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ABSTRACT

This study aims teharacterizéenthic habitaten Banquereau Bank, N&nd
assess thieng-termrecoveryof biotic and abiotic components séafloor ecosystems
following hydraulic clam dredging for Arctic surfclaivactromers polynyma.

Geospatial modelling techniquegreapplied tocharacterize thdistribution of surfclam
and sediment typexcross Banquereau. A combination of acoustic multibeam
echosounder (MBES) data, seafloor imagery, sediment grab samples, and fisheries catch
datawereused to create finscale thematic maps of the bakbject based image
analysis (OBIA, and Maximum Entropy (MaxEnthodelingapproachesvereused to
produceasurficial sedimentap of the Banquereau Baakda species distribution

model for Arctic surfclamThe resulting maps provide insights into sipatial

distribution ofsuitableArctic surfclamhabitat offering guidance for targetdigheries
management. This spatial datasusedto design a posdishing recovery surveto

assess physical and lmgical recovery across various timefrani@towing hydraulic
dredging Hydraulic dredging is a specialized fishing practice used to harvest infaunal
bivalves in soft sediments, creating high levels of disturbance affecting benthic faunal
communities and physical characteristics of the seafRlfoysical recoveryasevaluated
through analysis afidescan sonar alMdBES bathymetric and backscatter data, which
reveakdspatially variablelegrees of remnant dredge track visibility. Biological recovery
wasassessed using diversity indices and metric multidimensional scaling (NMDS)
ordinations to compare community structure at control sites and those impacted by
fishing a multiple replication areaacross the banlResults indicathat the extent and
rate ofecologicalrecoverywasvariable andnfluenced by both the time since fishing and
local environmentatonditions.While some sites exhilgti significantshifts in benthic
diversity or community structure, recovery pattengseambiguous and highly spatially
variable.This thesis provides valuable insights into the recovery potential of benthic
ecosystems on Banquereau Baad the findingsinderscore the importance of
incorporating finescale spatial data and letgym moniteing into ecosysterbased

fisheries management.
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CHAPTER 1 INTRODUCTION

The growing adoption of ecosystdmased fisheries management maseased
demands for advice on the sustainable management of bottatactfisheries(Pikitch
et al., 2004; Rice, 2012pevelopingadvice for sustainable managemenboftom
contactfisheries requiresxtensiveknowledge of the distribution and type of fishing
activity, the impacts of the gear in usketype ofhabitatsand communitiegmpacted,
the distribution of habitats and speciasd the potential recovery of bidtaciberras et
al., 2018) Environmental risk assessments have relied on qualitative estimates, limiting
their ability to assess sustainability of fishing impd&siberras et al., 2018%patial and
guantitative approaches based ongpatiotemporasensitivities of differing seabed
habitats, and the distribution of habitats and fishing activity are preferred alternative
approachegPitcher et al., 2017; Rijnsdorp et al., 2018pwever, geospatial modelling
efforts have been less commonly investigated or implemented duesicaticgyof

environmental or habitat dagBuhl-Mortensen et al., 2015; Sciberras et al., 2018)

The importance of incorporatirfine-scalespatial information into the assessment
and management of shellfish populations has long been recog@iaedy, 1975;
Cadrin, 2020; Lauria et al., 2020; Tanaka, 20D8)e to the strong association with
substrate type, distributions of benthic shellfish stocks can be relatively well represented
by seafloor habitat magBrown et al., 2012; Misiuk et al., 2019; Smith et al., 2017)
These maps, combined with geospatial fisheries data, have tremendous potential to
improve our understanding of the spatial patterns and complexities of shellfish
populatiors and their responses to fishing. Further, seafloor habitat maps provide spatial

classification of patterns that can be used to understand ecosystem dynamics and support



ecosystenbased fisheries management. The same technologies can also be used to help
assess benthic habitat recovery gagting by providing an indication of holenthic

communitiesand physical components of the seafloor recoveripastesting.

1.1 Commercial Shellfish

The ocean economy in Canada employs more than 315,000 Canadians and
contributes more than $26 billion of gross domestic product (GDP) each year. In Atlantic
Canada, commercial fisheries are built predominantly on shellfish (such as lobster,
scallop, and @m), which were valued at nearly $4 billion in 2GREpartment of
Fisheries and Oceans, 2022 clam species of significant commercial intereseg, t
Arctic surfclam Mactromeris polynymhis a large infaunal bivalve that can reach more
than 60 years of ag@vhile morphologically and physiogically akinto the Atlantic
surfclam(Spisula solidissimia Arctic surfclam arenorewidespreadnd can béound in
deep water of both the northwestern Atlantic and the northern Pacific G¥aamaberlin
and Stearns, 19630 Atlantic Canada, commercial quantities of Arctic surfclam are
found in offshore areas of the Eastern Scotian Shelf and Eastern Grand Banks, inshore
areas off southwest Nova Scotia, and in the Gulf of St. Lawr@medick et al., 2012)
Historically, the Eastern Scotian Shelf (specifically Banquereau Bank) and Grand Bank
fisheries have been managed under one ([Dapartment of Fisheries and Oceans, 2014)
Currently, Clearwater Seafoods is the sgperatorin thesefisheries. Fishing activity has
switched between Banquereau and Grand Bank through time, though, fishing effort has
predominantly been focused on Banquereau over the past deldudey et al., 2020)

Sediments on the plateau of the Banquereau Bank are predominantly composed of well



sorted sand, making it ideal habitat for active burrowing species such as Arctic surfclam,
and the environmental conditions here have supported a lucrative clam fishery since the
mid- 1 9 8 (Habdey et al., 2020; Roddick, 199®resentlythe fishery operates year

round and consists tifiree factory freezer vesselhich rotatebetween Banquereau

Bank and Grand Ban(Gilkinson et al., 2003; Hubley et al., 202(9sulting in annual

salesof over$100 M Canadiar{Clearwater Seafoods Incorporated, 2019)

The fisheryon Banquereatemployshydraulic dredges designedgenetratesoft
sedimeng to harvest infaunal speciesich asArctic surfclam As opposed to more
rudimentarytoweddredges which ardraggedalong thesurface of theseabed, hydraulic
dredgesuse high pressure water jets to fluidize sediment ahead of the cutting blade of the
dredge(Gilkinson et al., 2003)This method of harvestingsults insignificant
disturbance to benthic habitats and communities in the dredge path, incheltigect
removal and indireanortality of benthicorganismsas well adocalizedalterationto the
physical structure of the seaflo@silkinson et al., 2003; Hubley et al., 2020; Sciberras et
al., 2018) The high-pressuravater jets dislodge and suspend buried slagltsother
organismsn the path of the dredgevhicharesubsequentlgapturedoy a cutting blade
extended into the sedimeftue to thecomparativelydeeger offshore watersn
Banquereauthedredgedesignaused in tle fishery are larger and heavier than those used
in nearshore fisheriegGilkinson et al., 2003)0peratingat depthsf 50-80 m, vessels
deploy two hydraulic dredgeeer towi oneoff the port and one off thetarboard aft of
the vessel each approximately A wide and weighing 12 tonn€Bhepassage ahese
dredge leavesieepfurrowsmatching the width of the dredge frame, with individual

tracks reaching depths of -2 cm depending on the dredge and water jet configurations



(Gilkinson et al., 2003; Meyer et al., 1981; Ragnarsson et al., 20ibgstimated that
the total seabedreadisturbed annuallipy the licensed vessels fishing Banquereau

Bank covers several hundred square kilomdtosldick, 1996)

1.2 Study Area

Banquereau Bank is a large (~10,100%mstormdominated submarine bank
located at the easternmost edge of the Scotian $hegifré2.1). The morphology of the
bank is relatively flat, shallow (averaging depths o#35m) and oblonghaped,
extending roughly ~180 km east to west and ~80 km north to §Bukinson et al.,
2005; Hubley et al., 2020l the east, shoal areas of the bank refgthsas shallow as
~30m, but otherwise the bank is relatively flat with average depths of <80m. The
boundaries of the bank are defined by deep water with complexiaosil topography

to the north, the shelf break to the south, and Laurentian channel to the east.

Theunconsolidatedurficial geology of the banik underlain by Tertiary agd@6
million to 2.6 million years agd)edrock consistingnostly of sandstones, siltstones and
mudstonegGilkinson et al., 2003)The first surficial sediment map of theea(MacLean
and King, 1971)epicted the bank as largely being composeshntifacies of the Sable
Island Sand and Gravel Formation. Beslimentsare considered to brineralogically
mature, consistinghostly of well-rounded and welsortedsandcomprisedf quartz
grains. Subsequent studies and mapping of the surficial sediments on Ban@Aeresu
and Fader, 1988; Philibert et al., 2028pwminimal improvementsegardingfine-scale
distinctions and sediment heterogengitglicating trat nearly theentiretyof the plateau

of the bank isnedium grained sand witass tharb0% gravel The sand is up to 35m in



thicknesson theEastern Shodlwhich topographically dominates the terrain of eastern
Banquereauand thins to less than 5m in thicknessund the margins of the barikhe
Eastern Shoal is described as a stdominated intermediate energy zone characterized
by dynamicbedforms migrating over largacale sand ridges. The margins of the bank,
specifically along the shelf break, atefined asow-energyanddominated by shell

debrisover flat featureless seabgsimos and Fader, 1988)

