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ABSTRACT 

This study aims to characterize benthic habitats on Banquereau Bank, NS, and 

assess the long-term recovery of biotic and abiotic components of seafloor ecosystems 

following hydraulic clam dredging for Arctic surfclam (Mactromeris polynyma). 

Geospatial modelling techniques were applied to characterize the distribution of surfclam 

and sediment types across Banquereau. A combination of acoustic multibeam 

echosounder (MBES) data, seafloor imagery, sediment grab samples, and fisheries catch 

data were used to create fine-scale thematic maps of the bank. Object based image 

analysis (OBIA), and Maximum Entropy (MaxEnt) modeling approaches were used to 

produce a surficial sediment map of the Banquereau Bank and a species distribution 

model for Arctic surfclam. The resulting maps provide insights into the spatial 

distribution of suitable Arctic surfclam habitat, offering guidance for targeted fisheries 

management. This spatial data was used to design a post-fishing recovery survey to 

assess physical and biological recovery across various timeframes following 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 seafloor. Physical recovery was evaluated 

through analysis of sidescan sonar and MBES bathymetric and backscatter data, which 

revealed spatially variable degrees of remnant dredge track visibility. Biological recovery 

was assessed using diversity indices and non-metric multidimensional scaling (NMDS) 

ordinations to compare community structure at control sites and those impacted by 

fishing at multiple replication areas across the bank. Results indicated that the extent and 

rate of ecological recovery was variable and influenced by both the time since fishing and 

local environmental conditions. While some sites exhibited significant shifts in benthic 

diversity or community structure, recovery patterns were ambiguous and highly spatially 

variable. This thesis provides valuable insights into the recovery potential of benthic 

ecosystems on Banquereau Bank, and the findings underscore the importance of 

incorporating fine-scale spatial data and long-term monitoring into ecosystem-based 

fisheries management.   
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CHAPTER 1: INTRODUCTION 

The growing adoption of ecosystem-based fisheries management has increased 

demands for advice on the sustainable management of bottom-contact fisheries (Pikitch 

et al., 2004; Rice, 2012). Developing advice for sustainable management of bottom-

contact fisheries requires extensive knowledge of the distribution and type of fishing 

activity, the impacts of the gear in use, the type of habitats and communities impacted, 

the distribution of habitats and species, and the potential recovery of biota (Sciberras et 

al., 2018). Environmental risk assessments have relied on qualitative estimates, limiting 

their ability to assess sustainability of fishing impacts (Sciberras et al., 2018). Spatial and 

quantitative approaches based on the spatiotemporal sensitivities of differing seabed 

habitats, and the distribution of habitats and fishing activity are preferred alternative 

approaches (Pitcher et al., 2017; Rijnsdorp et al., 2016). However, geospatial modelling 

efforts have been less commonly investigated or implemented due to the scarcity of 

environmental or habitat data (Buhl-Mortensen et al., 2015; Sciberras et al., 2018).  

The importance of incorporating fine-scale spatial information into the assessment 

and management of shellfish populations has long been recognized (Caddy, 1975; 

Cadrin, 2020; Lauria et al., 2020; Tanaka, 2019). Due to the strong association with 

substrate type, distributions of benthic shellfish stocks can be relatively well represented 

by seafloor habitat maps (Brown 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 

populations and their responses to fishing. Further, seafloor habitat maps provide spatial 

classification of patterns that can be used to understand ecosystem dynamics and support 
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ecosystem-based fisheries management. The same technologies can also be used to help 

assess benthic habitat recovery post-fishing by providing an indication of how benthic 

communities and physical components of the seafloor recover post-harvesting.  

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 clam), which were valued at nearly $4 billion in 2021 (Department of 

Fisheries and Oceans, 2022).  A clam species of significant commercial interest, the 

Arctic surfclam (Mactromeris polynyma), is a large infaunal bivalve that can reach more 

than 60 years of age. While morphologically and physiologically akin to the Atlantic 

surfclam (Spisula solidissima), Arctic surfclam are more widespread and can be found in 

deep water of both the northwestern Atlantic and the northern Pacific oceans (Chamberlin 

and Stearns, 1963). In 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. Lawrence (Roddick et al., 2012). 

Historically, the Eastern Scotian Shelf (specifically Banquereau Bank) and Grand Bank 

fisheries have been managed under one plan (Department of Fisheries and Oceans, 2014). 

Currently, Clearwater Seafoods is the sole operator in these fisheries. Fishing activity has 

switched between Banquereau and Grand Bank through time, though, fishing effort has 

predominantly been focused on Banquereau over the past decade (Hubley et al., 2020). 

Sediments on the plateau of the Banquereau Bank are predominantly composed of well 
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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- 1980ôs (Hubley et al., 2020; Roddick, 1996). Presently, the fishery operates year-

round and consists of three factory freezer vessels which rotate between Banquereau 

Bank and Grand Bank (Gilkinson et al., 2003; Hubley et al., 2020), resulting in annual 

sales of over $100 M Canadian (Clearwater Seafoods Incorporated, 2019).   

The fishery on Banquereau employs hydraulic dredges designed to penetrate soft 

sediments to harvest infaunal species, such as Arctic surfclam. As opposed to more 

rudimentary towed dredges which are dragged along the surface of the seabed, hydraulic 

dredges use high pressure water jets to fluidize sediment ahead of the cutting blade of the 

dredge (Gilkinson et al., 2003). This method of harvesting results in significant 

disturbance to benthic habitats and communities in the dredge path, including the direct 

removal and indirect mortality of benthic organisms, as well as localized alteration to the 

physical structure of the seafloor (Gilkinson et al., 2003; Hubley et al., 2020; Sciberras et 

al., 2018). The high-pressure water jets dislodge and suspend buried shells and other 

organisms in the path of the dredge, which are subsequently captured by a cutting blade 

extended into the sediment. Due to the comparatively deeper offshore waters on 

Banquereau, the dredge designs used in the fishery are larger and heavier than those used 

in near-shore fisheries (Gilkinson et al., 2003). Operating at depths of 50-80 m, vessels 

deploy two hydraulic dredges per tow ï one off the port and one off the starboard aft of 

the vessel - each approximately 4 m wide and weighing 12 tonnes. The passage of these 

dredges leaves deep furrows matching the width of the dredge frame, with individual 

tracks reaching depths of 12-20 cm depending on the dredge and water jet configurations 
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(Gilkinson et al., 2003; Meyer et al., 1981; Ragnarsson et al., 2015). It is estimated that 

the total seabed area disturbed annually by the licensed vessels fishing on Banquereau 

Bank covers several hundred square kilometers (Roddick, 1996).  

1.2 Study Area 

Banquereau Bank is a large (~10,100 km2), storm-dominated submarine bank 

located at the easternmost edge of the Scotian Shelf (Figure 2.1). The morphology of the 

bank is relatively flat, shallow (averaging depths of 35-45 m) and oblong-shaped, 

extending roughly ~180 km east to west and ~80 km north to south (Gilkinson et al., 

2005; Hubley et al., 2020). In the east, shoal areas of the bank reach depths as 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 complex post-glacial topography 

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

The unconsolidated surficial geology of the bank is underlain by Tertiary aged (66 

million to 2.6 million years ago) bedrock, consisting mostly of sandstones, siltstones and 

mudstones (Gilkinson et al., 2003). The first surficial sediment map of the area (MacLean 

and King, 1971) depicted the bank as largely being composed of sand facies of the Sable 

Island Sand and Gravel Formation. The sediments are considered to be mineralogically 

mature, consisting mostly of well-rounded and well-sorted sand comprised of quartz 

grains. Subsequent studies and mapping of the surficial sediments on Banquereau (Amos 

and Fader, 1988; Philibert et al., 2022) show minimal improvements regarding fine-scale 

distinctions and sediment heterogeneity; indicating that nearly the entirety of the plateau 

of the bank is medium grained sand with less than 50% gravel. The sand is up to 35m in 
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thickness on the Eastern Shoal (which topographically dominates the terrain of eastern 

Banquereau) and thins to less than 5m in thickness around the margins of the bank. The 

Eastern Shoal is described as a storm-dominated intermediate energy zone characterized 

by dynamic bedforms migrating over larger-scale sand ridges. The margins of the bank, 

specifically along the shelf break, are defined as low-energy and dominated by shell 

debris over flat featureless seabed (Amos and Fader, 1988).  

The geology of Banquereau Bank has largely been shaped by the glacial history 

of the broader Scotian Shelf. Glaciers crossed the Scotian Shelf during the Wisconsinan 

glaciation approximately 20,000 years ago (King & Fader, 1986), and reworked glacial 

materials formed during the post-glacial marine transgression dominate the sedimentary 

geology of the bank (Gilkinson et al., 2003). The present sediments largely consist of 

well-mixed, coarse to medium grained sands as most fine-grained silts and clays were 

removed by beach processes during this period. Post-glacial muds largely remain in 

deeper waters off the northern slope of the bank (Philibert et al., 2022). The shallowing of 

the bank in the northeast and thick accumulation of sand which makes up the Eastern 

Shoal is the result of continuous sediment transport from west to east throughout the 

Holocene (Gilkinson et al., 2003). 

