Kearney, R.E., 2001. Fisheries property rights and recreational/commercial conflict: implications of policy developments
in Australia and New Zealand. Marine Policy, 25(1), pp.49-59.

Kenchington, E.L., Patwary, M.U., Zouros, E. and Bird, C.J., 2006. Genetic differentiation in relation to marine landscape
in a broadcast-spawning bivalve mollusc (Placopecten magellanicus). Molecular Ecology, 15(7), pp.1781-1796.

Kirkwood, G.P., 1981. Allowing for risks in setting catch limits based on MSY. Mathematical Biosciences, 53(1-2), pp.119-
129.

Kokkalis, A., Eikeset, A.M., Thygesen, U.H., Steingrund, P. and Andersen, K.H., 2017. Estimating uncertainty of data
limited stock assessments. ICES Journal of Marine Science, 74(1), pp.69-77.

Kosaka, Y., 2016. Scallop fisheries and aquaculture in Japan. In: Shumway, S. E. & Parsons, G. J., ed. 2016. Scallops:
Biology, Ecology, Aquaculture, and Fisheries. Amsterdam: Elsevier. Ch 21.

Lai, H.L. and Gallucci, V.F., 1988. Effects of parameter variability on length-cohort analysis. ICES Journal of Marine
Science, 45(1), pp.82-92.

Lambert, G.I., Hold, N., Hinz, H., Kaiser, M.J., 2012. Welsh waters scallop survey — Cardigan Bay to Liverpool Bay June
2012. Bangor University, Fisheries and Conservation Report No. 21.

Lambert, G.1., Jennings, S., Kaiser, M.J., Hinz, H. and Hiddink, J.G., 2011. Quantification and prediction of the impact of
fishing on epifaunal communities. Marine Ecology Progress Series, 430, pp.71-86.

Lambert, G.l., Murray, L.G., Hiddink, J.G., Hinz, H., Lincoln, H., Hold, N., Cambié, G. and Kaiser, M.J., 2017. Defining
thresholds of sustainable impact on benthic communities in relation to fishing disturbance. Scientific reports, 7(1),
p.5440.

Lambert, G.I., Murray L.G., Hinz H., Kaiser M.J., 2014. Status of scallop populations in Welsh waters. Bangor University,
Fisheries and Conservation Report No. 41. pp 61

152 |Page



Lambert, G.l., Murray L.G., Kaiser M.J., Salomonsen H., Cambie, G., 2013. Welsh waters scallop survey — Cardigan Bay
to Liverpool Bay July-August 2013. Bangor University, Fisheries and Conservation Report No. 30. pp 44

Laptikhovsky, V., Barrett, C., Firmin, C., Hollyman, P., Lawler, A., Masefield, R., MclIntyre, R., Palmer, D., Soeffker, M. and
Parker-Humphreys, M., 2016. A novel approach for estimation of the natural mortality of the common whelk, Buccinum
undatum (L.) and role of hermit crabs in its shell turnover. Fisheries research, 183, pp.146-154.

Large, P.A., 1992. Use of a multiplicative model to estimate relative abundance from commercial CPUE data. /ICES Journal
of Marine Science, 49(3), pp.253-262.

Lart, W., 2003. Evaluation and improvement of shellfish dredge design and fishing effort in relation to technical
conservation measures and environmental impact:[ECODREDGE FAIR CT98-4465]. Seafish Report CR.

Latour, R.J., Hoenig, J.M., Hepworth, D.A. and Frusher, S.D., 2003. A novel tag-recovery model with two size classes for
estimating fishing and natural mortality, with implications for the southern rock lobster (Jasus edwardsii) in Tasmania,
Australia. ICES Journal of Marine Science, 60(5), pp.1075-1085.

LeBlanc, S.N., Benoit, H.P. and Hunt, H.L., 2015. Broad-scale abundance changes are more prevalent than acute fishing
impacts in an experimental study of scallop dredging intensity. Fisheries research, 161, pp.8-20.

Lenanton, R.C., Caputi, N., Kangas, M. and Craine, M., 2009. The ongoing influence of the Leeuwin Current on
economically important fish and invertebrates off temperate Western Australia-has it changed?. Journal of the Royal
Society of Western Australia, 92, p.111.

Leslie, P.H. and Davis, D.H.S., 1939. An attempt to determine the absolute number of rats on a given area. The Journal
of Animal Ecology, pp.94-113.

Link, J.S., Bundy, A., Overholtz, W.J., Shackell, N., Manderson, J., Duplisea, D., Hare, J., Koen-Alonso, M. and Friedland,
K.D., 2011. Ecosystem-based fisheries management in the Northwest Atlantic. Fish and Fisheries, 12(2), pp.152-170.