The geology oBanquereaBank has largely been shapedtbg glacial history
of the broader ScotiaBhelf Glaciers crossed the Scotian Sheifidg the Wisconsinan
glaciationapproximately 20,000 years agding & Fader, 1986)andreworkedglacial
materias formed during the posilacial marine transgressiglominde the sedimentary
geology of the bankGilkinson et al., 2003)The present sediments largebnsist of
well-mixed, coarse to medium grained sands as nresgfained silts and clays were
removed by beach processksging this periodPostglacial muddargely remairin
deeper watersff the northern slope of the bafRhilibert et al., 2022)The shallowing of
the bank in theortheastindthick accumulatiorof sandwhich make up theEastern
Shoal is the result afontinuoussediment transport from west to edsbughouthe

Holoceng(Gilkinson et al., 2003)

Theshallow bathymetrpf Banquereau Bansontributes to uniquely strong
physical oceanographic influences on the bank, as compared with other regions of the
Scotian Shelf. The bank is exposed to extreme weather, and maximum significant wave
heights are estimated to exceed 1wostylev, 2004) Topographic channeling off the

shelf break into shallower water was hypothesipgorodu® a substantial increase in



potential energy from deptlof 150 m to<100 m(Li et al., 2021) This level of energy
enhancement is presumed to further increase due to the piling up of energy due to slower
propagation speed as the water shallfwet al., 2021)to depth well belov80 m

across the bank.he bottom habitats of Banquereau are likely to be impacted by major
storms; as natural benthic disturbance effects from fully developed wind waves of 14 m
height can extend to water depths of ~ 10(Kwstylev, 2004)Aside from Sable Island
Bankand the Bay of Fundynodelled estimates sedimenmobilization and potential
energy across the Scotian shelf are highest on Banquerea(Bankl., 2024, 2021)

The current regime on Banquereadescribed amoderatedominated by a combination

of wave and tidal forcingLi et al., 2024)with peak watewelocities of 1525 cnis over

much of the bankKostylev, 2004) The wave and tidal disturbance suggest that the
surface sedimestre likely to be mobilized at frequent intervals, and this is suppoyted b
observations of well sorted sand across much of the {ang & Fader, 1986; Philibert

et al., 2022b; Stanley et al., 1978hd modern modelled estimates of sediment

mobilization frequenciesn the Scotian She{Li et al., 2024)

1.3 Research Objectives

The overall goal of this project is &ssesdenthic habitat and biological
communityrecovery following bottom contact fishing. This work will evaluate how the
physical seafloor and biological characteristics change over timdiglusig to better
understand how the Arctic surfclam fishery on Banquereau Bank can be managed more
sustainaly. The proposed project includes both a-aed postfishing analysis of

seabedabitat andenthic community dynamic€hapter 1 will focus on spatially



characterizing geological and biological distributions across the bank. The main
objectives of this chapter are to apply modern geospatial analysis methods to produce
various thematic mapping products that characterize the natural environmental conditions
on the bank. Continuous mapping products that match the full extanaitdble spatial
datasets available will make possible the quantitative and statistical comparison of
environmental metrics across the bank. This is critical for Chapter 2, whersén the
datasets will be used along with geospatial fishing data to develop a survey design to
evaluate postishing recovery. The main objective of Chapter 2 will be to evaluate the
recovery of the seaflomonditonsand bent hic communities at
and Aunfishedod sites at v arFieldsuseydasignat i ons
using the mapping outputs from Chapter 1 will be usextlect study sites with similar
environmental condition$p comparablyevaluate how benthic ecosysteare changing

through time and space as a result of commercial fishing.



CHAPTER 2 HABITAT CHARACTERIZATION OF
BANQUEREAU BANK USING GEOSPATIAL
MODELLING APPROACHES

2.1 Introduction

2.1.1Fisheries Management: Adoption oSpatial Approach

In recent decadethe needfor benthic mapping products has increased steadily,
asthe demand for resourcpkaces growing pressure on seafloor environments
Historically, industries such as commercial fishing hBeen managed on a steloy-
stock basis, witlvarying considerationf broaderecological and environmenttctors
However, pessures from overfishing and the expansion of anthropogenic actaties
altered ecosystems in wathatwe have only recentlgegun to spatially quantify or
monitor (Cogan et al., 2009Advancedn seafloor mappintechnology and applications
highlight the importance of producitgh-resolution seafloor maps to assess ecosystem
vulnerability and to balance resource extraction with environmental protection goals
(McArthur et al., 2010; Misiuk and Brown, 202&ffective resource management
requires informed decisior@boutthe location, scale, and intensity of activities that can
be conducted without compromising ecosystem heldgeological mapsave
emergedasvaluabletools, providingsciencebased informatiothat supportslecision
making and the implementation of an ecosysb&wed approach to marine management

(Cogan et al., 2009)

Following the Convention on Biological Diversity, the 20000rld Summit on

Sustainable Developmeimnt Johannesburg recommendsbptingan Ecosystem



Approach to Fishery managemdalso known as EcosysteBased Management

(EBM)), for fisheries to achieve both the conservation of marine ecosyatelrike
maximization of economic profitabilittBrowman and Stergiou, 2004 critical first

stepin successfully adoptg this management framewoikto characterize the habitat
features of ecosystesandassessheir resilienceto pressure¢Ban et al., 2010Cogan et

al., 2009) Additionally, theacquisition anépplicationof environmental and biological
data tounderstandpatial patterns within ecosystems is essefttiadssessing the
condition and distribution of resources. This is a key compafehistainable
DevelopmentGoal (SDG) 14Life BelowWater, which aims taconserve and sustainably
use the oceans and marine resou¢bisiuk and Brown, 2024; UN General Assembly,
2015) Despite this growingneed,nl vy a fraction of the worl di
mapped or geospatialgnalyzedn ways that contribute to our understanding of seafloor
ecosystems and procesgeapke et al., 2022; Lamarche and Lurton, 2018; Mayer et al.,

2018)

2.1.2Benthic Habitat Mapping

In response to the growing demand for spatial data products that support
sustainable managemeanid conservation objectives, the field of habitat mapping has
advancedignificantly in recent decades. These advancenmavisled to the
developmenof diverseapproaches, data types, technologies, and mtuslare
comparable in quality to thosevailable for satellite and airborp&atforms and data
products(Brown et al., 2012; Diesing et al., 2016; Misiuk & Brown, 2024 )deegr

waters, beyond the reach of optical remote senaomistic remotsensing technologjy



particularlymultibeam echosounders (MBE)ave becomincreasinglyaccessible
acquisition toofor acquiringcontinuous seafloor mapping produ@isiuk and Brown,
2024) Theprimarydata productsollected by MBESnamely bathymetry and
backscatterserveasimportant proxies focharacterizinggeabedeaturegMisiuk and
Brown, 2024) Bathymetry along withsecondary derivativesuch as slope, curvature,
and aspect, are useditberpretthe depth topographyandgeomorphology of the
seafloor(Lecours et al., 2017b; Misiuk and Brown, 202Backscatterwhich is a
measure of thatensityof acoustic signalreflectedfrom the seafloor, providean
interpretatiorof substratgroperties such dsmrdness, roughness, and composition
(Misiuk and Brown, 2024; Weber and Lurton, 20I®)ese data productsrm the
foundation for most seafloor mapping applicaticersd whercombined with additional
environmental covariates (e.g., spatial data on physical oceanographic paraseness)

to improvethematic mappingutputs(Misiuk et al., 2018)

Several practical limitations exist regard tamplementingecosystenrbased
management recommendations and characterizing benthic environments.gensra
lack of finescale continuouseafloor data often precludes their use in deeper regions of
the oceanas the vast majority of deeper seafloor regamsunmapped, particularly at
scales suitable for quantifying ecosystem characteridflager et al., 2018; Wolfl et al.,
2019) Seconddespite significant advancements, a notable gap remains between the
acquisition ofprimary acousticdata and the production cbmprehensive, highuality
thematic seafloomaps(Brocke et al., 2023; Innangi et al., 2022; Loureiro et al., 2024)
Processed backscatter and bathymetry often represent the final deliverables supplied by

seafloor mapping effort3.he labofintensive and tim&onsuming nature of processing

10



and grouneruthing raw acoustic data has created a bottleneck in seafloor mapping
efforts(Loureiro et al., 2024Much of the raw data remains underutilized due to the
complexity of data interpretation and the manual efforts needed to generate useful maps
(Innangi et al., 2022 Complex ad hoc angdes are required to procesd integrate
multisource acoustic araogeological data from sediment sampling or gretrathing,
requiringsubstantial expertise and resourtteproducegeographically relevamhapping

deliverablegBrocke et al., 2023; Nemani et al., 2022)

Thematic mapping products such as seafloor habitat maps, geological maps, and
species distributiomodelsprovide spatial classification of patterns that can be used to
geospatially evaluate ecosystem dynamics and the distribution of s{Misegk and
Brown, 2024) Recent advancementstimematicmapping methodologies have
streamlined andignificantly enhanced the capacity to produce detailed seafloor maps
(Brown and Blondel, 2009; Innangi et al., 2022; Misiuk and Brown, 20243
development has translated to thereased production of geological and habitat niaps
various marine resource and conservation areas across Atlantic CBrasla et al.,

2011; Lacharité & Brown, 2019; Proudfoot et al., 2020; Sklar et al., 2024; Todd &
Kostylev, 2011; Wilson et al., 202WVhile some broadcalestockassessment models
(Hubley et al., 2020andsurficial geology maps do exist for Banquereau B@rkos

and Fader, 1988; Philibert et al., 2022) finescale thematic seafloor maps have been
publicly available to datdespite decades of research on Banquereau. Baelack of
publicly available higfresolution spatial data has been a notable limitation for habitat
suitability modelling and spatial management of the Arctic surfclam fishery on

Bangquereau BanfHubley et al., 2020)Collaboration between Clearwater Seafoods and
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Fisheries and Oceans Canada (DFO) presents a unique opportunity to improve surficial
sediment maps and habitat distribution models by leveraging previously inaccessible,
privately held finescale survey datand multibeam echosounder data sets from