The shallow bathymetry of Banquereau Bank contributes 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 12 m (Kostylev, 2004). Topographic channeling off the 

shelf break into shallower water was hypothesized to produce a substantial increase in 
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potential energy from depths of 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 shallows (Li et al., 2021), to depth well below 80 m 

across the bank. The 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 ~ 100 m (Kostylev, 2004). Aside from Sable Island 

Bank and the Bay of Fundy, modelled estimates of sediment mobilization and potential 

energy across the Scotian shelf are highest on Banquereau Bank (Li et al., 2024, 2021). 

The current regime on Banquereau is described as moderate, dominated by a combination 

of wave and tidal forcing (Li et al., 2024), with peak water velocities of 15-25 cm/s over 

much of the bank (Kostylev, 2004). The wave and tidal disturbance suggest that the 

surface sediments are likely to be mobilized at frequent intervals, and this is supported by 

observations of well sorted sand across much of the bank (King & Fader, 1986; Philibert 

et al., 2022b; Stanley et al., 1972), and modern modelled estimates of sediment 

mobilization frequencies on the Scotian Shelf (Li et al., 2024).  

1.3 Research Objectives 

The overall goal of this project is to assess benthic habitat and biological 

community recovery following bottom contact fishing. This work will evaluate how the 

physical seafloor and biological characteristics change over time post-fishing to better 

understand how the Arctic surfclam fishery on Banquereau Bank can be managed more 

sustainably. The proposed project includes both a pre- and post- fishing analysis of 

seabed habitat and benthic community dynamics. Chapter 1 will focus on spatially 
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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 extent of available spatial 

datasets available will make possible the quantitative and statistical comparison of 

environmental metrics across the bank. This is critical for Chapter 2, wherein these 

datasets will be used along with geospatial fishing data to develop a survey design to 

evaluate post-fishing recovery. The main objective of Chapter 2 will be to evaluate the 

recovery of the seafloor conditions and benthic communities at representative ñfishedò 

and ñunfishedò sites at various durations since fishing took place. Field survey designs 

using the mapping outputs from Chapter 1 will be used to select study sites with similar 

environmental conditions, to comparably evaluate how benthic ecosystems are changing 

through time and space as a result of commercial fishing.  
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CHAPTER 2: HABITAT CHARACTERIZATION OF 

BANQUEREAU BANK USING GEOSPATIAL 

MODELLING APPROACHES  

2.1 Introduction  

2.1.1 Fisheries Management: Adoption of a Spatial Approach 

In recent decades, the need for benthic mapping products has increased steadily, 

as the demand for resources places growing pressure on seafloor environments. 

Historically, industries such as commercial fishing have been managed on a stock-by-

stock basis, with varying consideration of broader ecological and environmental factors. 

However, pressures from overfishing and the expansion of anthropogenic activities have 

altered ecosystems in ways that we have only recently begun to spatially quantify or 

monitor (Cogan et al., 2009). Advances in seafloor mapping technology and applications 

highlight the importance of producing high-resolution seafloor maps to assess ecosystem 

vulnerability and to balance resource extraction with environmental protection goals 

(McArthur et al., 2010; Misiuk and Brown, 2024). Effective resource management 

requires informed decisions about the location, scale, and intensity of activities that can 

be conducted without compromising ecosystem health. Biogeological maps have 

emerged as valuable tools, providing science-based information that supports decision-

making and the implementation of an ecosystem-based approach to marine management 

(Cogan et al., 2009).  

Following the Convention on Biological Diversity, the 2001 World Summit on 

Sustainable Development in Johannesburg recommended adopting an Ecosystem 
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Approach to Fishery management (also known as Ecosystem-Based Management 

(EBM)), for fisheries to achieve both the conservation of marine ecosystems and the 

maximization of economic profitability (Browman and Stergiou, 2004). A critical first 

step in successfully adopting this management framework is to characterize the habitat 

features of ecosystems and assess their resilience to pressures (Ban et al., 2010; Cogan et 

al., 2009). Additionally, the acquisition and application of environmental and biological 

data to understand spatial patterns within ecosystems is essential for assessing the 

condition and distribution of resources. This is a key component of Sustainable 

Development Goal (SDG) 14: Life Below Water, which aims to conserve and sustainably 

use the oceans and marine resources (Misiuk and Brown, 2024; UN General Assembly, 

2015). Despite this growing need, only a fraction of the worldôs seafloor has been 

mapped or geospatially analyzed in ways that contribute to our understanding of seafloor 

ecosystems and processes (Hapke et al., 2022; Lamarche and Lurton, 2018; Mayer et al., 

2018).   

2.1.2 Benthic Habitat Mapping 

In response to the growing demand for spatial data products that support 

sustainable management and conservation objectives, the field of habitat mapping has 

advanced significantly in recent decades. These advancements have led to the 

development of diverse approaches, data types, technologies, and models that are 

comparable in quality to those available for satellite and airborne platforms and data 

products (Brown et al., 2012; Diesing et al., 2016; Misiuk & Brown, 2024). In deeper 

waters, beyond the reach of optical remote sensors, acoustic remote sensing technology ï 
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particularly multibeam echosounders (MBES) - have become increasingly accessible 

acquisition tool for acquiring continuous seafloor mapping products (Misiuk and Brown, 

2024). The primary data products collected by MBES, namely bathymetry and 

backscatter, serve as important proxies for characterizing seabed features (Misiuk and 

Brown, 2024). Bathymetry, along with secondary derivatives such as slope, curvature, 

and aspect, are used to interpret the depth, topography, and geomorphology of the 

seafloor (Lecours et al., 2017b; Misiuk and Brown, 2024). Backscatter, which is a 

measure of the intensity of acoustic signals reflected from the seafloor, provides an 

interpretation of substrate properties such as hardness, roughness, and composition 

(Misiuk and Brown, 2024; Weber and Lurton, 2015). These data products form the 

foundation for most seafloor mapping applications, and when combined with additional 

environmental covariates (e.g., spatial data on physical oceanographic parameters), serve 

to improve thematic mapping outputs (Misiuk et al., 2018). 

Several practical limitations exist in regard to implementing ecosystem-based 

management recommendations and characterizing benthic environments. First, a general 

lack of fine-scale continuous seafloor data often precludes their use in deeper regions of 

the ocean, as the vast majority of deeper seafloor regions are unmapped, particularly at 

scales suitable for quantifying ecosystem characteristics (Mayer et al., 2018; Wölfl et al., 

2019). Second, despite significant advancements, a notable gap remains between the 

acquisition of primary acoustic data and the production of comprehensive, high-quality 

thematic seafloor maps (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 efforts. The labor-intensive and time-consuming nature of processing 
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and ground-truthing raw acoustic data has created a bottleneck in seafloor mapping 

efforts (Loureiro et al., 2024). Much 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 analyses are required to process and integrate 

multisource acoustic and biogeological data from sediment sampling or ground-truthing, 

requiring substantial expertise and resources to produce geographically relevant mapping 

deliverables (Brocke et al., 2023; Nemani et al., 2022).  

Thematic mapping products such as seafloor habitat maps, geological maps, and 

species distribution models provide spatial classification of patterns that can be used to 

geospatially evaluate ecosystem dynamics and the distribution of species (Misiuk and 

Brown, 2024). Recent advancements in thematic mapping methodologies have 

streamlined and significantly enhanced the capacity to produce detailed seafloor maps 

(Brown and Blondel, 2009; Innangi et al., 2022; Misiuk and Brown, 2024). This 

development has translated to the increased production of geological and habitat maps in 

various marine resource and conservation areas across Atlantic Canada (Brown et al., 

2011; Lacharité & Brown, 2019; Proudfoot et al., 2020; Sklar et al., 2024; Todd & 

Kostylev, 2011; Wilson et al., 2021). While some broad-scale stock-assessment models 

(Hubley et al., 2020) and surficial geology maps do exist for Banquereau Bank (Amos 

and Fader, 1988; Philibert et al., 2022), no fine-scale thematic seafloor maps have been 

publicly available to date despite decades of research on Banquereau Bank. The lack of 

publicly available high-resolution spatial data has been a notable limitation for habitat 

suitability modelling and spatial management of the Arctic surfclam fishery on 

Banquereau Bank (Hubley 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 fine-scale survey data and multibeam echosounder data sets from 

Banquereau Bank. 