Little, A.S., Needle, C.L., Hilborn, R., Holland, D.S. and Marshall, C.T., 2015. Real-time spatial management approaches
to reduce bycatch and discards: experiences from Europe and the United States. Fish and Fisheries, 16(4), pp.576-602.

Lorenzen, K., 1996. The relationship between body weight and natural mortality in juvenile and adult fish: a comparison
of natural ecosystems and aquaculture. Journal of fish biology, 49(4), pp.627-642.

Ludwig, D. and Walters, C.J., 1985. Are age-structured models appropriate for catch-effort data?. Canadian Journal of
Fisheries and Aquatic Sciences, 42(6), pp.1066-1072.

Ludwig, D. and Walters, C.J., 1989. A robust method for parameter estimation from catch and effort data. Canadian
Journal of Fisheries and Aquatic Sciences, 46(1), pp.137-144.

Malik, M.A. and Mayer, L.A., 2007. Investigation of seabed fishing impacts on benthic structure using multi-beam sonar,
sidescan sonar, and video. ICES Journal of Marine Science, 64(5), pp.1053-1065.

Mason, J., 1958. The breeding of the scallop, Pecten maximus (L.), in Manx waters. Journal of the Marine Biological
Association of the United Kingdom, 37(3), pp.653-671.

Massey, D.M., Newbold, S.C. and Gentner, B., 2006. Valuing water quality changes using a bioeconomic model of a
coastal recreational fishery. Journal of Environmental Economics and Management, 52(1), pp.482-500.

Maunder, M.N., 2001. Growth of Skipjack tuna (Katsuwonus pelamis) in the eastern Pacific Ocean as estimated from
tagging data. Inter-American Tropical Tuna Commission Bulletin, 22(2), pp.95-131.

Maunder, M. N., 2008. Maximum Sustainable Yield. In Encyclopedia of Ecology, S.E. Jgrgensen and B.D. Fath, eds.
(Oxford: Academic Press), pp. 2292-2296.

Maunder, M.N. and Punt, A.E., 2004. Standardizing catch and effort data: a review of recent approaches. Fisheries
research, 70(2-3), pp.141-159.

Maunder, M.N. and Punt, A.E.,, 2013. A review of integrated analysis in fisheries stock assessment. Fisheries
Research, 142, pp.61-74.

153 |Page



McAllister, M.K. and lanelli, J.N., 1997. Bayesian stock assessment using catch-age data and the sampling-importance
resampling algorithm. Canadian Journal of Fisheries and Aquatic Sciences, 54(2), pp.284-300.

McElreath, R., 2020. Statistical rethinking: A Bayesian course with examples in R and Stan. CRC press.

McGarvey, R., Feenstra, J.E. and Ye, Q., 2007. Modeling fish numbers dynamically by age and length: partitioning cohorts
into" slices". Canadian Journal of Fisheries and Aquatic Sciences, 64(9), pp.1157-1173.

McGarvey, R., Linnane, A.J., Feenstra, J.E., Punt, A.E. and Matthews, J.M., 2010. Integrating recapture-conditioned
movement estimation into spatial stock assessment: a South Australian lobster fishery application. Fisheries
Research, 105(2), pp.80-90.

McLoughlin, R.J., Young, P.C., Martin, R.B. and Parslow, J., 1991. The Australian scallop dredge: estimates of catching
efficiency and associated indirect fishing mortality. Fisheries research, 11(1), pp.1-24.

Mendo, T., Lyle, J.M., Moltschaniwskyj, N.A., Tracey, S.R. and Semmens, J.M., 2014. Habitat characteristics predicting
distribution and abundance patterns of scallops in D’Entrecasteaux Channel, Tasmania. PloS one, 9(1), p.e85895.

Methot Jr, R.D. and Wetzel, C.R., 2013. Stock synthesis: a biological and statistical framework for fish stock assessment
and fishery management. Fisheries Research, 142, pp.86-99.

Millar, R.B., 1992. Estimating the size-selectivity of fishing gear by conditioning on the total catch. Journal of the
American Statistical Association, 87(420), pp.962-968.

Miller, T.J., Hart, D.R., Hopkins, K., Vine, N.H., Taylor, R., York, A.D. and Gallager, S.M., 2019. Estimation of the capture
efficiency and abundance of Atlantic sea scallops (Placopecten magellanicus) from paired photographic—dredge tows
using hierarchical models. Canadian Journal of Fisheries and Aquatic Sciences, 76(6), pp.847-855.

Minchin, D., Duggan, C.B. and King, W., 1987. Possible effects of organotins on scallop recruitment. Marine Pollution
Bulletin, 18(11), pp.604-608.