Banquereau Bank

2.1.3Geographic Relevanc@rctic Surfclam Fishery

Due to the strong association between benthic species and sediment type,
modelled distributions of Arctic surf clam can be improved by incorporéitiegscale
seafloormultibeam data setsr by usingsediment mapg/hich resolve spatial patterns of
fine-scalesediment heterogeneit@iven the main species of interest for this stisdy
infaunal, more generalizetklineation®f seabed type, such as sediment maps, may be
an appropriate means wiapping the potential habitat for infaunal species such as Arctic
surfclam, as well as the bottom types potentially affected by fishimg is especially
true considering most harvest operations follow visually discernable geological
delineations as an indicator of habitat suitability (i.e., targeting soft sedifoefithing
operation To more accurately evaluate species distributiospegies distribution
model(SDM) based on fisheries dataay function as a representatiorpoéferred
habitat andidentify regions more intensely impactey fishing S D M @wluatespecies
observations againeumerous contiguous environmental covariates to produce estimates
of thespatialdistribution of a specie®¥Vhen combined with geospatial fishery data,
seafloor maps have tremendous potential to improve our understanding of the habitat
preferences of target shellfish species and their response to fishing irjiaciately, in

the context of evaluating fishing impact, important study amdese highly suitable

12



habitat andhigh fishing effortcoincidecan be identified using these maps as a guide

(Brown et al., 2012; Misiuk et al., 2019; Smith et al., 2017)

The focus of this Chapter is the productiorgebgraphically relevantine-scale
thematic maps for Banquereau Bamke specific research goaleeto: (1) Generate a
surficial sediment map for Banquereau Baéaked on MBES data seits-situ seafloor
imagery andsediment grab sam@eand (2)Produce a species distribution model (SDM)
for Arctic surfclam based on MBES datdssandfisheries catcldata.By achieving these
objectives, this research aims to enhance our understanding of the spatial distribution of
commercially significant species and their habitats. ddmbinationof high-resolution
surficial sedimenimaps with SDMs will provide valuable insights into the interactions
between habitat types and fishing activitiggiding targeted research and management

efforts to monitofishing impacts.

2.2 Methods

2.2.1 Study Area

Banquereau Bank is a large (~10,100kmstormdominated submarine bank
situated at the outer eastern edge of the Scotian Shelf, off the coast of Nova Scotia,
Canada (Figure 1). Detailed description of the geomorphological characteristics of the
bank can be found iBectionl.2 Study Ared. Previous surficial geological maps,
including those published BYmos and Fadgi1988) andPhilibert et al(2022), provide
a broad overview of the sedimentary characteristi¢cee bankhighlightinga

dominance ofvell-sorted, mediurgrained sandThe expansive regions of saptbvide
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suitable habitat for burrowing bivalves such as the Arctic surfclacifomeris

polynyma, the target species for hydraulic dredgamgthe banKHubley et al., 2020)

However, these earlier efforts lacked the resolution required to capture the spatial
variability in sediment composition, a key factor influencing habitat suitability for species
like M. polynymaPrevious studies have alluded to the presence of coarser sediments,

such as gravel, and sediment patchiness across the bank, suggesting spatial heterogeneity
in substrate composition that may influence benthic community distrib{@idinson et

al., 2003, 2005; Hubley et al., 2020)
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Figure2.1: Map of Banquereau Bank, located on the eastern edge of the Scotian Shelf, Nova
Scotia (A).Multibeam bathymetry (B) anig-situ backscattedatacovering approximately 65%

of the bankwere collected in 2007 byugro Jacques Geosurveys Inc. (FJGI) using a Reson 8111
operated at 100kHZ’he MBES data is proprietary and held by Clearwater Seafoods.
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2.2.2Multibeam Echosounder Surveys

2.2.2.1 Primary Acoustic Data

This study usegroprietarymultibeam echosounder datallected orBanquereau
Bank between May and October 2007Hugro Jacques Geosurveys I(f€JGI) on
behalf of Clearwater Seafood&his dataset wagrivatelyacquired fointernaluse by
Clearwaterto support the managementtbéir license fisheries on the bank.
Bathymetric and backscatter dakagure2.1) were collected utilizing a Reson 8111
multibeam echo sounder (MBES), operated at a frequency of 100 kHpescdan
angular sector of 150T.otaling an area of ~600 kn?, these datasets cover over 65% of
Bangquereau Banlbata were logged via Fugro proprietary software, Starfix Suite 7.2,
and were processed offshore using CARIS HIPS/SBegveen 2015 and 2020,
collaborative research between the Nova Scotia Community College (NSCC) and
Clearwater Seafoods, supported through an NSERC Industrial Research Chair for
Colleges grant (CIRC 47211514), reprocessed the raw MBES data to generatastic
bathymetry ad backscattemaps.Digital dataprovided by Clearwatencludedthe
processed multibeam backscatter and bathynagtap-m horizontal resolutiorilhe
MBES layersvere aggregated to a cell size ofrband exported as ESRI GRID formats
for use inArcGIS (v.2.6.1). Data resolution was coarsened to reduce the impact of
artefacts and noise in the data, and to reduce the computational requirements for spatial

modelling.

The interpretation of backscatter intensity is complex compared to bathymetric

measurement@Misiuk et al., 2020)and alack of standardized calibration often yields
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relative rather than absolute backscatter measuremenisresultbackscatter values

from individual survey mosaics collected over the duration of extended hydrographic
surveyscannot be compared directMisiuk et al., 2020; Haar et al., 2028Yithout

proper calibrationmodelling efforts are limited to the extent of individual backscatter
mosaics rather than the full extent of other continuous data ldyetsathymetry 6 Bu | k
s hi(dkila.0 f f)amptodaches have been proposed as a method for combining multiple
backscatter mosaics for seabed mapping applications, wherein a single continuous map
layer is desirabl@Misiuk et al., 2020; Haar et al., 2023he backscatter dateas

harmonized using the bulhift approach developed Misiuk et al.(2020) prior to

further analysis.

It is common for acquisition and noise artefacts to be present in MBES data even
after the raw data has been processed and corrected. These artefacts ararikalgtto
subsequent analyses and propagate into derived terrain attributes if ove(loetads
et al., 2017)For this reason, geospatial filters were applied to the primary bathymetry
and backscatter layers to reduce the potential of these artefaetgatively affect
subsequent model outputs. An Olympic filter, with a kernel size of 5, was applied to the
bathymetry data to reduce overall noise, especially due to erroneotiatRigsity values
observable in nadir regiomd the datdi.e., data collected directly underneath the vessel
during acquisition)The Olympic is a lowpass filter, which averages thellovalues in a
window of analysis (i.e., the kernel sizsingcellpixelsas t he spati al uni t
out o uncharacteristically high or | ow valu

lowest values in the window of analysis before averaging the remaining pixels and

=)}

replacing the central pixel value with the resultmg a n preventing the
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biasing the output value. The result is a smoothed bathymetric data layer which retains
important terrain patterns, while obscuring fswale noise and data artefaétsr the

backscatter datan edgepreserving mean filtewith a kernel size of ,/Aavas applied.

This filter performdike other lowpass filters such as the Olympic, wherein it eliminates
noise, however,; it does not blur or smooth the edges between contrasting,regions
effectively Opreservingod spreseovingnearfitegres and
resuledin an image wherein homogenous regions with similar pixel values were

smoothed, but clear boundaries between regions of differing pixel values (i.e., differing
bottom types) were retained. All filters were applied using the-sparce ArcGIS

Python Toollex for WhiteboxToolgLindsay, 2014)

2.2.2.2 Secondary Acoustic Data

Modern biological and geospatial modeling approaches rely heavily on
bathymetry derived terrain variables (e.g. slope and rugosity) and backdeaiterd
variables (e.g. hardness and heterogeneity) to act as surrogates for patterns and processes
on the sabed (e.g. seabed morphology, current dynamics, relative position) that may
influence the distribution of sediments or bi@ierodiaconou et al., 2011; Lecours et al.,
2016; Misiuk and Brown, 2024)\Vhile many terrain attributes can be derived from
bathymetric data to describe seabed morpholfdgy attributes recommendedy
Lecours et al(2017)were used taapture most of the topographic struetof the
seabedTheseincludel eastness and northness, relative difference to the meam valu
standard deviation, and slope angletrrainderivatesnere created usintpe Terrain

Attribute Selection for Spatial Ecology (TASSE) toolkbecours, 2017 ESRI
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ArcGIS v10.3.1 using a default 3 x 3 window of analyAis.additional set oattributes
outlined inMisiuk et al.(2018) were derived to represenirrent regimes arithe
distribution of sediment grain sizeEheseincluded measures of seabed curvature
benthic position indexandrugosity. All the derived bathymetric and backscatter

derivativesaredescribed imrable2.1, and examples ashown inFigure?2.2.
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Figure2.2: Localized illustrations ofexcondary derivatives froprimarybackscatter (A) and
bathymetry (B) data used to characterize seafloor struéineenples oflerivatives listed in
Table lare shown(C) backscatter heterogeneity (i.Bqughness),l§) Slope, E) Rugosity (F)
Northness
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Table2.1: Secondary vironmentalpredictor variableslerived fromprimary MBES bathymetry
and backscatter datiaistedvariablesact as surrogates for patterns @nocesses on the seabed
(e.g. seabed morphology, current dynamics, relative posthah)nay influence geodpcal or

biological distributions.

i mpl ement

ed in ArcGIlI S Pro.
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Vari abl Description Uni t Met ho
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2.23 SubstrateGroundtruthing

Groundtruthingobservationsvere compiled fron213stations using ground
truthing photosand grab samplgweviously collectedby Fugro(2007) (n = 101 stations)
andStokesbury and Bethong20182020)(n = 112 stations), to develoghe first fine
scale surficial sediment map of Banquereau B&dure 3. During the 2007 mapping
survey conducted by FJGI, groutrdthing of MBES dateconsistedf in-situ drop
camera imagergurveysandsedimengrab samphg conductedn randomly stratified
patterrs across the banfEurgg 2010).Locations were selectexpportunisticallyin the
field based ombserved variations irecordedackscattemtensity valuesAdditional
seabed camera surveys were conducted by the University of Massachusetts Dartmouth
(Figure2.3) between 2012018 as part of eulti-yearscallop stockassessmersiurvey
in the North Atlantic and all sites located on Banquer&ankwere compiled for use in
this investigatior(Stokesbury and Bethoney, 2020)hese data setwere used as

groundtruthing data to train and validatBe various mapping methods in this chapter.