2.1.3 Geographic Relevance: Arctic Surfclam Fishery 

Due to the strong association between benthic species and sediment type, 

modelled distributions of Arctic surf clam can be improved by incorporating fine-scale 

seafloor multibeam data sets, or by using sediment maps which resolve spatial patterns of 

fine-scale sediment heterogeneity. Given the main species of interest for this study is 

infaunal, more generalized delineations of seabed type, such as sediment maps, may be 

an appropriate means of mapping the potential habitat for infaunal species such as Arctic 

surfclam, as well as the bottom types potentially affected by fishing. This is especially 

true considering most harvest operations follow visually discernable geological 

delineations as an indicator of habitat suitability (i.e., targeting soft sediments for fishing 

operations). To more accurately evaluate species distributions, a species distribution 

model (SDM) based on fisheries data may function as a representation of preferred 

habitat, and identify regions more intensely impacted by fishing. SDMôs evaluate species 

observations against numerous contiguous environmental covariates to produce estimates 

of the spatial distribution of a species. When 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 impacts. Ultimately, in 

the context of evaluating fishing impact, important study areas where highly suitable 
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habitat and high fishing effort coincide can 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 production of geographically relevant, fine-scale 

thematic maps for Banquereau Bank. The specific research goals are to: (1) Generate a 

surficial sediment map for Banquereau Bank based on MBES data sets, in-situ seafloor 

imagery, and sediment grab samples, and (2) Produce a species distribution model (SDM) 

for Arctic surfclam based on MBES data sets and fisheries catch data. By achieving these 

objectives, this research aims to enhance our understanding of the spatial distribution of 

commercially significant species and their habitats. The combination of high-resolution 

surficial sediment maps with SDMs will provide valuable insights into the interactions 

between habitat types and fishing activities, guiding targeted research and management 

efforts to monitor fishing impacts. 

2.2 Methods 

2.2.1 Study Area 

Banquereau Bank is a large (~10,100 km2), storm-dominated 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 in Section 1.2 Study Area). Previous surficial geological maps, 

including those published by Amos and Fader (1988) and Philibert et al. (2022), provide 

a broad overview of the sedimentary characteristics of the bank, highlighting a 

dominance of well-sorted, medium-grained sand. The expansive regions of sand provide 
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suitable habitat for burrowing bivalves such as the Arctic surfclam (Mactromeris 

polynyma), the target species for hydraulic dredging on the bank (Hubley 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. polynyma. Previous 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 distribution (Gilkinson et 

al., 2003, 2005; Hubley et al., 2020). 
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Figure 2.1: Map of Banquereau Bank, located on the eastern edge of the Scotian Shelf, Nova 

Scotia (A). Multibeam bathymetry (B) and in-situ backscatter data covering approximately 65% 

of the bank were collected in 2007 by Fugro Jacques Geosurveys Inc. (FJGI) using a Reson 8111 

operated at 100kHz. The MBES data is proprietary and is held by Clearwater Seafoods. 

  

A 

B 
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2.2.2 Multibeam Echosounder Surveys 

2.2.2.1 Primary Acoustic Data 

This study used proprietary multibeam echosounder data collected on Banquereau 

Bank between May and October 2007 by Fugro Jacques Geosurveys Inc. (FJGI) on 

behalf of Clearwater Seafoods. This dataset was privately acquired for internal use by 

Clearwater, to support the management of their licensed fisheries on the bank. 

Bathymetric and backscatter data (Figure 2.1) were collected utilizing a Reson 8111 

multibeam echo sounder (MBES), operated at a frequency of 100 kHz and covered an 

angular sector of 150°. Totaling an area of ~6,500 km2, these datasets cover over 65% of 

Banquereau Bank. Data were logged via Fugro proprietary software, Starfix Suite 7.2, 

and were processed offshore using CARIS HIPS/SIPS. Between 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 472115 ï 14), reprocessed the raw MBES data to generate acoustic 

bathymetry and backscatter maps. Digital data provided by Clearwater included the 

processed multibeam backscatter and bathymetry at a 5-m horizontal resolution. The 

MBES layers were aggregated to a cell size of 10-m and exported as ESRI GRID formats 

for use in ArcGIS (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 

measurements (Misiuk et al., 2020), and a lack of standardized calibration often yields 
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relative rather than absolute backscatter measurements. As a result, backscatter values 

from individual survey mosaics collected over the duration of extended hydrographic 

surveys cannot be compared directly (Misiuk et al., 2020; Haar et al., 2023). Without 

proper calibration, modelling efforts are limited to the extent of individual backscatter 

mosaics rather than the full extent of other continuous data layers like bathymetry. óBulk 

shiftô (a.k.a. offsetô) approaches have been proposed as a method for combining multiple 

backscatter mosaics for seabed mapping applications, wherein a single continuous map 

layer is desirable (Misiuk et al., 2020; Haar et al., 2023). The backscatter data was 

harmonized using the bulk-shift approach developed by 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 are likely to impact 

subsequent analyses and propagate into derived terrain attributes if overlooked (Lecours 

et al., 2017). For this reason, geospatial filters were applied to the primary bathymetry 

and backscatter layers to reduce the potential of these artefacts to negatively 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 erroneous high-intensity values 

observable in nadir regions of the data (i.e., data collected directly underneath the vessel 

during acquisition). The Olympic is a low-pass filter, which averages the cell values in a 

window of analysis (i.e., the kernel size, using cell pixels as the spatial unit) to ñsmooth-

outò uncharacteristically high or low value pixels. The filter discards the highest and 

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

replacing the central pixel value with the resulting mean, preventing the ñnoiseò from 
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biasing the output value. The result is a smoothed bathymetric data layer which retains 

important terrain patterns, while obscuring fine-scale noise and data artefacts. For the 

backscatter data, an edge-preserving mean filter, with a kernel size of 7, was applied. 

This filter performs like other low-pass filters such as the Olympic, wherein it eliminates 

noise, however; it does not blur or smooth the edges between contrasting regions, 

effectively ópreservingô strong edges and boundaries. The edge-preserving mean filter 

resulted in 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 open-source ArcGIS 

Python Toolbox for WhiteboxTools (Lindsay, 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 backscatter-derived 

variables (e.g. hardness and heterogeneity) to act as surrogates for patterns and processes 

on the seabed (e.g. seabed morphology, current dynamics, relative position) that may 

influence the distribution of sediments or biota (Ierodiaconou et al., 2011; Lecours et al., 

2016; Misiuk and Brown, 2024). While many terrain attributes can be derived from 

bathymetric data to describe seabed morphology, five attributes recommended by 

Lecours et al. (2017) were used to capture most of the topographic structure of the 

seabed. These included eastness and northness, relative difference to the mean value, 

standard deviation, and slope angle. Terrain derivates were created using the Terrain 

Attribute Selection for Spatial Ecology (TASSE) toolbox (Lecours, 2017) in ESRI 
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ArcGIS v10.3.1 using a default 3 x 3 window of analysis. An additional set of attributes 

outlined in Misiuk et al. (2018) were derived to represent current regimes and the 

distribution of sediment grain sizes. These included measures of seabed curvature, 

benthic position index, and rugosity. All the derived bathymetric and backscatter 

derivatives are described in Table 2.1, and examples are shown in Figure 2.2.  
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Figure 2.2: Localized illustrations of secondary derivatives from primary backscatter (A) and 

bathymetry (B) data used to characterize seafloor structure. Examples of derivatives listed in 

Table 1 are shown; (C) backscatter heterogeneity (i.e., Roughness), (D) Slope, (E) Rugosity, (F) 

Northness. 
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Table 2.1: Secondary environmental predictor variables derived from primary MBES bathymetry 

and backscatter data. Listed variables act as surrogates for patterns and processes on the seabed 

(e.g. seabed morphology, current dynamics, relative position) that may influence geological or 

biological distributions.  

Variable Description Units 
Calculation 

Method 

Backscatter The intensity of acoustic signals returned to 

an MBES, indicating surface roughness and 

hardness (Misiuk and Brown, 2024). 

dB - 

Backscatter 

heterogeneity 

(æBackscatter) 

A metric used to differentiate coarse and fine 

substrates (Misiuk et al., 2018). 

dB Focal 

Statistics 

Bathymetry Measure of water depth.  meters - 

Slope The steepness of terrain over a gradient (0 to 

90 degrees) (ESRI, 2024a).  

degrees TASSE1 

Eastness Sin-transformed measure of slope 

orientation, ranging between -1 (fully West) 

and 1 (fully East) (Lecours et al., 2017b). 

- TASSE 

Northness Cosine-transformed measure of slope 

orientation, ranging between -1 (fully South) 

and 1 (fully North) (Lecours et al., 2017b). 

- TASSE 

Relative difference 

to the mean value 

(RDMV) 

Unitless measure of topographic position 

(positive = elevation, negative = depression) 

(Lecours et al., 2017b). 

- TASSE 

Standard 

Deviation 

Measure of terrain variability (Lecours et al., 

2017b). 

meters TASSE 

Fine Benthic 

Position Index 

(BPI) 

Relative seabed position representing small-

scale topographic features (Goes et al., 2019; 

Misiuk et al., 2018).  

meters BTM2 

Broad Benthic 

Position Index 

(BPI) 

Relative seabed position representing large-

scale topographic features (Goes et al., 2019; 

Misiuk et al., 2018).  

meters BTM 

Rugosity Measure of terrain and substrate 

characteristics (low = flat/soft, high = 

rough/rocky) (Wilson et al., 2007). 