MMO 2016. UK Sea Fisheries Statistics 2015. London.
MMO 2018. UK Sea Fisheries Statistics 2017. London.

Morris Jr, J.A., Carman, M.R., Hoagland, K.E., Green-Beach, E.R. and Karney, R.C., 2009. Impact of the invasive colonial
tunicate Didemnum vexillum on the recruitment of the bay scallop (Argopecten irradians irradians) and implications for
recruitment of the sea scallop (Placopecten magellanicus) on Georges Bank. Aquatic Invasions, 4(1), pp.207-211.

Morsan, E.M., 2009. Impact on biodiversity of scallop dredging in San Matias Gulf, northern Patagonia
(Argentina). Hydrobiologia, 619(1), pp.167-180.

Moxnes, E., 2005. Policy sensitivity analysis: simple versus complex fishery models. System Dynamics Review: The
Journal of the System Dynamics Society, 21(2), pp.123-145.

Munro, P.T. and Somerton, D.A., 2002. Estimating net efficiency of a survey trawl for flatfishes. Fisheries Research, 55(1-
3), pp.267-279.

Murray, L. G., 2013. The Isle of Man Aequipecten opercularis fishery stock assessment 2013. Fisheries & Conservation
report No. 25, Bangor University. Pp. 23.

Murray, L.G., Hinz, H., Hold, N. and Kaiser, M.J., 2013. The effectiveness of using CPUE data derived from Vessel
Monitoring Systems and fisheries logbooks to estimate scallop biomass. ICES Journal of Marine Science, 70(7), pp.1330-
1340.

Murray, L.G., Hinz, H. & Kaiser, M.J., 2009a. The Isle of Man Aequipecten opercularis Fishery: Science and Management
Fisheries & Conservation report No. 10, Bangor University. pp.33.

Murray, L.G., Hinz, H. & Kaiser, M.J., 2009b. Marine fisheries research report to DAFF 2007/2008. Fisheries &
Conservation report No. 7, Bangor University. pp.60.

154 |Page



Murray, L.G., Lambert, G.I., Bennell, J., Salomonsen H, & Kaiser, M.J., 2015. Impact of scallop dredging on benthic
communities and habitat features in the Cardigan Bay Special Area of Conservation. Part Il — Physical environment.
Fisheries & Conservation report No. 60, Bangor University. pp.23.

Myers, R.A. and Hoenig, J.M., 1997. Direct estimates of gear selectivity from multiple tagging experiments. Canadian
Journal of Fisheries and Aquatic Sciences, 54(1), pp.1-9.

Nasmith, L., Sameoto, J., and Glass, A. 2016. Scallop Production Areas in the Bay of Fundy: Stock Status for 2015 and
Forecast for 2016. DFO Can. Sci. Advis. Sec. Res. Doc. 2016/021. vi + 140 p.

Neal, R.M., 2011. MCMC using Hamiltonian dynamics. Handbook of markov chain monte carlo, 2(11), p.2.
NEFSC 2001. 32" Northeast Regional Stock Assessment Workshop (32" SAW). Woods Hole, Massachusetts, USA.

NEFSC 2014. 59t Northeast Regional Stock Assessment Workshop (59" SAW) Assessment Report. Woods Hole,
Massachusetts, USA.

Neill, S.P. and Kaiser, M.J., 2008. Sources and sinks of scallops (Pecten maximus) in the waters of the Isle of Man as
predicted from particle tracking models. Fisheries & Conservation report No. 3, Bangor University. Pp. 25..

NMFS (National Marine Fisheries Service) 2018. Fisheries of the United States, 2017. U.S. Department of Commerce,
NOAA Current Fishery Statistics No. 2017.

NOAA, 2014. Collie-Sissenwine Analysis (CSA). [online] Available at: http://nft.nefsc.noaa.gov/CSA.html [Accessed
31/08/19]

NPFMC (North Pacific Fishery Management Council), 2014. Fishery Management Plan for the Scallop Fishery off Alaska.
Anchorage: NPFMC.

O’Boyle, 2002. Proceedings of a Maritimes Regional Advisory Process Meeting on SPA 1 — 4 Scallops. Dartmouth, Nova
Scotia: Fisheries and Oceans Canada

Ogle, D.H., P. Wheeler, and A. Dinno. 2019. FSA: Fisheries Stock Analysis. R package version 0.8.25,
https://github.com/droglenc/FSA

O'Keefe, C.E., Cadrin, S.X. and Stokesbury, K.D., 2013. Evaluating effectiveness of time/area closures, quotas/caps, and
fleet communications to reduce fisheries bycatch. ICES Journal of Marine Science, 71(5), pp.1286-1297.