2.23.2 Seafloor Imagery

The Fugro (207) imagery dataset wastracted fronb-minute video transects
collected at each statiarsing aShark Marine SV18R shallowwater cameralrhe
Stokesbury & Bethoney (2028urveyswere conducted usg a drop cameraystem
fitted with one ofthree types of cameras (Kongsb@§14408, Imperx Bobcat or GoPro
Hero 5) mounted oasteel sampling pyramicComplete methodsf thesurvey design
and image acquisitioproceduresire outlined in Bethoney and Stokesb(2§18)
Referencemage stillsepresentative of the dominant geologic characterisbssrved at
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eachground validation statiowereextractedrom both the Fugro (ZI¥) andStokesbury

& Bethoney (2020 atasetsThe distribution of ground validation stations is shown in
Figure 3.These imagewere visually reanalyzedndeachimage was classified into one

of 3 representative sediment classes based on visible geological characteristics: (1) sand,
(2) mixed sediment, or (3) coarse sedim@&ngure2.3). Sediment classes were based on
a modified Folk 5 classification, which includes 4 unconsolidated sediment classes,
supplemented with an additional class for rocks, boulders, and bd&igake2.4). A

Folk classification(Folk, 1954)was chosen because it is internationally prevalent,
especially in sedimentological studiesd itcould be implemented for all available
datasetsln lieu of quantitative grain size estimates which are unavailable for video data
a classification scheme with greatly reduced granularity was clhesanise the broad

sedimentlasses could easily be assigned to image stills via visual interpretation.
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Figure2.3: Drop-camera gound validation stationsurveyed by Fugro (2J) andStokesbury
and Bethoney2020) Representative still images for each stati@ne used to validate surficial

substrate mapping methods outlines in Section 2.2.8.
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Figure2.4: A modified Folk 5 ternary diagrashowing the broad substrate classssd to
classifytheground validation datsets.This figure is modified fronthe diagram presented in

Kaskela et al(2019).
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2.2.3.1SedimenGrab Sampling

During the 2007 mapping survey conducted by F3€dfloor sediment samples
were collected irsitu with drop camera imagery using a Shipek grab sar(falgure
2.5). Subsamples ofusficial sedimentollected from the grab samphegre processed by
conventional grain size sieve analySi®smprehensiveediment grain sizenalysesvere
conductedor eachsedimensampé, which quantified the relative percent compositions
of three major soil divisions: coarggained soils (gravels and sands), fgrained soils
(silts and clays), and highly organic soils (peat) samples from Banquereau Bank were
classifiedas coarsgrainedsoils thereforegrain size resultarere expertly interpreted by
FJGI tofurther categorize the samplieso the following classes: wefiraded gravel with
sand (GW), poorly graded gravel (GP), wglhded sand with gravel (SW), wejtaded
sand with silt (SWSM), poorly graded sand with gravel (SP) and poorly graded sand
(SP).Finally, grain size analysis results were convertepei@ent gravel, sand, and silt
for evaluations involving traditional sediment classifications such as(E@8d) For use
in the present studyhé¢ descriptivesedimentlasses angdercentages of gravel, sand, and
silt were used to reclassifiie grab samplaato the sameFolk sediment classes used to

characterizéhe imagery data setBigure2.5).
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Figure2.5: Results okedimengrain size analysenducted othegrab samplesollected by
Fugro (2@7), separating each sameffilased omelativegrain size composition. Thge charts
(located at sample statigrshow the percentage of gravel (blue), sand (yellow)sdnfted).

2.2.4 Fishery Data

Since 2038, Clearwatehasdeveloped a private, ihouse harvest database that
records théracklocation of every hydraulic dredgieployedduringcommercial
harvestingandthe associated catch informatidor Arctic Surfclam and other
commercially significant specieBifure2.6). Each entry in the database represents a pair
of hydraulic dredges deployed in tandem, represented spatially by a single transect
logged using the vessels GPS position. In addition to recording the precise georeferenced
location for each dredge tow, tlitemprehensive dataset stores-4gpecific information
such as the date, weather condition, counts for clams harvested, and size class for Arctic
surfclam (categorized based on shell lergjissels These data wengsedquantitatively

to validateArctic surfclam presence across the b&orkmodelling species distribution

26



Dredge Tows

km
3 4.5

Figure2.6: Localized illustration of the harvest database, privately held and maintained by
Clearwater Seafoods. This database records the location and associated catch data for all
hydraulic dredge tow deployments (blue lines) on Banquereau Bank from 2013 to 2023.

2.2 8 Surficial Substrate Mapping

An unsupervised objediased classification approagtilizing primary and
secondary acoustic data variablessemployedo producea high-resolutionsurficial
substrate map for Banquereau Bank. Object Based Image Analysis (OBIA) involves the
grouping of adjacent pixels with similgaluesi nt o -0bmages 6, creating
regions of similar pixel¢Blaschke, 2010; lerodiaconou et al., 2018; Lacharité and
Brown, 2019)Figure2.7). Thisclassificationrmethod requires two basic geospatial data
inputs;(1) a segmented raster to spatiabntrol the mapped respasind (2) primary
or derived geospatial predictor débaderiveenvironmental statistid® map thespatial
responsePrior to analysis, all the primary and secondary environmental layers from the

MBES datasefTable2.1) were linearly rescaled from 0 to A.principial component
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analysis (PCA) was run on dlB of the rescaledata layersto generateastersof the

first 3 principal components whiatcounted for at least 95% of the variance in the
datasetRather than using alhe environmentdhyers, a PCA was run to reduce the
correlation betweenariables used for classification, while maintaining and relevant
environmental informatiofJollife and Cadima, 2016J he three principal component
rastersverecombinedo generate a RGB colour compositeage to be used as the main
environmental predictor layéor classification Segmentation was performed on the

MBES backscatter data in ArcGIlIS Pro, with
value) detail of 5, and a minimum segment size of 5 piXatgi(e2.7). The

segmentation process partitions the data using a reggawing algorithm to identify

groups of contiguous pixels that have a similar range of backscatter values, and therefore
are assumed to represent homogenous sedimeniypal. averagingf the RGBPCA

was conducteth ArcGISusing thezonal statistics tool teummarize th@alues of the
environmental data within ¢hboundaries of the segmentetkscatteraster to capture

a statistical average of the environmental conditions in each region of similar bottom

types(Figure2.7).

Together, the segmentedckscatteandRGB-PCAr a s twereuded
coincidentally to predict the distribution of sediment typg&ing the unsupervised Iso
Cluster algorithm built i nt.dheéluster@dt®bs | mag
includestwo main parametershe totalnumber ofclustersdesiredand the minimum
samples per clustéthe minimumnumber of image objects required to form a unique
bottom typecclusted), in addition to several others to guide grouping of the image

objects intaclustersHere, 11 was adoptexs thedealnumber of clusters, as it was
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shown tobe the optimal number of clusters after several t(iads balancingstatistical
accuracy withvisual analysis)anda minimum numbeof 5000 samples per clustéo
ensure broadcalepatterns were capture@ihe Iso Clusteclassification was therun on
the segmented RGBCA and backscatteasters using final iteration settings af
maximum of 11 classes, a maximum of 20 iterations, a maxiofurf clustermerges
per iteration, a maximum merge distanc®&i(i.e., the maximum allowabldistance
between cluster centers in feature spageninimumof 5000samples pecluster(i.e.,

the minimum number of image segments in a valid cluster or chass$) skip factor of
10(i.e., the number dmage segments to skighen training the model, helps to reduce
processing time)rhegroundtruth validation datavere used to facilitate manual merging
and reduction of theesultingl1 unclassified Iso Clusters intbethree classified
sediment typeto produceafinal classified sediment maphe resulting sediment map
was validated using the classifiglbundtruthing datgFigure2.3, Figure2.5) in a
confusion matrix to determine oWPykesal I

2020)
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Figure2.7: Segmentation of the MBBESackscattefleft) and the resulting image segments (black
lines) used to derive zonal averages from the FR&R environmental predictor layer (right).

2.2.9Species DistributioModelling

Here, we usethe Presencénly Prediction (MaxEnt) tool in ArcGIS Bto train
and predice SDM for Arctic surfclam M. polynyma)n Banquereau BanlaxEntis a
presenceonly machindearning methodvhich estimates the maximum entropy between
two distributions from presence data andgpatialseafloor environmentalovariates
(Elith et al., 2011; Phillips et al., 2008)o implement MaxEnt modeling for species
distributionmodelling three primary data inputs are necessary: known presence

locations, a defined study area, and relevant explanatmiyonmental/ariables.
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Presence locatiornserederived fromthe commercialClearwatetharvestdatdase
geaeferencingvhere the species has been obse(i#gglire2.6). The study area
encompasskthe extent of theMBES data available (i.e., highlighting where presence
waspossible) and iscollocated with background points created by the model to show
where species presencaursknown Lastly, all 13 primary and secondaryplanatory

variabledistedin Table2.1, wereusedto characterize theange othabitat conditions.