- BTM 

Mean Curvature Represents the shape of a surface and 

landform boundaries, influencing current 

regimes (ESRI, 2024b; Wilson et al., 2007).  

(1/100) of 

a z unit 

(meters) 

Surface 

Parameters 

Tool (ESRI) 

Profile Curvature Surface curvature parallel to the direction of 

the slope (positive = accelerated flow, 

negative = flow deceleration) (ESRI, 2024b). 

(1/100) of 

a z unit 

(meters) 

Surface 

Parameters 

Tool (ESRI) 

Plan Curvature Surface curvature perpendicular to the slope 

direction (positive = diverging flow, negative 

= converging flow) (ESRI, 2024b) 

(1/100) of 

a z unit 

(meters) 

Surface 

Parameters 

Tool (ESRI) 
1TASSE: Terrain Attribute Selection for Spatial Ecology (TASSE) toolbox. Developed based on 

results in Lecours et al. (2017a) and validated in Lecours et al. (2016), implemented in ArcGIS 

Pro.  

2BTM: Benthic Terrain Modeler toolbox. Developed by Walbridge et al. (2018) and 

implemented in ArcGIS Pro.  
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2.2.3 Substrate Ground-truthing 

Ground-truthing observations were compiled from 213 stations using ground-

truthing photos and grab samples previously collected by Fugro (2007) (n = 101 stations) 

and Stokesbury and Bethoney (2018;2020) (n = 112 stations), to develop the first fine-

scale surficial sediment map of Banquereau Bank (Figure 3). During the 2007 mapping 

survey conducted by FJGI, ground-truthing of MBES data consisted of in-situ drop 

camera imagery surveys and sediment grab sampling conducted in randomly stratified 

patterns across the bank (Furgo, 2010). Locations were selected opportunistically in the 

field based on observed variations in recorded backscatter intensity values. Additional 

seabed camera surveys were conducted by the University of Massachusetts Dartmouth 

(Figure 2.3) between 2016-2018 as part of a multi-year scallop stock-assessment survey 

in the North Atlantic, and all sites located on Banquereau Bank were compiled for use in 

this investigation (Stokesbury and Bethoney, 2020).  These data sets were used as 

ground-truthing data to train and validate the various mapping methods in this chapter. 

2.2.3.2 Seafloor Imagery 

The Fugro (2007) imagery dataset was extracted from 5-minute video transects 

collected at each station using a Shark Marine SV-18R shallow-water camera. The 

Stokesbury & Bethoney (2020) surveys were conducted using a drop camera system, 

fitted with one of three types of cameras (Kongsberg OE14-408, Imperx Bobcat or GoPro 

Hero 5) mounted on a steel sampling pyramid. Complete methods of the survey design 

and image acquisition procedures are outlined in Bethoney and Stokesbury (2018). 

Reference image stills representative of the dominant geologic characteristics observed at 
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each ground validation station were extracted from both the Fugro (2007) and Stokesbury 

& Bethoney (2020) datasets. The distribution of ground validation stations is shown in 

Figure 3. These images were visually reanalyzed, and each image was classified into one 

of 3 representative sediment classes based on visible geological characteristics: (1) sand, 

(2) mixed sediment, or (3) coarse sediment (Figure 2.3). 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 bedrock (Figure 2.4). A 

Folk classification (Folk, 1954) was chosen because it is internationally prevalent, 

especially in sedimentological studies, and it could be implemented for all available 

datasets. In lieu of quantitative grain size estimates which are unavailable for video data, 

a classification scheme with greatly reduced granularity was chosen because the broad 

sediment classes could easily be assigned to image stills via visual interpretation.  
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Figure 2.3: Drop-camera ground validation stations surveyed by Fugro (2007) and Stokesbury 

and Bethoney (2020). Representative still images for each station were used to validate surficial 

substrate mapping methods outlines in Section 2.2.8. 

 

Figure 2.4: A modified Folk 5 ternary diagram showing the broad substrate classes used to 

classify the ground validation datasets. This figure is modified from the diagram presented in 

Kaskela et al. (2019). 
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2.2.3.1 Sediment Grab Sampling 

During the 2007 mapping survey conducted by FJGI, seafloor sediment samples 

were collected in-situ with drop camera imagery using a Shipek grab sampler (Figure 

2.5). Subsamples of surficial sediment collected from the grab samples were processed by 

conventional grain size sieve analysis. Comprehensive sediment grain size analyses were 

conducted for each sediment sample, which quantified the relative percent compositions 

of three major soil divisions: coarse-grained soils (gravels and sands), fine-grained soils 

(silts and clays), and highly organic soils (peat). All samples from Banquereau Bank were 

classified as coarse-grained soils, therefore grain size results were expertly interpreted by 

FJGI to further categorize the samples into the following classes: well-graded gravel with 

sand (GW), poorly graded gravel (GP), well-graded sand with gravel (SW), well-graded 

sand with silt (SW-SM), poorly graded sand with gravel (SP) and poorly graded sand 

(SP). Finally, grain size analysis results were converted to percent gravel, sand, and silt 

for evaluations involving traditional sediment classifications such as Folk (1954). For use 

in the present study, the descriptive sediment classes and percentages of gravel, sand, and 

silt were used to reclassify the grab samples into the same Folk sediment classes used to 

characterize the imagery data sets (Figure 2.5).  
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Figure 2.5: Results of sediment grain size analyses conducted on the grab samples collected by 

Fugro (2007), separating each sample based on relative grain size composition. The pie charts 

(located at sample stations) show the percentage of gravel (blue), sand (yellow), and silt (red).  

2.2.4 Fishery Data 

Since 2013, Clearwater has developed a private, in-house harvest database that 

records the track location of every hydraulic dredge deployed during commercial 

harvesting, and the associated catch information for Arctic Surfclam and other 

commercially significant species (Figure 2.6). 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, this comprehensive dataset stores tow-specific information 

such as the date, weather condition, counts for clams harvested, and size class for Arctic 

surfclam (categorized based on shell length classes). These data were used quantitatively 

to validate Arctic surfclam presence across the bank for modelling species distribution.  
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Figure 2.6: 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 object-based classification approach utilizing primary and 

secondary acoustic data variables was employed to produce a high-resolution surficial 

substrate map for Banquereau Bank. Object Based Image Analysis (OBIA) involves the 

grouping of adjacent pixels with similar values into óimage-objectsô, creating unclassified 

regions of similar pixels (Blaschke, 2010; Ierodiaconou et al., 2018; Lacharité and 

Brown, 2019) (Figure 2.7). This classification method requires two basic geospatial data 

inputs; (1) a segmented raster to spatially-control the mapped response, and (2) primary 

or derived geospatial predictor data to derive environmental statistics to map the spatial 

response. Prior to analysis, all the primary and secondary environmental layers from the 

MBES dataset (Table 2.1) were linearly rescaled from 0 to 1. A principial component 
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analysis (PCA) was run on all 13 of the rescaled data layers, to generate rasters of the 

first 3 principal components which accounted for at least 95% of the variance in the 

dataset. Rather than using all the environmental layers, a PCA was run to reduce the 

correlation between variables used for classification, while maintaining and relevant 

environmental information (Jollife and Cadima, 2016). The three principal component 

rasters were combined to generate a RGB colour composite image, to be used as the main 

environmental predictor layer for classification. Segmentation was performed on the 

MBES backscatter data in ArcGIS Pro, with a spatial detail of 20, a óspectralô (i.e., pixel 

value) detail of 5, and a minimum segment size of 5 pixels (Figure 2.7). The 

segmentation process partitions the data using a region-growing algorithm to identify 

groups of contiguous pixels that have a similar range of backscatter values, and therefore 

are assumed to represent homogenous sediment type. Zonal averaging of the RGB-PCA 

was conducted in ArcGIS using the zonal statistics tool to summarize the values of the 

environmental data within the boundaries of the segmented backscatter raster, to capture 

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

types (Figure 2.7).  