O'Neill, F.G., Robertson, M., Summerbell, K., Breen, M. and Robinson, L.A., 2013. The mobilisation of sediment and
benthic infauna by scallop dredges. Marine environmental research, 90, pp.104-112.

Pantin, J.R., Murray, L. G., Hinz, H., Le Vay, L. and Kaiser, M. J., 2015. The Inshore Fisheries of Wales: a study based on
fishers’ ecological knowledge. Fisheries & Conservation report No. 42, Bangor University. Pp.60

Parker, R.W. and Tyedmers, P.H., 2015. Fuel consumption of global fishing fleets: current understanding and knowledge
gaps. Fish and Fisheries, 16(4), pp.684-696.

Patterson, K.R., 1998. Assessing fish stocks when catches are misreported: model, simulation tests, and application to
cod, haddock, and whiting in the ICES area. ICES Journal of Marine Science, 55(5), pp.878-891.

Pauly, D., Christensen, V., Guénette, S., Pitcher, T.J., Sumaila, U.R., Walters, C.J., Watson, R. and Zeller, D., 2002. Towards
sustainability in world fisheries. Nature, 418(6898), p.689.

Pella, J.J. and Tomlinson, P.K., 1969. A generalized stock production model. Inter-American Tropical Tuna Commission
Bulletin, 13(3), pp.416-497.

Pennino, M.G., Conesa, D., Lopez-Quilez, A., Munoz, F., Fernandez, A. and Bellido, J.M., 2016. Fishery-dependent and-
independent data lead to consistent estimations of essential habitats. ICES Journal of Marine Science, 73(9), pp.2302-
2310.

Petitgas, P., 1996. Geostatistics and their applications to fisheries survey data. In Computers in fisheries research (pp.
113-142). Springer, Dordrecht.

155 | Page


http://nft.nefsc.noaa.gov/CSA.html
https://github.com/droglenc/FSA

Pikitch, E.K., Santora, C., Babcock, E.A., Bakun, A., Bonfil, R., Conover, D.O., Dayton, P., Doukakis, P., Fluharty, D.,
Heneman, B. and Houde, E.D., 2004. Ecosystem-based fishery management.

Pincin, J.S. and Wilberg, M.J., 2012. Surplus production model accuracy in populations affected by a no-take marine
protected area. Marine and Coastal Fisheries, 4(1), pp.511-525.

Pitcher, C.R., Ellis, N., Jennings, S., Hiddink, J.G., Mazor, T., Kaiser, M.J., Kangas, M.l., McConnaughey, R.A., Parma, A.M.,
Rijnsdorp, A.D. and Suuronen, P., 2017. Estimating the sustainability of towed fishing-gear impacts on seabed habitats:
a simple quantitative risk assessment method applicable to data-limited fisheries. Methods in Ecology and
Evolution, 8(4), pp.472-480.

Planes, S., Jones, G.P. and Thorrold, S.R., 2009. Larval dispersal connects fish populations in a network of marine
protected areas. Proceedings of the National Academy of Sciences, 106(14), pp.5693-5697.

Pottinger, R. P., Curelovich, J., Morsan, E., Cranfield, H. J. and Mendo, J., 2006. MSC Assessment Report for Patagonian
Scallop Fishery. Final Report.

Prager, M.H., 1992. ASPIC: A surplus-production model incorporating covariates. Coll. Vol. Sci. Pap., Int. Comm. Conserv.
Atl. Tunas (ICCAT), 28, pp.218-229.

Punt, A.E., 2003. The performance of a size-structured stock assessment method in the face of spatial heterogeneity in
growth. Fisheries Research, 65(1-3), pp.391-409.

Punt, A.E., Deng, R.A., Dichmont, C.M., Kompas, T., Venables, W.N., Zhou, S., Pascoe, S., Hutton, T., Kenyon, R., Van der
Velde, T. and Kienzle, M., 2010. Integrating size-structured assessment and bioeconomic management advice in
Australia's northern prawn fishery. ICES Journal of Marine Science, 67(8), pp.1785-1801.

Punt, A.E. and Hilborn, R., 1997. Fisheries stock assessment and decision analysis: the Bayesian approach. Reviews in
Fish Biology and Fisheries, 7(1), pp.35-63.

Punt, A.E., Huang, T. and Maunder, M.N., 2013. Review of integrated size-structured models for stock assessment of
hard-to-age crustacean and mollusc species. ICES Journal of Marine Science, 70(1), pp.16-33.

Punt, A.E. and Kennedy, R.B., 1997. Population modelling of Tasmanian rock lobster, Jasus edwardsii, resources. Marine
and Freshwater Research, 48(8), pp.967-980.