For model input, all dredge tows in the harvest database were converted to points,
centered at the migoint of eacldredgetransectSpatial thinning of the presence points
was applied before modelling, with a minimum nearest neighbor distadfeofo
ensure each raster cell only containedaximum of asingle presence observatidrhe
MaxEntmodelassumes that presence records are representative of the entire species
distribution, which may not always be the case, especially in regions with uneven
sanpling efforts.The effect of sampling bias is that data intended to podistsibution
of aspeciedvecomes conflated with data showing presence of suitable conditions for data
collection. Spatial thinningvasappliedto reduce the effect of spatial clusteringm
oversampled areagdditionally, in casesuch as thisvherespeciesabsencg(known as
background poin)sare not prespecifiedthe modelgeneratepseudeabsenceat the
centroid ofrastercells which are not cedocatedwith knownpresence point® provide a

contrast

The collection of environmentMBES data available for Banquereau Bank
(Table2.1) was used to explain thebitat preferences of Arctic surfclam and predict

their distribution. Ater initial processingdata transformations were applied to the
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explanatory variables using basis functions to cagheeomplexspatialrelationships
between species presence and environmental condiReterantbasis functionsvere

usedto represent natinear and interaction effects amoagvironmental/ariables A

total of three basis functions were applied to the explanatory variables; Original (Linear),
Squared (Quadratic) and Pairwise (Product). liitear basis functiodid notalter the
distribution of the dataallowing for easy interpretation of coeffiais in the context of

their effect on presence probability. The quadratic function transfbathvariables by
squaringhemandvas chosen because speciesd respons
are often nonlinear and unimodalustin, 2007) and a quadratic form may best represent
these relationships. Finallgproduct functiorwas applied tgroducel interaction terms,
which are multiplications of explanatory variables (ex., A x B, A x C, and Betd} to
represent thenteractionof environmental conditions as they relate to species distribution
All transformed versions of the explanatory variabesethen used to train the model,
whereby the model iteratedrough multiple transformed versions of each explanatory
variablein attemptdo modelthecomplex conditions that promote the presencarofic
surfclam Thebest performing variablegsereautomatically identifiedy the model via a
variable selection process knownragularizationwhich balanceshetradeoffs between
model fit and model complexitys aresult,the model retamfewer explanatory
variablesreducing the chances overfitting and increasing the ease of interpretation
The resulbf the model was a spatiadpresentation grobabilities of occurrence for

Arctic surfclam M. polynyma, with eaclraster cell given a value frofhto 1 Thefinal

model was then predicted over the full extent of the environmental data.
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To validatetheresultingpresence prediction maipdependent test datasets
created by the model were used tacuhdtestatistical metrics including Omissidtate
andArea Under the Receiver Operating Characteristic Curve (R@OT). The omission
rateindicates thehresholddependenpercentage gbresence pointihatwere located in
areaqot predicted as suitable for the speckisillips et al., 2006)The AUGROC
metric measures the model 6s ability to
pointsindependent of the thresholdith values closer to 1 indicatingrfect
discrimination andralues< 0.5indicating comparable or worse discrimination than
random chancéRaes and Ter Steege, 2007; Valavi et al., 2028ally, leaveoneout
crossvalidation(LOO CV) methods, where the dadeerepeatedly partitioned into
training and test subsetsereperformedo evaluatéherobustness and consisterafy
the modelled predictianThe presence points were randomly resampled i{20% of
the datajpatially aggregategiroups where 4 groupareused tarain the model and 1
would bewithheldto testpredictiveperformanceThis processvasrepeated so that each
of the 5 groupss withheld, sichthat allof thedata is used tbothtrain and test the

model.

2.3 Results

2.3.1 Surficial Substrate Mapping

Unsupervised classification of tipeimaryMBES dataandsecondarylerivatives
(Table2.1), usinganobjectbased image analysasdlso Cluster procedure, resulted in a
classifed mapwith 11 1so Cluster classes. Thd Iso Cluster classes wenmgergednto

threeclassesvhich besimatctedthethreesedimentlasses determined Iiye ground
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truthing datasets (n8B station$ (Figure2.8). Coarse Sediment$4 station$
corresponded with IsoCluster clakk(63.6%) (Table 3 andwere located on areas with
the strongest backscatter returfikis classhad lowconfusion withSand though showed
low to moderateonfusion with the Mixed Sediments clg¥able 2).Mixed Sediments
(21 station$ corresponded with IsoCluster classes 2, 4 and 8 (46.7%) (Table 2.3; Fig.
2.7).This clasoccurredn areas with high to medium backscatter intensitiessaosved
high to moderate levels of confusion with both Sand and Coarse Sediaseiiing in
moreSandmisclassificéionsthan trueMixed Sediment classificatios Sand(114

station$ corresponded with IsoCluster clasfed, 3, 5, 6, 7, @nd10(94.2%) (Table2)
and were associated with low MBES backscatter retiRelgtive to theéotal number of
sand observationthe amount of confusion with other classes was very(Table 2).
Results confusion matrix (Table 2), show tverall accuracy for theurficial substrate
mapwas79.26, with a kappa statistic of 9% (Table 2.3)A high Kappa statisticO(60-
0.80) indicates strong agreement between the observed outcomes (i.@¢uahlalbels)
and the predicted outcomes (i.e., the model's predictions), beyond what would be
expected by random chan@eandis and Koch, 1977Notably, ahigh Kappa statistic in
this particular case, where classare imbalancgi.e., dominance of sand observatigns)
alsosuggests it the overalhccuracy is not simply driven by the modatcessfully

predicting the majority sediment classlI.
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Figure2.8: Localized illustration of thelassifiedsurficial sedimenmapproducedacross the full
extent of Banquereau Banking objectbased image analysis (OBIA) segmentation and an
unsupervised Iso Cluster analysis.

Table2.2: Error matrixfor the surficial substrate magb Banquereau Banlproduces using an
unsuperviseabjectbased image analysis approach and Iso Clustering algorithm.

Sediment Map (Iso Cluster) Clas
38§ oo =
g E ¢ E =
o T = O
S =g} n
n n
Ground-Truth 11 24448 0+1+3+5+§ Total (no. of User's Omission
(Folk) Class +7+9+10 objects)  Accuracy (%) Error (%)
Coarse Sediment 14 1 0 15 93.3 6.6
Mixed Sediment 7 21 7 35 60 40
Sand 1 23 114 138 82.6 17.4
Total objects 188 Overall Accuracy: 79.29
Producer's Accura¢y 63.6 46.7 94.2 Kappa Statistic: 0.7
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2.3.2 Specie®istribution Modelling

The final presence prediction mgfigure2.9) wasproduced by translating the
MaxEntmodel 6s probabilistic outAmticsusfclamiMt o a s p
polynyma presence across Banquereau Bditle presence model had a correct
classification rate of B (Table 2.3)and AUC and omission rates of 0.77 and 0.22,
respectively(Figure Al.J). Of the 13 environmentaVariablesnput to the modeBB were
independently importarior modelling surfclandistribution:backscatter, northness, and
rugosity The otherlO carried more explanatory power when transformedeiieer
squared (quadratic) or pairwise (product) interactions. For ease of interpretability, the
species response for each individual environmental variable is shown in Figure 10.
Bathymetry was thenost important independent varialgheta =-0.502), followed by
rugosity(beta =0.09), andnorthnesgbeta =-0.06) (Figure2.10). The harvest database
and thevariableresponse of Arctic surfclam to bathymetry suggests that they generally
do not occuin depths shallower than or deepieain70 m Rugosity the second most
influential variableshowed an inverse relationship, whereby probability of presence was
lower in very topographically complex regiohsstly, theresponse curves for tlleird
most important variableyorthnessshoweda normonotonouselationship where Arctic

surfclam did not occur on slopes facing either directly north or south

High probabilities of presence were predicted throughmast of the internal
regions of Banquereau Bank, while absences were generally predideeper regions
alongthe slopes of the bank shallower regions in the northeast and northwest, and in

coarse sediment regions along the eastern @dgere2.9). The most extensive and
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highly suitable areas of Arctic surfclam habitat were predicted south of the Eastern Shoal
(a shallow region in the northeastern region of the b&igure2.1), in thesoutheastern
partof the bank. Moderate probabilitifsroughout most of the central regions of the

study area indicate greater uncertaintgumnfclam presence or habitat suitability.
Extensiveareas of low probability along tl®uthwestar andeastern edge where broad
regions of gravel and coarse sediment are loq&igdire2.9) indicate unsuitable habitat

with low uncertainty.
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Figure2.9: Localized illustration of the predicted probability of Arctic surfcldvh polynyma
presence, produced across the full extent of Banquereau Bank using a poedeiaximum
Entropy (MaxEnt) Species Distribution Model (SDM).

Table2.3: Performance of presence model estimated using spatiatdeaait crossvalidation.