Together, the segmented backscatter and RGB-PCA rasterôs were used 

coincidentally to predict the distribution of sediment types using the unsupervised Iso 

Cluster algorithm built into ArcGISôs Image Classification Wizard. The clustering tool 

includes two main parameters; the total number of clusters desired and the minimum 

samples per cluster (the minimum number of image objects required to form a unique 

bottom type óclusterô), in addition to several others to guide grouping of the image 

objects into clusters. Here, 11 was adopted as the ideal number of clusters, as it was 



29 

 

shown to be the optimal number of clusters after several trials (i.e., balancing statistical 

accuracy with visual analysis), and a minimum number of 5000 samples per cluster to 

ensure broad-scale patterns were captured. The Iso Cluster classification was then run on 

the segmented RGB-PCA and backscatter rasters using final iteration settings of; a 

maximum of 11 classes, a maximum of 20 iterations, a maximum of 10 cluster merges 

per iteration, a maximum merge distance of 0.5 (i.e., the maximum allowable distance 

between cluster centers in feature space), a minimum of 5000 samples per cluster (i.e., 

the minimum number of image segments in a valid cluster or class), and a skip factor of 

10 (i.e., the number of image segments to skip when training the model, helps to reduce 

processing time). The ground-truth validation data were used to facilitate manual merging 

and reduction of the resulting 11 unclassified Iso Clusters into the three classified 

sediment types to produce a final classified sediment map. The resulting sediment map 

was validated using the classified ground-truthing data (Figure 2.3, Figure 2.5) in a 

confusion matrix to determine overall accuracy and Cohenôs Kappa Statistic (Pykes, 

2020).  
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Figure 2.7: Segmentation of the MBES backscatter (left) and the resulting image segments (black 

lines) used to derive zonal averages from the RGB-PCA environmental predictor layer (right).   

2.2.9 Species Distribution Modelling 

Here, we used the Presence-Only Prediction (MaxEnt) tool in ArcGIS Pro to train 

and predict a SDM for Arctic surfclam (M. polynyma) on Banquereau Bank. MaxEnt is a 

presence-only machine-learning method which estimates the maximum entropy between 

two distributions from presence data and the spatial seafloor environmental covariates 

(Elith et al., 2011; Phillips et al., 2006). To implement MaxEnt modeling for species 

distribution modelling, three primary data inputs are necessary: known presence 

locations, a defined study area, and relevant explanatory environmental variables. 
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Presence locations were derived from the commercial Clearwater harvest database, 

georeferencing where the species has been observed (Figure 2.6). The study area 

encompassed the extent of the MBES data available (i.e., highlighting where presence 

was possible), and is collocated with background points created by the model to show 

where species presence is unknown. Lastly, all 13 primary and secondary explanatory 

variables listed in Table 2.1, were used to characterize the range of habitat conditions. 

For model input, all dredge tows in the harvest database were converted to points, 

centered at the mid-point of each dredge transect. Spatial thinning of the presence points 

was applied before modelling, with a minimum nearest neighbor distance of 10 m to 

ensure each raster cell only contained a maximum of a single presence observation. The 

MaxEnt model assumes that presence records are representative of the entire species 

distribution, which may not always be the case, especially in regions with uneven 

sampling efforts. The effect of sampling bias is that data intended to portray distribution 

of a species becomes conflated with data showing presence of suitable conditions for data 

collection. Spatial thinning was applied to reduce the effect of spatial clustering from 

over-sampled areas. Additionally, in cases such as this where species-absences (known as 

background points) are not pre-specified the model generates pseudo-absences at the 

centroid of raster cells which are not co-located with known presence points to provide a 

contrast. 

The collection of environmental MBES data available for Banquereau Bank 

(Table 2.1) was used to explain the habitat preferences of Arctic surfclam and predict 

their distribution. After initial processing, data transformations were applied to the 
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explanatory variables using basis functions to capture the complex spatial relationships 

between species presence and environmental conditions. Relevant basis functions were 

used to represent non-linear and interaction effects among environmental variables. A 

total of three basis functions were applied to the explanatory variables; Original (Linear), 

Squared (Quadratic) and Pairwise (Product). The linear basis function did not alter the 

distribution of the data, allowing for easy interpretation of coefficients in the context of 

their effect on presence probability. The quadratic function transformed all variables by 

squaring them and was chosen because speciesô responses to environmental conditions 

are often nonlinear and unimodal (Austin, 2007), and a quadratic form may best represent 

these relationships. Finally, a product function was applied to produced interaction terms, 

which are multiplications of explanatory variables (ex., A x B, A x C, and B x C, etc.) to 

represent the interaction of environmental conditions as they relate to species distribution. 

All transformed versions of the explanatory variables were then used to train the model, 

whereby the model iterated through multiple transformed versions of each explanatory 

variable in attempts to model the complex conditions that promote the presence of Arctic 

surfclam. The best performing variables were automatically identified by the model via a 

variable selection process known as regularization, which balances the trade-offs between 

model fit and model complexity. As a result, the model retains fewer explanatory 

variables, reducing the chances of overfitting and increasing the ease of interpretation. 

The result of the model was a spatial representation of probabilities of occurrence for 

Arctic surfclam (M. polynyma), with each raster cell given a value from 0 to 1. The final 

model was then predicted over the full extent of the environmental data. 
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To validate the resulting presence prediction map, independent test datasets 

created by the model were used to calculate statistical metrics including Omission Rate 

and Area Under the Receiver Operating Characteristic Curve (AUC-ROC). The omission 

rate indicates the threshold-dependent percentage of presence points that were located in 

areas not predicted as suitable for the species (Phillips et al., 2006). The AUC-ROC 

metric measures the modelôs ability to distinguish between presence and background 

points independent of the threshold, with values closer to 1 indicating perfect 

discrimination and values < 0.5 indicating comparable or worse discrimination than 

random chance (Raes and Ter Steege, 2007; Valavi et al., 2022). Finally, leave-one-out 

cross-validation (LOO CV) methods, where the data are repeatedly partitioned into 

training and test subsets, were performed to evaluate the robustness and consistency of 

the modelled prediction. The presence points were randomly resampled into 5 (20% of 

the data) spatially aggregated groups, where 4 groups are used to train the model and 1 

would be withheld to test predictive performance. This process was repeated so that each 

of the 5 groups is withheld, such that all of the data is used to both train and test the 

model.  

2.3 Results 

2.3.1 Surficial Substrate Mapping 

Unsupervised classification of the primary MBES data and secondary derivatives 

(Table 2.1), using an object-based image analysis and Iso Cluster procedure, resulted in a 

classified map with 11 Iso Cluster classes. The 11 Iso Cluster classes were merged into 

three classes which best matched the three sediment classes determined by the ground-
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truthing datasets (n=188 stations) (Figure 2.8). Coarse Sediments (14 stations) 

corresponded with IsoCluster class 11 (63.6%) (Table 2) and were located on areas with 

the strongest backscatter returns. This class had low confusion with Sand, though showed 

low to moderate confusion with the Mixed Sediments class (Table 2). Mixed Sediments 

(21 stations) corresponded with IsoCluster classes 2, 4 and 8 (46.7%) (Table 2.3; Fig. 

2.7). This class occurred in areas with high to medium backscatter intensities and showed 

high to moderate levels of confusion with both Sand and Coarse Sediment, resulting in 

more Sand-misclassifications than true Mixed Sediment classifications. Sand (114 

stations) corresponded with IsoCluster classes 0, 1, 3, 5, 6, 7, 9 and 10 (94.2%) (Table 2) 

and were associated with low MBES backscatter returns. Relative to the total number of 

sand observations, the amount of confusion with other classes was very low (Table 2). 

Results confusion matrix (Table 2), show the overall accuracy for the surficial substrate 

map was 79.2%, with a kappa statistic of 0.79% (Table 2.3). A high Kappa statistic (0.60-

0.80) indicates strong agreement between the observed outcomes (i.e., the actual labels) 

and the predicted outcomes (i.e., the model's predictions), beyond what would be 

expected by random chance (Landis and Koch, 1977). Notably, a high Kappa statistic in 

this particular case, where classes are imbalanced (i.e., dominance of sand observations), 

also suggests that the overall accuracy is not simply driven by the model successfully 

predicting the majority sediment class well.  
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Figure 2.8: Localized illustration of the classified surficial sediment map produced across the full 

extent of Banquereau Bank using object-based image analysis (OBIA) segmentation and an 

unsupervised Iso Cluster analysis.  

 

Table 2.2: Error matrix for the surficial substrate map of Banquereau Bank, produces using an 

unsupervised object-based image analysis approach and Iso Clustering algorithm. 
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Coarse Sediment 14 1 0 15 93.3 6.6
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188

Producer's Accuracy 63.6 46.7 94.2

Overall Accuracy: 79.2%

Kappa Statistic: 0.79

Total objects

Sediment Map (Iso Cluster) Class



36 

 

2.3.2 Species Distribution Modelling 

The final presence prediction map (Figure 2.9) was produced by translating the 

MaxEnt modelôs probabilistic outputs into a spatial representation of Arctic surfclam (M. 

polynyma) presence across Banquereau Bank. The presence model had a correct 

classification rate of 77% (Table 2.3), and AUC and omission rates of 0.77 and 0.22, 

respectively (Figure AI.1). Of the 13 environmental variables input to the model, 3 were 

independently important for modelling surfclam distribution: backscatter, northness, and 

rugosity. The other 10 carried more explanatory power when transformed, via either 

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 the most important independent variable (beta = -0.502), followed by 

rugosity (beta = -0.09), and northness (beta = -0.06) (Figure 2.10). The harvest database 

and the variable response of Arctic surfclam to bathymetry suggests that they generally 

do not occur in depths shallower than or deeper than 70 m. Rugosity, the second most 

influential variable, showed an inverse relationship, whereby probability of presence was 

lower in very topographically complex regions. Lastly, the response curves for the third 

most important variable, northness, showed a non-monotonous relationship where Arctic 

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

High probabilities of presence were predicted throughout most of the internal 

regions of Banquereau Bank, while absences were generally predicted in deeper regions 

along the slopes of the bank, in shallower regions in the northeast and northwest, and in 

coarse sediment regions along the eastern edge (Figure 2.9). 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 bank - Figure 2.1), in the southeastern 

part of the bank. Moderate probabilities throughout most of the central regions of the 

study area indicate greater uncertainty in surfclam presence or habitat suitability. 