Punt, A.E., Kennedy, R.B. and Frusher, S.D., 1997. Estimating the size-transition matrix for Tasmanian rock lobster, Jasus
edwardsii. Marine and Freshwater Research, 48(8), pp.981-992.

Punt, A.E. and Methot, R.D., 2004. Effects of marine protected areas on the assessment of marine fisheries. In American
Fisheries Society Symposium (Vol. 42, pp. 133-154).

Punt, A.E., Smith, D.C. and Smith, A.D., 2011. Among-stock comparisons for improving stock assessments of data-poor
stocks: the “Robin Hood” approach. ICES Journal of Marine Science, 68(5), pp.972-981.

Quinn, T.J. and Deriso, R.B., 1999. Quantitative fish dynamics. Oxford university Press..
R Core Team. 2019. R: A language and environment for statistical computing. Vienna.

Rago, P.J., Weinberg, J.R. and Weidman, C., 2006. A spatial model to estimate gear efficiency and animal density from
depletion experiments. Canadian Journal of Fisheries and Aquatic Sciences, 63(10), pp.2377-2388.

Ramsay, K. and Kaiser, M.J., 1998. Demersal fishing disturbance increases predation risk for whelks (Buccinum undatum
L.). Journal of Sea Research, 39(3-4), pp.299-304.

Reiss, H., Kroncke, I. and Ehrich, S., 2006. Estimating the catching efficiency of a 2-m beam trawl for sampling epifauna
by removal experiments. ICES Journal of Marine Science, 63(8), pp.1453-1464.

Revill, A.S., Dulvy, N.K. and Holst, R., 2005. The survival of discarded lesser-spotted dogfish (Scyliorhinus canicula) in the
Western English Channel beam trawl fishery. Fisheries Research, 71(1), pp.121-124.

Rice, J., 2013. Evolution of international commitments for fisheries sustainability. ICES Journal of Marine Science, 71(2),
pp.157-165.

156 |Page



Ricker, W.E., 1940. Relation of "catch per unit effort" to abundance and rate of exploitation. Journal of the Fisheries
Board of Canada, 5(1), pp.43-70.

Rodriguez-Cabello, C., Fernandez, A., Olaso, |. and Sanchez, F., 2001. Survival of lesser-spotted dogfish (Scyliorhinus
canicula, L.) discarded by trawlers. ICES CM, (06), p.10.

Salomonsen, H. M., Lambert, G. |., Murray, L.G. and Kaiser, M.J., 2015. The spawning of King scallop, Pecten maximus,
in Welsh waters — A preliminary study. Fisheries & Conservation report No. 57, Bangor University. pp.21

Schaefer, M.B., 1954. Some aspects of the dynamics of populations important to the management of the commercial
marine fisheries. Inter-American Tropical Tuna Commission Bulletin, 1(2), pp.23-56.

Schwinghamer, P., Gordon Jr, D.C., Rowell, T.W., Prena, J., McKeown, D.L., Sonnichsen, G. and Guigné, J.Y., 1998. Effects
of experimental otter trawling on surficial sediment properties of a sandy-bottom ecosystem on the Grand Banks of
Newfoundland. Conservation Biology, 12(6), pp.1215-1222.

Sciberras, M., Hiddink, J.G., Jennings, S., Szostek, C.L., Hughes, K.M., Kneafsey, B., Clarke, L.J., Ellis, N., Rijnsdorp, A.D.,
McConnaughey, R.A. and Hilborn, R., 2018. Response of benthic fauna to experimental bottom fishing: A global meta-
analysis. Fish and Fisheries, 19(4), pp.698-715.

Sciberras, M., Hinz, H., Bennell, J.D., Jenkins, S.R., Hawkins, S.J. and Kaiser, M.J., 2013. Benthic community response to
a scallop dredging closure within a dynamic seabed habitat. Marine Ecology Progress Series, 480, pp.83-98.

Seafish, 2019. Economics of the UK Fishing Fleet 2018, Edinburgh: Seafish.

Shafee, M.S., 1979. Underwater observations to estimate the density and spatial distribution of black scallops, Chlamys
varia (L.) in Lanveoc (Bay of Brest). Bulletin de I’Office National des Péches, Tunisie, m3, pp.143-156.

Shephard, S., Beukers-Stewart, B., Hiddink, J.G., Brand, A.R. and Kaiser, M.J., 2010. Strengthening recruitment of
exploited scallops Pecten maximus with ocean warming. Marine Biology, 157(1), pp.91-97.

Shephard, S., Goudey, C.A., Read, A. and Kaiser, M.J., 2009. Hydrodredge: Reducing the negative impacts of scallop
dredging. Fisheries Research, 95(2-3), pp.206-209.