% Background -

Group Training Validation % Presence- Classified as Potential
ID Size Size Correctly Classified
Presence

1 7503880 1875971 77.3 39.4
2 7503881 1875970 773 39.4
3 7503881 1875970 76.8 39.3
4 7503881 1875970 76.8 392
5 7503881 1875970 76.9 394
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Figure2.10: Response curves for the 13 environmental variables used to explain Arctic surfclam
(M. polynyma) presence. The x axes denote the value range of the independent variables, and the
y axis represents the probability of presence (%MopolynymaResponse curves show how
environmental variable values correspond to suitability thresholds, assuming all other variables
are static. Individual response curves illustrate the suitable ranges and variations for each
variable. Important variables are deswwith repective beta coefficients (bold). All other

variables were most important when transformed or based on interaction with other

environmental variables.
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2.4 Discussion

2.4.1Surficial Substrate Mapping

2.4.1.1Fine-Scale Surficial SubstrateMap of Banquereau Bank

This study successfully developed a fswale surficial sedimemap of
Banquereau Banky applying an ObjeeBasedmage Analysis and Is@lustering
approachThe predominance of sand across Banquereau Bdnghly evidencd, in line
with previous geological interpretations of the bgAknos and Fader, 1988; Philibert et
al., 2022) with a notablanclusion ofbroad regions of coarse and mixed sediment
previouslysuggestedh prior research on the ba{®&ilkinson et al., 2015, 2005, 2003)
Error matric accuracy results of 79.24d a kappa statistic of 0.88ggest this map can
be useful in applications dfabitat management for infaunal species such as Arctic
surfclam buindicate that therare some error3he contrastoBanquer eau Banko s
relatively flat morphologyn coincidence with complegeologicalpatternamakesit
difficult to map using acoustic datspeciallygiven that lathymetryand backscatteare
only proxies forenvironmental conditions and substréddgesing et al., 2020)
Nonethelessthe resultingubstrate delineatiorase at a much higher spatial resolution
thanpreviousattempts to classify surficial geology on Banquenghich were achieved
through expert interpretation of geologic and acoustic data sets at a broad@krscale

and Fader, 1988; Philibert et al., 2022)
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2.4.1.2Data and Method Limitations

In theproduction and validation of the surficial sediment map for Banqugereau
accuracy assessmenfsthe map were determined using greund truthingsamples
(i.e., classified grab and imagery datayésifywh at t he O0trued substra
given locationA potential issue in this study area was the high complexity and spatial
heterogeneity of the region, with changes in substrate types occurring at scale of several
meters to tens of hundreds of meters. Drop camera systems and grab samples used to
acquire ground validation data each carry positional errors of approximafi€ynsn
deep (>60 m) water, adding potential sosmieerror to the analysidt is alsoworth
considering thatigidly definedreference data and ground truth classes may nintilye
representativef geological distributions. For example, where the variation in sediment
composition across an areggradational, classifications basedstrictly definedclasses
may appear arbitrary, oinsedrbeatorhposifioneasixee s 6. S
problematic as classificatioms transitional aremcould result in two samples of the same
sediment type being classified as differsmbstratelassesOn the other handamples
with only small differences in grain sizbaracteristic¢e.g.thethreshold between sand
dominatedand mixed sedimenthay be acousticallgimilar butare geologically distinct
according to classifications suchkalk (1968) For classes such as mixed sediment seen
here, there was significant confusionbwe en fAmi xedo cl assi ficati
attributed to very similar acousstaiions val ues
fall ongeologic gradientd-urther, it is important to consider how shell fragmevese
treated during grain size analysaad the potential loss of parts of the fine fraction

during grab sample retrievalhe potentialmisrepresentation of thesediment
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characteristics could also contribute to misalignments in observed acoustic signal and

mapped sddthent classes, in comparison to the classified validation samples.

In this study, the bathymetric range was dsll65 movermost of the fished
bottomacross the bank (area 0f~5,000 knd), and theredre much of the interpretation
was dependent on the backscatter strer@ther studies have noted that a single
frequency backscatter layer contains insufficient information to accurately predigl the
Folk spectrum, and clasgygregation is often requiréDiesing et al., 2020; Gaida et al.,
2018; Snellen et al., 201%ttempts to map this site encountesaahilarissues.

Differences between Sand and Mixed Sedimegre evident in the backscatter, but

cluster analysisf the environmental predictor layers offailed ataccurately

distinguishing these classes. It is clear from prior research that the backscatter strength
registered by MBES does not exclusively relate to the relative percentage of the sediment
fractions(Hasan et al., 2014; Huang et al., 2018; Runya et al., 2B21)er, itis related

to differences in a combination fafctors, including but not limited tacoustic

impedance contrasts, sedimemiighness, and topographiggedneséFeldens et al.,

2018; Misiuk et al., 2020bRefining the relationship between frequency, seafloor type,
andbackscatter respongecontinually being improve(Feldens et al., 2018; Hasan et

al., 2014; Huang et al., 2018; Menandro et al., 2023, 2022; Runya et al., 2021)

recent developments in MBES systems that acquire Hfinetiuencybackscattealso

have the potential to improve mapped accu(@pwn et al., 2019; Feldens et al., 2018;
Lucieer et al., 2018)As low and high frequencies interact with soft sediment diftgren
multifrequencyMBES datacouldaid in improvingthe classificationof geologic

heterogeneity imegions with little morphological complexity
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2.4.2 Species Distribution Modelling

2.4.2.1 Arctic surfclam Distribution

The presence of Arctic surfclawas predictedising primary (MBES bathymetry
and backscatter) and seconddeyivativesas predictorvariablesn aMaximum Entropy
(MaxEnt) Species Distribution Model (SDMYlodel results indicated that bathymetry,
northness, and rugositgmong other conflated environmental variables, were primary
predictors ofsurfclam presencé&.he variable resp@ecurvesshowedprobability of
presence had a slightly negative relationship with rugosity, with decreases in density at
the highest values of rugosjtyhough; nterpretation of tis variable requires caution
Rugosity was comparably homogenous for most of the mapped area, differing only along
the slopes of the bardnd deepest regions along the edge of the MBES data.ektest
areawas unlikely to impact statisticahalyse®f surfclam presese as no presenee
observations (i.e., ground truthing) points were collected in the vicinity of these regions
Only simplistic inferences su@sconfirmationof prior knowledgethat surfclantend to
inhabit therelativelyflat plateau of sandy submarine banks should be considered
(Rutecki, 2015; Gilkinen, 2015 Misiuk et al., 201%. Probability of presence also
showeda strong decrease ihe likelihoodof presence at depth45m and >65m. It is
possible that deptimfluencesseveral variables whiatontrolthe ecological niche for
surfclam,such as temperature, hydrodynamics, faod availability.Probability of
presence also hadsamilar relationship with northnega component of seabed aspgct)
wherebyresults showed a stromigcrease in likelihood at values close to O (Sdaeing
directly south) and 1 (slopéacing directly north)Similar to bathymetry hiis could be
caused byts correlative relationship with other important environmefdaators such as
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bottom currentsvhich control the flow of food to benthic filter feedens with local
geomorphic features where surfclam were obsesueti as thareas surrounding the
Eastern ShoalWith a strong southwest to northeast migration of currents across the
shelf, it is entirely possible surfclam presence is largely maitable orintercardinal
facingslopesin the path oturrent flow Given that Arctic surfclam are both filter
feeders and broadcast spawners, their distributions would be inherentlytbrtked
supply of nutrients and larvdispersiorand settlementia current regimesSimilarly,

this result could have bedinked tothe high probability of presencgurrounding the
Eastern Shoal (particularly tite foot of the slope on tlemutreasterredgeof the shogl
which given itssoutheastnorthwest orienaition in the northeastern region of Banquereau
would largelyplace aggregations of surfclam on southeast facing sldpes.
hydrodynamic regimaroundthe Easterrshoal maydistributecurrents andattributed
nutrient and larval dispersipwithin afocusedouffer zone arounthe shoalProcesses of
nutrientredistribution and downwellingd¢ outwelling in coast environmentispm
shoalshave been shown tesult insedimennutrientenrichmen{Liu, Liu and Du,

2021) andincreasedhlorophylta concentrationtinked to increased primary
productivity (Demarcq et al2020)in down-currentbuffer zones arounshoals These
findings suggesturrent flow oveisubmarine elevations such as shoads/form down
currentretention zonesf nutrients with the potential tsupportiarge densitiesf filter

anddeposit feeding organisms.

Bathymery and its derivatives like northness are commonly used as surrogates in
benthic SDMdor physicaloceanographimformation, agprimary datson variables such

as current speed, magnitude alrectionareseldom availablePhysicaloceanographic
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modelshavebeen used to improv@DMsfor benthic speciesasthe interaction between
hydrodynamics and seafloor morpholagycritically important in determining food
supplyand other factors influencing faurstterngPanzeri et al., 2024; Pearman et al.,
2020) Recently, downscaledaroclinic hydrodynamimodek have been developed for
the Bay of FundyAlleosfour and Church, 2020andinvestigations intats potential
benefits for benthic species distribution modellgffiprts across regions of the Scotian
Shelfare novelly beingxplored(Porskamp et al., 2024Fontinued development of
downscaleghysicaloceanographic models on the Scotian Shelf prayide valuable
geospatiatiata to improve modelledistributionsof surfclam on Banquereau Baimkthe
future.Finally, despite the observed relationship between surfclam presendaeand t
remaining topographic and substrate varighitesse onlymade minor contributions to

the model These resultsuggesthat they may exercise subtle influence on the suitability
of Arctic surfclamhabitat, however; they do not form distinct environmental boundaries

constraining surfclam distribution.