Extensive areas of low probability along the southwestern and eastern edges, where broad 

regions of gravel and coarse sediment are located (Figure 2.9) indicate unsuitable habitat 

with low uncertainty.  
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Figure 2.9: Localized illustration of the predicted probability of Arctic surfclam (M. polynyma) 

presence, produced across the full extent of Banquereau Bank using a presence-only Maximum 

Entropy (MaxEnt) Species Distribution Model (SDM).  

 

Table 2.3: Performance of presence model estimated using spatial leave-one-out cross-validation.  

Group 

ID 

Training 

Size 

Validation 

Size 

% Presence - 

Correctly Classified 

% Background - 

Classified as Potential 

Presence 

1 7503880 1875971 77.3 39.4 

2 7503881 1875970 77.3 39.4 

3 7503881 1875970 76.8 39.3 

4 7503881 1875970 76.8 39.2 

5 7503881 1875970 76.9 39.4 

 



39 

 

 

Figure 2.10: 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 (%) for M. polynyma. Response 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 denoted with respective 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 

2.4.1 Surficial Substrate Mapping 

2.4.1.1 Fine-Scale Surficial Substrate Map of Banquereau Bank 

This study successfully developed a fine-scale surficial sediment map of 

Banquereau Bank, by applying an Object-Based Image Analysis and Iso-Clustering 

approach. The predominance of sand across Banquereau Bank is highly evidenced, in line 

with previous geological interpretations of the bank (Amos and Fader, 1988; Philibert et 

al., 2022), with a notable inclusion of broad regions of coarse and mixed sediment 

previously suggested in prior research on the bank (Gilkinson et al., 2015, 2005, 2003). 

Error matric accuracy results of 79.2% and a kappa statistic of 0.79 suggest this map can 

be useful in applications of habitat management for infaunal species such as Arctic 

surfclam but indicate that there are some errors. The contrast of Banquereau Bankôs 

relatively flat morphology in coincidence with complex geological patterns makes it 

difficult to map using acoustic data, especially given that bathymetry and backscatter are 

only proxies for environmental conditions and substrate (Diesing et al., 2020). 

Nonetheless, the resulting substrate delineations are at a much higher spatial resolution 

than previous attempts to classify surficial geology on Banquereau which were achieved 

through expert interpretation of geologic and acoustic data sets at a broader scale (Amos 

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

In the production and validation of the surficial sediment map for Banquereau, 

accuracy assessments of the map were determined using the ground truthing samples 

(i.e., classified grab and imagery data) to verify what the ótrueô substrate type was for a 

given location. A 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 approximately 5-10m in 

deep (>60 m) water, adding potential sources of error to the analysis. It is also worth 

considering that rigidly defined reference data and ground truth classes may not be truly 

representative of geological distributions. For example, where the variation in sediment 

composition across an area is gradational, classifications based on strictly defined classes 

may appear arbitrary, or óbest guessesô. Small variations in sediment composition can be 

problematic as classifications in transitional areas could result in two samples of the same 

sediment type being classified as different substrate classes. On the other hand, samples 

with only small differences in grain size characteristics (e.g. the threshold between sand-

dominated and mixed sediment) may be acoustically similar but are geologically distinct 

according to classifications such as Folk (1968). For classes such as mixed sediment seen 

here, there was significant confusion between ñmixedò classifications and ñsandò, likely 

attributed to very similar acoustic values in locations where ñmixedò sediment stations 

fall on geologic gradients. Further, it is important to consider how shell fragments were 

treated during grain size analyses, and the potential loss of parts of the fine fraction 

during grab sample retrieval. The potential misrepresentation of these sediment 
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characteristics could also contribute to misalignments in observed acoustic signal and 

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

In this study, the bathymetric range was only 50-65 m over most of the fished 

bottom across the bank (an area of ~5,000 km2), and therefore much of the interpretation 

was dependent on the backscatter strength. Other studies have noted that a single 

frequency backscatter layer contains insufficient information to accurately predict the full 

Folk spectrum, and class-aggregation is often required (Diesing et al., 2020; Gaida et al., 

2018; Snellen et al., 2019). Attempts to map this site encountered similar issues. 

Differences between Sand and Mixed Sediment were evident in the backscatter, but 

cluster analysis of the environmental predictor layers often failed at accurately 

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., 2021). Rather, it is related 

to differences in a combination of factors, including but not limited to, acoustic 

impedance contrasts, sediment roughness, and topographic ruggedness (Feldens et al., 

2018; Misiuk et al., 2020b). Refining the relationship between frequency, seafloor type, 

and backscatter response is continually being improved (Feldens et al., 2018; Hasan et 

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

recent developments in MBES systems that acquire multi-frequency backscatter also 

have the potential to improve mapped accuracy (Brown et al., 2019; Feldens et al., 2018; 

Lucieer et al., 2018). As low and high frequencies interact with soft sediment differently, 

multifrequency MBES data could aid in improving the classification of geologic 

heterogeneity in regions 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 surfclam was predicted using primary (MBES bathymetry 

and backscatter) and secondary derivatives as predictor variables in a Maximum Entropy 

(MaxEnt) Species Distribution Model (SDM). Model results indicated that bathymetry, 

northness, and rugosity, among other conflated environmental variables, were primary 

predictors of surfclam presence. The variable response curves showed probability of 

presence had a slightly negative relationship with rugosity, with decreases in density at 

the highest values of rugosity, though; interpretation of this variable requires caution. 

Rugosity was comparably homogenous for most of the mapped area, differing only along 

the slopes of the bank and deepest regions along the edge of the MBES data extent. This 

area was unlikely to impact statistical analyses of surfclam presence, as no presence-

observations (i.e., ground truthing) points were collected in the vicinity of these regions. 

Only simplistic inferences such as confirmation of prior knowledge that surfclam tend to 

inhabit the relatively flat plateau of sandy submarine banks should be considered 

(Rutecki, 2015; Gilkinson, 2015; Misiuk et al., 2019). Probability of presence also 

showed a strong decrease in the likelihood of presence at depth < 45 m and > 65 m. It is 

possible that depth influences several variables which control the ecological niche for 

surfclam, such as temperature, hydrodynamics, and food availability. Probability of 

presence also had a similar relationship with northness (a component of seabed aspect), 

whereby results showed a strong decrease in likelihood at values close to 0 (slopes facing 

directly south) and 1 (slopes facing directly north). Similar to bathymetry, this could be 

caused by its correlative relationship with other important environmental factors such as 
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bottom currents which control the flow of food to benthic filter feeders, or with local 

geomorphic features where surfclam were observed such as the areas surrounding the 

Eastern Shoal. With a strong southwest to northeast migration of currents across the 

shelf, it is entirely possible surfclam presence is largely more suitable on intercardinal 

facing slopes, in the path of current flow. Given that Arctic surfclam are both filter 

feeders and broadcast spawners, their distributions would be inherently linked to the 

supply of nutrients and larval dispersion and settlement via current regimes. Similarly, 

this result could have been linked to the high probability of presence surrounding the 

Eastern Shoal (particularly at the foot of the slope on the southeastern edge of the shoal), 

which given its southeast-northwest orientation in the northeastern region of Banquereau 

would largely place aggregations of surfclam on southeast facing slopes. The 

hydrodynamic regime around the Eastern shoal may distribute currents, and attributed 

nutrient and larval dispersion, within a focused buffer zone around the shoal. Processes of 

nutrient redistribution and downwelling (or outwelling in coast environments) from 

shoals have been shown to result in sediment nutrient enrichment (Liu, Liu and Du, 

2021), and increased chlorophyll-a concentrations linked to increased primary 

productivity (Demarcq et al., 2020) in down-current buffer zones around shoals. These 

findings suggest current flow over submarine elevations such as shoals may form down 

current retention zones of nutrients, with the potential to support large densities of filter 

and deposit feeding organisms.  