Shepperson, J., Murray, L.G., Mackinson, S., Bell, E. and Kaiser, M.J., 2016. Use of a choice-based survey approach to
characterise fishing behaviour in a scallop fishery. Environmental modelling & software, 86, pp.116-130.

Shertzer, K. W., M. H. Prager, D. S. Vaughan, and E. H. Williams. 2008. Fishery models. In Population dynamics,
encyclopedia of ecology, vol. 2 (S. E. Jgrgenson and B. D. Fath, eds.), p. 1582-1593. Elsevier, Oxford.

Singh, W., Ornélfsdéttir, E.B. and Stefansson, G., 2013. A camera-based autonomous underwater vehicle sampling
approach to quantify scallop abundance. Journal of Shellfish Research, 32(3), pp.725-732.

Singh, W., Orndlfsdéttir, E.B. and Stefansson, G., 2014. A small-scale comparison of Iceland scallop size distributions
obtained from a camera based autonomous underwater vehicle and dredge survey. PloS one, 9(10).

Sluczanowski, P.R., 1984. A management oriented model of an abalone fishery whose substocks are subject to pulse
fishing. Canadian Journal of Fisheries and Aquatic Sciences, 41(7), pp.1008-1014.

Smith, A.D.M., Fulton, E.J., Hobday, A.J., Smith, D.C. and Shoulder, P., 2007. Scientific tools to support the practical
implementation of ecosystem-based fisheries management. ICES Journal of Marine Science, 64(4), pp.633-639.

Smith, M.D., Zhang, J. and Coleman, F.C., 2008. Econometric modeling of fisheries with complex life histories: avoiding
biological management failures. Journal of Environmental Economics and Management, 55(3), pp.265-280.

Smith, M.W., Then, A.Y., Wor, C., Ralph, G., Pollock, K.H. and Hoenig, J.M., 2012. Recommendations for catch-curve
analysis. North American Journal of Fisheries Management, 32(5), pp.956-967.

Smith, S.J. and Hubley, B., 2013. Impact of survey design changes on stock assessment advice: sea scallops. ICES Journal
of Marine Science, 71(2), pp.320-327.

Smith, S.J & M.J. Lundy. 2002. Scallop Production Area 4 in the Bay of Fundy: Stock Status and Forecast. DFO Can. Sci.
Aduvis. Sec. Res. Doc. 2002/018. vi + 90p.

157 |Page



Smith, S.J, M.J. Lundy, J. Sameoto and B. Hubley. 2009. Scallop Production Areas in the Bay of Fundy: Stock Status for
2008 and Forecast for 2009. DFO Can. Sci. Advis. Sec. Res. Doc. 2009/004. vi + 108 p.

Smith, S.J. and Rago, P., 2004. Biological reference points for sea scallops (Placopecten magellanicus): the benefits and
costs of being nearly sessile. Canadian Journal of Fisheries and Aquatic Sciences, 61(8), pp.1338-1354.

Somerton, D.A., Munro, P.T. and Weinberg, K.L., 2007. Whole-gear efficiency of a benthic survey trawl for
flatfish. Fishery Bulletin, 105(2), pp.278-291.

Southwood, T.R.E. and Henderson, P.A., 2009. Ecological methods. John Wiley & Sons.

Sowunmi, F.A., Hogarh, J.N., Agbola, P.O. and Atewamba, C., 2016. Sand dredging and environmental efficiency of
artisanal fishermen in Lagos state, Nigeria. Environmental monitoring and assessment, 188(3), p.179.

Sparre, P. and Venema, S. C., 1998. Introduction to tropical fish stock assessment. Part 1. Manual. FAO Fish. Tech.
Paper., 306, pp.1-407.

Stan Development Team. 2018. Stan Modeling Language Users Guide and Reference Manual, Version 2.18.0. http://mc-
stan.org

STECF (Scientific, Technical and Economic Committee for Fisheries) 2018 — Fisheries Dependent Information — New FDI
(STECF-18-11). Publications Office of the European Union, Luxembourg, 2018, ISBN 978-92-79-79394-3,
doi:10.2760/696153, JRC114717

Steele, J.H., Turekian, K.K. and Thorpe, S.A., 2010. Encyclopedia of ocean sciences.

Stergiou, K.l., Moutopoulos, D.K. and Armenis, G., 2009. Perish legally and ecologically: the ineffectiveness of the
minimum landing sizes in the Mediterranean Sea. Fisheries Management and Ecology, 16(5), pp.368-375.