2.4.2.2Data andModel Limitations

Here, the Clearwater harvest databasecdss a uniquely extensive collection of
presence observations for model infespite efforts t@patially filter out redundant
presencelata while still maximizing the use of as much of the harvestadgtassible
large amounts of autocorrelatioould still produce a pseudeplication effec{Segurado
et al., 2006)Using \alidation tests such as the leaw@eout cross validatiogLOO-CV)
eliminateshe need to omit sample points from model evaluatidnch is commonly

recommendeavhen dealing with spatially autocorrelated déatatead, he test leaveout
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a group of observationsnsuringobservationgloseto thetesting dataset are not

included in the training datasiet ensure assumptions about spatial independence are met
However, thd.OO-CV does not change any underlying autocorrelation in the data itself
Therefore, although spatial thinningalfservation data was appliedultiple proximal
samples adding little or no new information to the medeld havanflatedthe noted
accuracyPrior research has sought to account for spatial autocorreiatoodelling

(Liu et al., 2022; Misiuk and Brown, 2023s t is worth consideringf the potential
inflation due to autocorrelation of the presenbtservation®utweighs thepotential loss

of ecologicalinformationrelating tonatural spatiapatchines®f species distributions
caused by further reducing the number of samples included in the model via more
extremespatialthinning (i.e., omission of presenadservationspr aggregation

(Legendre, 1993; Misiuk et al., 2018)Jore complex models which account for the
natural spatial patchiness of dense Arctic surfclam aggregatoid be pursued to
improvefuture modelling effortsDespiteits limitations, MaxEnt remains a valuable tool
for modelling the distribution of fish stockas its flexibility, coupled with the capacity to

handle preseneenly data, makes it a preferred choice for scientists and managers.

While presencebsence models are noted as being more robust in the literature,
presenceonly models such as MaxEnt have been demonstrated successfully in fisheries
applications where thers access tgeoreferenced harvest locatidns use a surrogates
of species presence desmtiack of absence observatidMisiuk et al., 2019; Valavi et
al., 2022).The species distribution model (SDM) developed in this study, though
insightful, is based on fishegependent data which introduces several limitateors

potential biaghat warrant careful consideration. Fisheries data are inherently influenced
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by fishing effort, which often reflects areas of high economic interest or accessibility,
rather than the truecologically driverdistribution of the species in questi@vicMillan

et al., 2024; Pacifici et al., 2017he fishing industrygenerally focus their efforts on
areas with known high catches, leading to sampling that is unevenly distributed across
space. This introduces challenges in interpreting model outputs, as the data reflect fishing
behavior more than the species’ naturaitatipreferenceslhis spatial bias can result in
overrepresenting heavily fished areas and usrdpresenting regions that are either less
accessible or less targeted by the fisli{Bgntley et al., 2021; Karp et al., 2028PDMs

that rely solely on fisheries data are likely to overestimate abundance isangiled

areas while underestimating it in regions outside of intense fishing préksupeet al.,
2022; Pacifici et al., 2017Yhis type of misrepresentation could mislead fisheries
managers into assuming that the areas with high fishing effort reflect the entire stock's
distribution or health, which might not be the cé&lglave et al., 2022; Moriarty et al.,

2020)

In conclusion, while the SDM developed in this study provides valuable insights,
it is crucial that fisheries managers exercise caution when interpreting these results. The
map produced is likely influenced by fishing behavior rather than solely representing the
species' ecological distribution. By acknowledging the limitations of fisdgrgndent
data and incorporating advanced modeling techniques or supplementary data sources,
future models could provide more accurate and ecologically relevant insights into species
distributions, supporting more effective and sustainable fisheries manaty&metley et

al., 2021; Karp et al., 2022; McMillan et al., 2024)
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CHAPTER 3 ENVIRONMENTAL AND ECOLOGICAL
EFFECTS OF HYDRAULIC DREDGING

3.1 Introduction

Fisheries that employ botteonontact gears are the most pervasive source of
anthropogenic disturbance to continerdlaélf seabeds worldwid&oden et al., 2011;
Hiddink et al., 2017; Sciberras et al., 20IB)enegativempacts of towed gears on both
target and nottarget species, as well as their habitats, have been exterisixedyigated
Numerous studies have examined the physical and biological effects of dredging,
comparing different gear types, substrates, and habitats across various spatial and
temporal scale€Sciberras et al., 201.8penerally, hese harvest methodan cause direct
and indirect mortality of benthic organisms, along with physical changes in sediment
composition and topography, leading to broader impacts on seafloor communities
(Hiddink et al., 2017; Sciberras et al., 2018hronic bottom fishing disturbance has been
linked to reduced community productivity, altered trophic structures, decreased
biodiversity, and shifts toward communities dominated by species with faster life
histories(Gilkinson et al., 2005; Goldberg et al., 2012; Ragnarsson et al., 2015; Sciberras
etal., 2018; Wang et al., 2022)ith the continued and repetitive usedalstructive
harvesting deviceis geographically constrained fishing zonesncerndhiavegrown
over the potential for lonterm degradation of commercial fisheries, with some forecasts
suggesting irreversible declinesdhellfish stocks, particularly for loAg/ed species
such as Arctic surfclanif, mitigation measures are not implemen(Bdesnihan, 2016;

Pauly, 2009) Understanding the spatial distribution of bottbghing activities, their
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environmental andcological impacts, and the potential émosystermecovery is

thereforecrucial for developing effective management strategies.

Mobile bottomfishing gears are increasingly recognized for their role in altering
seabed habitatsaisingconcerns over the extent and duration of these chaAljesugh
dredging initially disturbshe seaflogrthe rate and extent bbttomrecovery vary
widely (Constantino et al., 2009; Gilkinson et al., 2015; Manap & Voulvoulis, 2016;
Thrush & Dayton, 2002)mmediate physical impact®mmonlyincludethe formation
of dredgefurrows (i.e., tracks)suspensiomnd distributiorof fine sedimentsas well as
increased fluidity of sediments within dredge tra@gBgkinson et al., 2003; Tuck et al.,
2000) Longerterm effectcanmanifest agpersistent changes to seabed topography,
permanen redistributionof sedimentsand changes in sediment composition, such as the
loss of fine silts and increased proportions of coarser materials and shell fragments
(Gilkinson et al., 2015)This has been observed as higher proportiofimefsediments
in dredgdurrows contrasted with coarseediments in surrounding aredodifications
of terrain caralsomanifest as partial destruction of morphological featateh as sand
waves o ripplesin dynamic or complex seascapes, or an increase in irregular seafloor
topography irflat seabed$Gilkinson et al., 2015Variability in harvesting practices,
local environmental conditions, and differing habitat characteristics explain the broad
range of physical impacts documented in the litergtbcéoerras et al., 2018)he Arctic
surfclam fishery in Atlantic Canada utilizes hydraulic dredgesiique anchighly
invasive gear type designed to penetrate intelsattom sediments to harvest infaunal
bivalves(Gilkinson et al., 2003; Hubley et al., 202Blydraulic dredges used in the

offshore fishery on Banquereau Bank significantly disturb the substrate and benthic
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organisms, liquefying sediment to depths of at least 20 cm, removing large macro
infaunal species, and causing sediment displacement (Hubley et al., 2020). A distinctive
feature of this gear is the creation of deep furrows in the seahatdh penetrate

substantially deeper into sedimentsnpared tther bottordfishing gears like trawlef
dragged dredgepotentially leading to longer habitat recovery tinf@gkinson et al.,

2015; Sciberras et al., 2018)

A metaanalysis bySciberras et a{2018) found that the initial impacts of depth
penetrating gears such as hydraulic dredges were more severe on benthic communities,
with significant reductions in species abundance and richness compared to other gear
types. The study indicated that eaddliional centimeter of dredge penetration
correlated with further reductions of 3% and 2% in species abundance and richness,
respectively. Despite the growiagvarenessf the ecological impact dfydraulic
dredging, relatively few studies have focusedhos gear type, with only 5% of the
references in the Sciberrasal. (D18) metaanalysis addressing hydraulic dredging,
whichincludedprior studes by Gilkin®n et al.(2003, 2005, 2015)n Banquereau Bank.
Given the dramatic physical and ecological effects of hydraulic dredges on seabed
ecosystems, which have been shown to exceed those obott@ncontact fishing
gearsthis gap in the literatunereserd a criticalneed for mordéong-term studies related
to hydraulic dredging impacts asdibsequentecovery(Gilkinson et al., 2015, 2005;

Sciberras et al., 2018)

Hydraulic dredging often takes place in shallow sandy areascterizethy

frequent wavenduced disturbances (e.g. tidal currentd)ere theecovery of benthic
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ecosystemss relatively rapidConstantino et al., 2009; Kaiser et al., 2006; Sciberras et
al., 2018; Tuck eal., 2000) As a result, thexisting body ofiterature orhabitat and
ecological recovery imrgely restricted to shallow water environmert80m), over

very short monitoring periods (1 yeaj (Goldberg et al., 2012; Legare et al., 2020;
Vasapollo et al., 2020Yery few have followed recovery processesleep water
ecosystems$or a year or longefAsch & Collie, 2008; Gilkinson et al., 2015; Ragnarsson
et al., 2015)However, the magnitude of hydraulic dredgaftpctson sedimentary
environmerg and benthic communities is highly influenced by various environmental
factors such as hydrodynamic regsnsubstrate type andepth(Constantino et al.,

2009; Kaiser et al., 2006; Ragnarsson et al., 2@redging in shallow, sandy areas
subject to wawenduced disturbances tends to result in relatively rapid erosion of dredge
tracks, with track longevity typically lasting from several weeks to mgi@bastantino

et al., 2009; Legare et al., 2020; Tuck et al., 208@))diesin theseenvironmentsvhere

the faunaarelikely to be highly adapted to waareduced disturbances, such as those
caused by storms, have mostly demonstrated minor im@2atsstantino et al., 2009;
Hiddink et al., 2017; Kaiser et al., 2006)pposingly studies shovthe ecological

impacts of dredging may intensify in deeper waters with less frequent natural
disturbances, where benthic fauna are less adapted to sediment displacement and habitat
alteration(Gilkinson et al., 2005; Hiddink et al., 2017; Kaiser et al., 2006; Ragnarsson et
al., 2015; Sciberras et al., 201B) deeper waters where hydrodynamic forces are
weaker seabedecovery is slower with tracks potentially persisting for years and
recovery contingent on the occurrence of infrequent-mglgnitudestorm events