Bathymetry and its derivatives like northness are commonly used as surrogates in 

benthic SDMs for physical oceanographic information, as primary data on variables such 

as current speed, magnitude and direction are seldom available. Physical oceanographic 
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models have been used to improve SDMs for benthic species, as the interaction between 

hydrodynamics and seafloor morphology is critically important in determining food 

supply and other factors influencing faunal patterns (Panzeri et al., 2024; Pearman et al., 

2020). Recently, downscaled baroclinic hydrodynamic models have been developed for 

the Bay of Fundy (Alleosfour and Church, 2020), and investigations into its potential 

benefits for benthic species distribution modelling efforts across regions of the Scotian 

Shelf are novelly being explored (Porskamp et al., 2024). Continued development of 

downscaled physical oceanographic models on the Scotian Shelf may provide valuable 

geospatial data to improve modelled distributions of surfclam on Banquereau Bank in the 

future. Finally, despite the observed relationship between surfclam presence and the 

remaining topographic and substrate variables, these only made minor contributions to 

the model. These results suggest that they may exercise subtle influence on the suitability 

of Arctic surfclam habitat, however; they do not form distinct environmental boundaries 

constraining surfclam distribution.  

2.4.2.2 Data and Model Limitations 

Here, the Clearwater harvest database acted as a uniquely extensive collection of 

presence observations for model input. Despite efforts to spatially filter out redundant 

presence data while still maximizing the use of as much of the harvest data as possible, 

large amounts of autocorrelation could still produce a pseudo-replication effect (Segurado 

et al., 2006). Using validation tests such as the leave-one-out cross validation (LOO-CV) 

eliminates the need to omit sample points from model evaluation, which is commonly 

recommended when dealing with spatially autocorrelated data. Instead, the test leaves out 
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a group of observations, ensuring observations close to the testing dataset are not 

included in the training dataset to ensure assumptions about spatial independence are met. 

However, the LOO-CV does not change any underlying autocorrelation in the data itself. 

Therefore, although spatial thinning of observation data was applied, multiple proximal 

samples adding little or no new information to the model could have inflated the noted 

accuracy. Prior research has sought to account for spatial autocorrelation in modelling 

(Liu et al., 2022; Misiuk and Brown, 2023), as it is worth considering if  the potential 

inflation due to autocorrelation of the presence-observations outweighs the potential loss 

of ecological information relating to natural spatial patchiness of species distributions 

caused by further reducing the number of samples included in the model via more 

extreme spatial thinning (i.e., omission of presence-observations) or aggregation 

(Legendre, 1993; Misiuk et al., 2019). More complex models which account for the 

natural spatial patchiness of dense Arctic surfclam aggregations could be pursued to 

improve future modelling efforts. Despite its limitations, MaxEnt remains a valuable tool 

for modelling the distribution of fish stocks, as its flexibility, coupled with the capacity to 

handle presence-only data, makes it a preferred choice for scientists and managers.  

While presence-absence models are noted as being more robust in the literature, 

presence-only models such as MaxEnt have been demonstrated successfully in fisheries 

applications where there is access to georeferenced harvest locations for use as surrogates 

of species presence despite a lack of absence observations (Misiuk et al., 2019; Valavi et 

al., 2022). The species distribution model (SDM) developed in this study, though 

insightful, is based on fishery-dependent data which introduces several limitations and 

potential bias that 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 true, ecologically driven distribution of the species in question (McMillan 

et al., 2024; Pacifici et al., 2017). The fishing industry generally 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' natural habitat preferences. This spatial bias can result in 

over-representing heavily fished areas and under-representing regions that are either less 

accessible or less targeted by the fishery (Bentley et al., 2021; Karp et al., 2022). SDMs 

that rely solely on fisheries data are likely to overestimate abundance in well-sampled 

areas while underestimating it in regions outside of intense fishing pressure (Karp et al., 

2022; Pacifici et al., 2017). This 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 case (Alglave 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 fishery-dependent 

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 management (Bentley 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 bottom-contact gears are the most pervasive source of 

anthropogenic disturbance to continental-shelf seabeds worldwide (Foden et al., 2011; 

Hiddink et al., 2017; Sciberras et al., 2018). The negative impacts of towed gears on both 

target and non-target species, as well as their habitats, have been extensively investigated. 

Numerous studies have examined the physical and biological effects of dredging, 

comparing different gear types, substrates, and habitats across various spatial and 

temporal scales (Sciberras et al., 2018). Generally, these harvest methods can 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., 2018). Chronic 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 

et al., 2018; Wang et al., 2021). With the continued and repetitive use of destructive 

harvesting devices in geographically constrained fishing zones, concerns have grown 

over the potential for long-term degradation of commercial fisheries, with some forecasts 

suggesting irreversible declines in shellfish stocks, particularly for long-lived species 

such as Arctic surfclam, if mitigation measures are not implemented (Bresnihan, 2016; 

Pauly, 2009). Understanding the spatial distribution of bottom-fishing activities, their 
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environmental and ecological impacts, and the potential for ecosystem recovery is 

therefore crucial for developing effective management strategies. 

Mobile bottom-fishing gears are increasingly recognized for their role in altering 

seabed habitats, raising concerns over the extent and duration of these changes. Although 

dredging initially disturbs the seafloor, the rate and extent of bottom recovery vary 

widely (Constantino et al., 2009; Gilkinson et al., 2015; Manap & Voulvoulis, 2016; 

Thrush & Dayton, 2002). Immediate physical impacts commonly include the formation 

of dredge furrows (i.e., tracks), suspension and distribution of fine sediments, as well as 

increased fluidity of sediments within dredge tracks (Gilkinson et al., 2003; Tuck et al., 

2000). Longer-term effects can manifest as persistent changes to seabed topography, 

permanent redistribution of sediments, and 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 proportions of fine sediments 

in dredge furrows, contrasted with coarser sediments in surrounding areas. Modifications 

of terrain can also manifest as partial destruction of morphological features such as sand 

waves or ripples in dynamic or complex seascapes, or an increase in irregular seafloor 

topography in flat seabeds (Gilkinson et al., 2015). Variability in harvesting practices, 

local environmental conditions, and differing habitat characteristics explain the broad 

range of physical impacts documented in the literature (Sciberras et al., 2018). The Arctic 

surfclam fishery in Atlantic Canada utilizes hydraulic dredges, a unique and highly 

invasive gear type designed to penetrate into soft-bottom sediments to harvest infaunal 

bivalves (Gilkinson et al., 2003; Hubley et al., 2020). Hydraulic 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 seabed, which penetrate 

substantially deeper into sediments compared to other bottom-fishing gears like trawls of 

dragged dredges, potentially leading to longer habitat recovery times (Gilkinson et al., 

2015; Sciberras et al., 2018).  

A meta-analysis by Sciberras et al. (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 each additional centimeter of dredge penetration 

correlated with further reductions of 3% and 2% in species abundance and richness, 

respectively. Despite the growing awareness of the ecological impact of hydraulic 

dredging, relatively few studies have focused on this gear type, with only 5% of the 

references in the Sciberras et al. (2018) meta-analysis addressing hydraulic dredging, 

which included prior studies by Gilkinson et al. (2003, 2005, 2015) on Banquereau Bank. 

Given the dramatic physical and ecological effects of hydraulic dredges on seabed 

ecosystems, which have been shown to exceed those of other bottom-contact fishing 

gears, this gap in the literature presents a critical need for more long-term studies related 

to hydraulic dredging impacts and subsequent recovery (Gilkinson et al., 2015, 2005; 

Sciberras et al., 2018). 

Hydraulic dredging often takes place in shallow sandy areas characterized by 

frequent wave-induced disturbances (e.g. tidal currents), where the recovery of benthic 
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ecosystems is relatively rapid (Constantino et al., 2009; Kaiser et al., 2006; Sciberras et 

al., 2018; Tuck et al., 2000). As a result, the existing body of literature on habitat and 

ecological recovery is largely restricted to shallow water environments (< 30m), over 

very short monitoring periods (< 1 year) (Goldberg et al., 2012; Legare et al., 2020; 

Vasapollo et al., 2020). Very few have followed recovery processes in deep water 

ecosystems for a year or longer (Asch & Collie, 2008; Gilkinson et al., 2015; Ragnarsson 

et al., 2015). However, the magnitude of hydraulic dredging effects on sedimentary 

environments and benthic communities is highly influenced by various environmental 

factors such as hydrodynamic regimes, substrate type and, depth (Constantino et al., 

2009; Kaiser et al., 2006; Ragnarsson et al., 2015). Dredging in shallow, sandy areas 

subject to wave-induced disturbances tends to result in relatively rapid erosion of dredge 

tracks, with track longevity typically lasting from several weeks to months (Constantino 

et al., 2009; Legare et al., 2020; Tuck et al., 2000). Studies in these environments where 

the fauna are likely to be highly adapted to wave-induced disturbances, such as those 

caused by storms, have mostly demonstrated minor impacts (Constantino et al., 2009; 

Hiddink et al., 2017; Kaiser et al., 2006). Opposingly, studies show the 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., 2018). In deeper waters where hydrodynamic forces are 

weaker, seabed recovery is slower with tracks potentially persisting for years and 

recovery contingent on the occurrence of infrequent high-magnitude storm events 

(Gilkinson et al., 2015). Ultimately, though most hydraulic dredge activity occurs on 
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fairly mobile, well-sorted sand, which may help mitigate the overall impact on some 

elements of the benthic habitat (Hubley et al., 2020; Ragnarsson et al., 2015; Sciberras et 

al., 2018), there continues to be uncertainty about the long-term impacts of dredges on 

overall benthic recovery in deep water regions.  