Stewart, B. D. & Howarth, L. M., 2016. Quantifying and Managing the Ecosystem Effects of Scallop Dredge Fisheries. In:
Shumway, S. E. & Parsons, G. J., ed. 2016. Scallops: Biology, Ecology, Aquaculture, and Fisheries. Amsterdam: Elsevier.
Ch 14.

Stewart, J., 2008. A decision support system for setting legal minimum lengths of fish. Fisheries management and
ecology, 15(4), pp.291-301.

Stokesbury, K.D., Adams, E.K., Asci, S.C., Bethoney, N.D., Inglis, S., Jaffarian, T., Keiley, E.F., Druker, J.M.R., Malloy Jr, R.
and O’Keefe, C.E., 2016. SMAST Sea scallop (Placopecten magellanicus) drop camera survey from 1999 to 2014.

Stokesbury, K.D. and Harris, B.P., 2006. Impact of limited short-term sea scallop fishery on epibenthic community of
Georges Bank closed areas. Marine Ecology Progress Series, 307, pp.85-100.

Stokesbury, K.D., Harris, B.P., Marino, M.C. and Nogueira, J.1., 2004. Estimation of sea scallop abundance using a video
survey in off-shore US waters. Journal of Shellfish Research, 23(1), pp.33-41.

Stokesbury, K.D., Harris, B.P., Marino Il, M.C. and Nogueira, J.1., 2007. Sea scallop mass mortality in a Marine Protected
Area. Marine Ecology Progress Series, 349, pp.151-158.

Sullivan, P.J., Lai, H.L. and Gallucci, V.F., 1990. A catch-at-length analysis that incorporates a stochastic model of
growth. Canadian Journal of Fisheries and Aquatic Sciences, 47(1), pp.184-198.

Summerson, H.C. and Peterson, C.H., 1990. Recruitment failure of the bay scallop, Argopecten irradians concentricus,
during the first red tide, Ptychodiscus brevis, outbreak recorded in North Carolina. Estuaries, 13(3), pp.322-331.

Suuronen, P., Chopin, F., Glass, C., Lakkeborg, S., Matsushita, Y., Queirolo, D. and Rihan, D., 2012. Low impact and fuel
efficient fishing—Looking beyond the horizon. Fisheries research, 119, pp.135-146.

Szalai, E.B., Fleischer, G.W. and Bence, J.R., 2003. Modeling time-varying growth using a generalized von Bertalanffy
model with application to bloater (Coregonus hoyi) growth dynamics in Lake Michigan. Canadian Journal of Fisheries
and Aquatic Sciences, 60(1), pp.55-66.

158 |Page


http://mc-stan.org/
http://mc-stan.org/

Szostek, C.L., Hiddink, J.G., Sciberras, M., Caveen, A., Lart, W., Rodmell, D. and Kaiser, M.J., 2017. Tools to estimate
fishing gear penetration depth and benthic habitat impacts of fisheries at a regional scale. Fisheries & Conservation
report no. 68, Bangor University, pp. 87

Tahvonen, 0., 2008. Harvesting an age-structured population as biomass: does it work?. Natural Resource
Modeling, 21(4), pp.525-550.

Tahvonen, 0., 2009. Economics of harvesting age-structured fish populations. Journal of Environmental Economics and
Management, 58(3), pp.281-299.

The Scallop Fishing (Wales) (No. 2) Order 2010. Wales Statutory Instruments, 2010 No. 269 (W. 33).
http://www.legislation.gov.uk/wsi/2010/269/contents/made

Thorarinsdottir, G. G., Gunnarsson, G. A., Hoydal, K., and le Roux, L., 2013. MSC Assessment Report for Faroe Islands
Queen Scallop Fishery. Public Certification Report.

Thornton, P.E. and Rosenbloom, N.A., 2005. Ecosystem model spin-up: Estimating steady state conditions in a coupled
terrestrial carbon and nitrogen cycle model. Ecological Modelling, 189(1-2), pp.25-48.

Thorson, J.T., Johnson, K.F., Methot, R.D. and Taylor, I.G., 2017. Model-based estimates of effective sample size in stock
assessment models using the Dirichlet-multinomial distribution. Fisheries Research, 192, pp.84-93.

Tidwell, J.H. and Allan, G.L., 2001. Fish as Food: aquaculture’s contribution. Ecological and economic impacts and
contributions of fish farming and capture fisheries. EMBO reports 2(11): 958-963.

Tindall, C., Cunningham, S. & Kaiser, M., 2016. Case Studies on UK & French Scallop Management: Lessons for the wider
English Channel. Environmental Defence Fund.

Townsend, R.E., 1986. A critique of models of the American lobster fishery. Journal of Environmental Economics and
Management, 13(3), pp.277-291.