(Gilkinson et al., 2015Ultimately, thoughmosthydraulic dredge activity occurs on
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fairly mobile, wellsorted sand, which may help mitigate the overall impact on some
elements of the benthic habifatubley et al., 2020; Ragnarsson et al., 2015; Sciberras et
al., 2018) there continues to be uncertainty about the {@mm impacts of dredges on

overall benthic recovery deep water regions

A critical body of work byGilkinson et al(2003,2005,2015) evaluated benthic
habitat recovery followingxperimentahydraulic dredging on Banquereau Bank through
monitoring surveysonductedver a 10year period. These studies revealed that physical
disturbances to the seabegdrestill evident in sonar data three years par&tdgingand
the community still appeared to be in a colonizing phase after two years, with reduced
biodiversity and dominance by a few spacidotably, they found th#drge bioturbating
species had not yet recolonized the disturbed areas. Although the physical properties of
the seabed had recovered after ten ydlaesdisturbed benthic community became
numerically dominated by fewer species, and taxonomic distinctness decreased,
indicating reduced biodiversitydditionally, clam population abundances were lower
across all study sites, including the original control Jite shift toward a less diverse
but more abundant macrofaunal community suggisblonged ecologial impacts from
the dredgingHowever,notable limitatios of this study design areits lack ofspatial
replication andhe location chosen for the experimentalssigss they were on the
southern flank of the bank, in deeper water than where most of the fishery operates. A
degree of uncertainty regardihgw these results relate hankwide recovery processes,
andwhat these results mean for management of the fishery arises from the fact that these
sites may not have been truly representative of theamaental conditions where most

of the commercial fishery operates.
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Understandinghelong-termeffect ofhydraulic dredging othe benthichabitas
and biological communitiesithin clam fishing zones oBanquereau Banis essential
for developing sustainableanagemendtrategies for the Arctic surfclafishery. In
partnership with Clearwater Seafoods and Fisheries and Oceans Canada (DFO), the
researclpresented in this chaptesll build upon previous findings by revisiting pest
dredging benthic recowein shallower, commercially fisheggions of Banquereau
Bank The studyutilized newly developed finscale thematic maps of Banquereau Bank
(presented ilChapter 2andC| ear wat er 0 sspaiatemporachhreests i v e
database to desic field survey aimed at evaluatingpadscalehabitat recovery
following fishing activitiesover long time periodsJsing the harvest database, which
storesthetrackpositionand catchnformationassociated witlevery commercial dredge
deployment on Banquereau Basikce 2013the study airadto assess the ecosystem
conditions withinhistoricallyimpacted sitescompared to proximainimpacted sites'he
critical factor limiting many log-term recovery analgs is the time anéinancial
constraint of revisiting impacted sitesveral times over an extendegtiod.The goal
herewasto use thdegacy harvest databasesglectstudysitesfishedat variousyearly
intervals throughout the Igear scope of theatabasgto evaluate longerm recovery
processewithin the comparatively short evaluation period of #tigly(2-3 years)Sites
wereselectecheareach other, andhé thematic mapping outputs from Chaptere2ev
used to compare the environmergahditions between control and impacted sites, to
ensureconditions and associated recovery processes are comparable for evaluation
Following site selection procedurdld surveyswereconducted ircontrol (rever

having been fisheddnddredgedocationslast fished? (last fished in 2021), 5 (last fished
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in 2018) andB (last fished in 2015)earsprior. Using acoustic survey teciguesto

detect changes to the seajmtbsearideotechnologyto characterizeseabed morphology
and epibenthic community compositi@ndsediment samplintp inform sediment grain
size analyseandinfaunalcommunity compositiorthis studyaims to asseg4) the
differences ilmmorphological and sedimentacharacteristis of seafloor habitatsand(2)
thedifferences in benthic community compositibetween areas impacted by hydraulic

dredging and areas that have not bdisturbed by fishing.

3.2 Materials and Methods

3.2.1 Study Site

Thecurrent study focuses on a clam fishing zlmoated on Banquereau, a
submarine bank located at thasternmostdge of the Scotian Shelf, southeast of
mainland Nova Scotidn depth review of the geological setting and surficial geology are
covered in Chapter Bgction2.2.1 Study Area In summary, Banquereau is a sandy,
stormdominatedbankpredominantly consisting ehedium grained, well sorted sand.
This study is focused on regioleeatedneara section of the bank known e Eastern
Shoal, a flat and shallovegionof thick (2030m)mobilesand The regions around this
geologically uniquesand deposiformed through processes of glacial outwasipport
dense aggregations of commercially significant biva{@kinson et al. 2015; Doherty
and Horsman 2007; King et al. 2016)nce the 1980s, Banquereau Baials been an
important site for Arctic surfclam fisheridsishing is currently conductesh sandy
substrates located at 5040 m depthusinghydraulic dredgingyesselequippedwith

large freezer processdidubley, 2020; Gilkinson et al. 2003 otably, approximately
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95% of the fishing effort is concentrated on less than half of the bank's totaFianae (
2.6). However there is considerable variability in the spatial and temporal distribution of
fishing effortwith areas of high clam biomass fished more frequently and intensely than

other sections.

3.21.1Survey Design

Designing a field experiment to evaluate the impacts of hydraulic dredging on
benthic communities is inherently challenging due to the dynamic nature of marine
ecosystemslo effectively distinguish dredgirgduced changes from natural variability,
a Controlimpactevaluationdesign was employe&tudy siteg500m x 500mwere
selected using a pairing strategy, comparing dredges(impact)with nearby
undisturbedcontro) sites.Dredgedsites were identified usinttpe proprietaryClearwater
harvest databasehich holdsrecordsof thelocation and timingf every dredge tow
deployed on the bartketween 2014 and 20ZBigure2.6). Potential study sites were
identified in areas that experienced similar fishing intensities and were only subjected to
dredging during evaluation years (2015, 2018, 20&MHen selecting evaluation years,
the focus was on maximizing the overall study peandmaintaining consistent
intervals between treatment yeaf¢hen identifyingstudysitelocations considerations
were made tonaintain proxinity betweerdredged siteandunimpacted sites, tensure
environmental conditionaere similar However, the inherent spatiotemporal variability
of historical fishing patterns necessitated flexibilitythie selection of evaluation years
and thedistances between paired sitBecause larger distances betwegarying

treatmensites were often unavoidable, environmental assessments were conducted to
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evaluate site similaiggsbased orthe physical and biological characteristics of the
seafloordetermined from Chapter Zhis involved identifying sites for each treatment
group (control and impact) and comparing them using zonal statistics in ArcGIS Pro.
Meanrastervalues for dl the environmental variablesd thematic map outputs
identified in Chapte® (such adathymetry, backscattesurficial substrate type, and
habitat suitabilitywere calculatefor each study site® ensure that all selectetudy

sites weresimilar (Table3.1). Using this process, fanal set of 4treatmensites (control,
2015, 2018, and 202Were selected withithree distinct areas of the barnétaling

twelve study sitegFigure3.1, Figure3.2, Figure3.3). This replicatiorwasintended to
enhance the robustness and generalizalofitiie study ensuring that the findinggere
not locationspecific but instead provide a broader understanding of hydraulic dredging

impacts acrosa wider geographic extent

At each study sitdyigh-resolutionsonarmapping drop camera video
observationand sediment grab sampling wamductedo evaluate the impact of clam
dredgingon seafloorhabitats and associated benthic communifies field surveys
were conducted within the three designated survey areas outlined(&mpwe 3.1,
Figure3.2, Figure3.3). Surveying of sites in Area €06ntrol 2015 2018 and2021) was
conducted aboard the/ Island Venture B Canadian commercial offshore crab vessel in
June 2023. Field sampling efforts during this mission could not be extended to Areas 1
and 2 due to extenuating weather circumstances. Surveying of Areas 1 and 2 was
conducted in September ZDaboard thé-V FundyLeader a Canadian commercial

offshore scallop vessel.
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Figure3.1: Location of study sites (coloured boxes) in Study Areatlddy sites were selected in
locations that had historically only been fished during evaluation years (i.e., 2015, 2018, and
2021 fishing treatments), and have similar environmental condifivegige tows (lines)

highlight historical fishing patterria the period of 20142023. The studysitesand dredge tos/

use the same colour palette to distinguish fishing treatmentsye&lithw representing 2021

fishing treatmentsredrepresenting 2018 treatments, blue representing 2015 treatments, and grey
andblack representing control and ntarget fishing years respectively.
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Figure3.2: Location ofstudy sites (coloured boxes)®tudy Area 2Study sites were selected in
locations that had historically only been fished during evaluation years (i.e., 2015, 2018, and
2021 fishing treatments), and have similar environmental conditions. Dredgectdowséd

lines) highlight historical fishing patterns in the period of 22023. The study sites and dredge
tows use the same colour palette to distinguish fishing treatments, with yellow representing 2021
treatments, red representing 2018 tireents, blue representing 2015 treatments, and grey and
black representing control and ntarget fishing years respectively.
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Figure3.3: Location of study sites (coloured boxes) in Study /AB€atudy sites were selected in
locations that had historically only been fished during evaluation years (i.e., 2015, 2018, and
2021fishing treatments), and have similar environmental conditions. Dredge tows (lines)
highlight historical fishing patterns in the period of 2B23. The study sites and dredge tows

use the same colour palette to distinguish fishing treatments, with yejwasenting 2021
treatments, red representing 2018 treatments, blue representing 2015 treatments, and grey and
black representing control and ntarget fishing years respectively.
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