A critical body of work by Gilkinson et al. (2003, 2005, 2015) evaluated benthic 

habitat recovery following experimental hydraulic dredging on Banquereau Bank through 

monitoring surveys conducted over a 10-year period. These studies revealed that physical 

disturbances to the seabed were still evident in sonar data three years post-dredging and 

the community still appeared to be in a colonizing phase after two years, with reduced 

biodiversity and dominance by a few species. Notably, they found that large bioturbating 

species had not yet recolonized the disturbed areas. Although the physical properties of 

the seabed had recovered after ten years, the disturbed benthic community became 

numerically dominated by fewer species, and taxonomic distinctness decreased, 

indicating reduced biodiversity. Additionally, clam population abundances were lower 

across all study sites, including the original control site. The shift toward a less diverse 

but more abundant macrofaunal community suggested prolonged ecological impacts from 

the dredging. However, notable limitations of this study design were its lack of spatial 

replication and the location chosen for the experimental sites, as they were on the 

southern flank of the bank, in deeper water than where most of the fishery operates. A 

degree of uncertainty regarding how these results relate to bank-wide recovery processes, 

and what these results mean for management of the fishery arises from the fact that these 

sites may not have been truly representative of the environmental conditions where most 

of the commercial fishery operates.  
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Understanding the long-term effect of hydraulic dredging on the benthic habitats 

and biological communities within clam fishing zones on Banquereau Bank is essential 

for developing sustainable management strategies for the Arctic surfclam fishery. In 

partnership with Clearwater Seafoods and Fisheries and Oceans Canada (DFO), the 

research presented in this chapter will build upon previous findings by revisiting post-

dredging benthic recovery in shallower, commercially fished regions of Banquereau 

Bank. The study utilized newly developed fine-scale thematic maps of Banquereau Bank 

(presented in Chapter 2) and Clearwaterôs comprehensive spatiotemporal harvest 

database to design a field survey aimed at evaluating broad-scale habitat recovery 

following fishing activities over long time periods. Using the harvest database, which 

stores the track position and catch information associated with every commercial dredge 

deployment on Banquereau Bank since 2013, the study aimed to assess the ecosystem 

conditions within historically impacted sites, compared to proximal unimpacted sites. The 

critical factor limiting many long-term recovery analyses is the time and financial 

constraint of revisiting impacted sites several times over an extended period. The goal 

here was to use the legacy harvest database to select study sites fished at various yearly 

intervals throughout the 10-year scope of the database, to evaluate long-term recovery 

processes within the comparatively short evaluation period of this study (2-3 years). Sites 

were selected near each other, and the thematic mapping outputs from Chapter 2 were 

used to compare the environmental conditions between control and impacted sites, to 

ensure conditions and associated recovery processes are comparable for evaluation. 

Following site selection procedures, field surveys were conducted in control (never 

having been fished) and dredged locations last fished 2 (last fished in 2021), 5 (last fished 
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in 2018) and 8 (last fished in 2015) years prior. Using acoustic survey techniques to 

detect changes to the seabed, subsea video technology to characterize seabed morphology 

and epibenthic community composition, and sediment sampling to inform sediment grain 

size analyses and infaunal community composition, this study aims to assess (1) the 

differences in morphological and sedimentary characteristics of seafloor habitats, and (2) 

the differences in benthic community composition, between areas impacted by hydraulic 

dredging and areas that have not been disturbed by fishing. 

3.2 Materials and Methods 

3.2.1 Study Site 

The current study focuses on a clam fishing zone located on Banquereau, a 

submarine bank located at the easternmost edge of the Scotian Shelf, southeast of 

mainland Nova Scotia. In depth review of the geological setting and surficial geology are 

covered in Chapter 2 (Section 2.2.1 Study Area). In summary, Banquereau is a sandy, 

storm-dominated bank predominantly consisting of medium grained, well sorted sand. 

This study is focused on regions located near a section of the bank known as the Eastern 

Shoal, a flat and shallow region of thick (20-30m) mobile sand. The regions around this 

geologically unique sand deposit, formed through processes of glacial outwash, support 

dense aggregations of commercially significant bivalves (Gilkinson et al. 2015; Doherty 

and Horsman 2007; King et al. 2016). Since the 1980s, Banquereau Bank has been an 

important site for Arctic surfclam fisheries. Fishing is currently conducted on sandy 

substrates located at 50 to 70 m depth using hydraulic dredging vessels equipped with 

large freezer processors (Hubley, 2020; Gilkinson et al. 2003). Notably, approximately 
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95% of the fishing effort is concentrated on less than half of the bank's total area (Figure 

2.6). However, there is considerable variability in the spatial and temporal distribution of 

fishing effort with areas of high clam biomass fished more frequently and intensely than 

other sections.  

3.2.1.1 Survey 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 

ecosystems. To effectively distinguish dredging-induced changes from natural variability, 

a Control-Impact evaluation design was employed. Study sites (500m x 500m) were 

selected using a pairing strategy, comparing dredged sites (impact) with nearby 

undisturbed (control) sites. Dredged sites were identified using the proprietary Clearwater 

harvest database, which holds records of the location and timing of every dredge tow 

deployed on the bank between 2014 and 2023 (Figure 2.6). Potential study sites were 

identified in areas that experienced similar fishing intensities and were only subjected to 

dredging during evaluation years (2015, 2018, 2021). When selecting evaluation years, 

the focus was on maximizing the overall study period and maintaining consistent 

intervals between treatment years. When identifying study site locations, considerations 

were made to maintain proximity between dredged sites and unimpacted sites, to ensure 

environmental conditions were similar. However, the inherent spatiotemporal variability 

of historical fishing patterns necessitated flexibility in the selection of evaluation years 

and the distances between paired sites. Because larger distances between varying 

treatment sites were often unavoidable, environmental assessments were conducted to 
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evaluate site similarities based on the physical and biological characteristics of the 

seafloor determined from Chapter 2. This involved identifying sites for each treatment 

group (control and impact) and comparing them using zonal statistics in ArcGIS Pro. 

Mean raster values for all the environmental variables and thematic map outputs 

identified in Chapter 2 (such as bathymetry, backscatter, surficial substrate type, and 

habitat suitability) were calculated for each study sites to ensure that all selected study 

sites were similar (Table 3.1). Using this process, a final set of 4 treatment sites (control, 

2015, 2018, and 2021) were selected within three distinct areas of the bank, totaling 

twelve study sites (Figure 3.1, Figure 3.2, Figure 3.3). This replication was intended to 

enhance the robustness and generalizability of the study, ensuring that the findings were 

not location-specific but instead provide a broader understanding of hydraulic dredging 

impacts across a wider geographic extent.  

At each study site, high-resolution sonar mapping, drop camera video 

observation, and sediment grab sampling was conducted to evaluate the impact of clam 

dredging on seafloor habitats and associated benthic communities. Two field surveys 

were conducted within the three designated survey areas outlined above (Figure 3.1, 

Figure 3.2, Figure 3.3). Surveying of sites in Area 3 (Control, 2015, 2018, and 2021) was 

conducted aboard the FV Island Venture 1 a 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 2023 aboard the FV Fundy Leader, a Canadian commercial 

offshore scallop vessel.  
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Figure 3.1: Location of study sites (coloured boxes) in Study Area 1. Study 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. Dredge tows (lines) 

highlight historical fishing patterns in the period of 2014-2023. The study sites and dredge tows 

use the same colour palette to distinguish fishing treatments, with yellow representing 2021 

fishing treatments, red representing 2018 treatments, blue representing 2015 treatments, and grey 

and black representing control and non-target fishing years respectively.  
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Figure 3.2: Location of study sites (coloured boxes) in Study Area 2. Study 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. Dredge tows (coloured 

lines) highlight historical fishing patterns in the period of 2013-2023. The study sites and dredge 

tows use the same colour palette to distinguish fishing treatments, with yellow representing 2021 

treatments, red representing 2018 treatments, blue representing 2015 treatments, and grey and 

black representing control and non-target fishing years respectively. 
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Figure 3.3: Location of study sites (coloured boxes) in Study Area 3. Study 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. Dredge tows (lines) 

highlight historical fishing patterns in the period of 2014-2023. The study sites and dredge tows 

use the same colour palette to distinguish fishing treatments, with yellow representing 2021 

treatments, red representing 2018 treatments, blue representing 2015 treatments, and grey and 

black representing control and non-target fishing years respectively. 




































































































































