Townsend, R.E., 1990. Entry restrictions in the fishery: a survey of the evidence. Land Economics, 66(4), pp.359-378.
Truett, J.C. and Johnson, S.R. eds., 2000. The natural history of an Arctic oil field: Development and the biota. Elsevier.

Twist, B.A., Hepburn, C.D. and Rayment, W.J., 2015. Distribution of the New Zealand scallop (Pecten novaezealandiae)
within and surrounding a customary fisheries area. ICES Journal of Marine Science, 73(2), pp.384-393.

Tyedmers, P., 2001. Energy consumed by North Atlantic fisheries. Fisheries impacts on North Atlantic ecosystems: catch,
effort, and national/regional data sets, 9, pp.12-34.

UK Government, 2020. Manage your fishing effort: Western Waters crabs and scallops [online] (Updated 28/04/2020).
Available at: https://www.gov.uk/guidance/manage-your-fishing-effort-western-waters-crabst#twestern-water-scallops
[Accessed 13/05/2020]

Vause, B.J., Beukers-Stewart, B.D. and Brand, A.R., 2007. Fluctuations and forecasts in the fishery for queen scallops
(Aequipecten opercularis) around the Isle of Man. ICES Journal of Marine Science, 64(6), pp.1124-1135.

Walker, J.H., Trembanis, A.C. and Miller, D.C., 2016. Assessing the use of a camera system within an autonomous
underwater vehicle for monitoring the distribution and density of sea scallops (Placopecten magellanicus) in the Mid-
Atlantic Bight. Fishery Bulletin, 114(3).

Wallace, S., Turris, B., Driscoll, J., Bodtker, K., Mose, B. and Munro, G., 2015. Canada's Pacific groundfish trawl habitat
agreement: A global first in an ecosystem approach to bottom trawl impacts. Marine Policy, 60, pp.240-248.

Walter Ill, J.F., Hoenig, J.M. and Gedamke, T., 2007. Correcting for effective area fished in fishery-dependent depletion
estimates of abundance and capture efficiency. ices Journal of Marine science, 64(9), pp.1760-1771.

Walters, C.J. and Hilborn, R., 1976. Adaptive control of fishing systems. Journal of the Fisheries Board of Canada, 33(1),
pp.145-159.

Waters, J.R., 1991. Restricted access vs. open access methods of management: toward more effective regulation of
fishing effort. Marine Fisheries Review, 53(3), pp.1-10.

159 |Page


http://www.legislation.gov.uk/wsi/2010/269/contents/made
https://www.gov.uk/guidance/manage-your-fishing-effort-western-waters-crabs#western-water-scallops

Weinberg, K.L., Somerton, D.A. and Munro, P.T., 2002. The effect of trawl speed on the footrope capture efficiency of a
survey trawl. Fisheries Research, 58(3), pp.303-313.

Wilen, J.E., 2000. Renewable resource economists and policy: what differences have we made?. Journal of
Environmental Economics and Management, 39(3), pp.306-327.

Williams, J.R., Hartill, B., Bian, R. and Williams, C.L., 2014. Review of the Southern scallop fishery (SCA 7). New Zealand
Fisheries Assessment Report, 7, p.71.

Williams, J.R.; Parkinson, D.M.; Tuck, I.D, 2010. Biomass survey and stock assessment for the Coromandel scallop fishery,
2009. New Zealand Fisheries Assessment Report 2010/33.

Worm, B., Hilborn, R., Baum, J.K., Branch, T.A., Collie, J.S., Costello, C., Fogarty, M.J., Fulton, E.A., Hutchings, J.A,,
Jennings, S. and Jensen, O.P., 2009. Rebuilding global fisheries. Science, 325(5940), pp.578-585.

Xiao, Y., 1998. Two simple approaches to use of production models in fish stock assessment. Fisheries research, 34(1),
pp.77-86.

Ye, Y. and Dennis, D., 2009. How reliable are the abundance indices derived from commercial catch—effort
standardization?. Canadian Journal of Fisheries and Aquatic Sciences, 66(7), pp.1169-1178.

Zhang, C.I., Ault, J.S. and Endo, S., 1993. Estimation of dredge sampling efficiency for blue crabs in Chesapeake
Bay. Korean Journal of Fisheries and Aquatic Sciences, 26(4), pp.369-379.

Zhou, Y., Yang, H., Zhang, T., Qin, P., Xu, X. and Zhang, F., 2006. Density-dependent effects on seston dynamics and rates
of filtering and biodeposition of the suspension-cultured scallop Chlamys farreri in a eutrophic bay (northern China): an
experimental study in semi-in situ flow-through systems. Journal of Marine Systems, 59(1-2), pp.143-158.

160 |Page



