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A B S T R A C T   

Dense aggregations of horse mussels exist in the Bay of Fundy and are thought to be associated with high 
biodiversity compared to surrounding habitats. Previous research show correlations between these aggregations 
and long narrow flow-parallel bedforms. In this study, high resolution seafloor photographs were compared to 
multibeam echosounder data to investigate benthic community and biodiversity patterns across the Bay of 
Fundy. Biophysical seafloor types (benthoscapes) were mapped with 71% accuracy using Object Based Image 
Analysis (OBIA) with fuzzy c-means classification. Community patterns were found to shift gradually across 
benthoscapes and mega-epifaunal biodiversity was highest in areas of mixed sediments and silty gravel and 
anemones. Horse mussels occurred mainly within the sand benthoscape where the flow parallel bedforms exist. 
Community patterns were also assessed at fine scales (5 m) using a by-eye interpretation of the flow parallel 
bedforms, where gradational shifts across the bedforms and surrounding areas were evident and abundance of 
horse mussels were found to be significantly greater on the bedforms. These findings will ultimately facilitate 
decisions around fisheries management, marine spatial planning, and monitoring of the horse mussel habitats 
and the surrounding benthoscapes within the Bay of Fundy.   

1. Introduction 

Modiolus modiolus (Linnaeus, 1758) are a boreal bivalve species that 
are widely spread across the northern hemisphere, including the North- 
East Pacific and North Atlantic oceans (Halanych et al., 2013) and are 
known to form extensive biogenic habitats that are associated with high 
species diversity (Dinesen and Morton, 2014; Kent et al., 2017; Buzeta, 
2014). Patches of dense aggregations of M. modiolus (horse mussels) 
exist in the North-West Atlantic, in the Bay of Fundy (BoF), and are 
thought to be areas of high biodiversity compared to that of surrounding 
habitats (Buzeta, 2014; DFO, 2015; Todd et al., 2014; Wildish et al., 
2009). These aggregations of horse mussels correlate with the location 
of parallel bedforms that stretch through the mid to upper BoF (Fig. 1). 

The bedforms were first observed using high-resolution seismic 
technology and were initially identified by Wildish et al. (1998a) as 

bioherms (ancient organic reefs generally formed by invertebrates such 
as corals, gastropods or bivalves), based on the characteristic 
mound-like shape evident in the high-resolution seismic reflection 
profiles. More recently, Todd et al. (2014) proposed that these features 
were formed as a result of sediment accumulation parallel to the di-
rection of current flow and that they consist of gravely sand which 
supports the settlement of horse mussels (which we refer to as horse 
mussel beds), as well as other organisms such as lemon weed (Flustra 
foliacea). 

High densities of horse mussels have also been reported in Grand 
Passage, BoF, south west of the flow parallel bedforms (Fig. 1) (Cooper 
et al., 2019) and horse mussel presence have been reported elsewhere in 
the BoF in various sedimentary provinces (Wildish et al., 1998a). 
However, past benthic surveys suggest a significantly greater density of 
horse mussels in proximity to the flow parallel bedforms (e.g. Wildish 

* Corresponding author. Nova Scotia Community College, Applied Research, 80 Mawiomi Pl, Dartmouth, NS, B2Y0A5, Canada. 
E-mail address: Brittany.Wilson@dfo-mpo.gc.ca (B.R. Wilson).   

1 Fisheries and Oceans Canada, Bedford Institute of Oceanography, PO Box 1006, Dartmouth, NS B2Y 4A2, Canada. 

Contents lists available at ScienceDirect 

Estuarine, Coastal and Shelf Science 

journal homepage: http://www.elsevier.com/locate/ecss 

https://doi.org/10.1016/j.ecss.2021.107294 
Received 22 October 2020; Received in revised form 11 February 2021; Accepted 17 February 2021   

mailto:Brittany.Wilson@dfo-mpo.gc.ca
www.sciencedirect.com/science/journal/02727714
https://http://www.elsevier.com/locate/ecss
https://doi.org/10.1016/j.ecss.2021.107294
https://doi.org/10.1016/j.ecss.2021.107294
https://doi.org/10.1016/j.ecss.2021.107294
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecss.2021.107294&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Estuarine, Coastal and Shelf Science 252 (2021) 107294

2

et al., 1998a; Beazley et al., 2017; Todd et al., 2014). Wildish and Fader 
(1998) link the unique current patterns within the BoF to the location of 
these habitats, where a transition between stratified and well mixed 
waters occurs, bringing high concentrations of nutrients such as 
Chlorophyll-a to the seafloor. 

The BoF plays an important ecological and socio-economic role in 
Atlantic Canada (Buzeta, 2014). Finfish (groundfish, mackerel) and 
shellfish (scallop, lobster) fisheries make up a large portion of landings 
in the BoF, which were valued at $3.4 billion (CAD) in landings for 2017 
in the Maritime Region (i.e. BoF, Gulf of Maine, Scotian Shelf) (DFO, 
2018). Fishing techniques that interact with the seabed can have sig-
nificant effects on the benthos, and considerable research on horse 
mussel biogenic habitats has demonstrated vulnerability to fisheries 

impacts, with slow recovery rates (Cook et al., 2013; Kenchington et al., 
2007). Cook et al. (2013) found no recovery of non-target horse mussel 
beds a year after fishing-related impacts were recorded in an area off Isle 
of Man in the Irish sea and showed a significant decline in the abundance 
of horse mussels. Kenchington et al. (2007) reported significant declines 
in boring sponge, horse mussels, fan worms and stalked tunicates within 
the BoF, Scallop Fishing Area 4 (SPA4) (Fig. 1) and suggested physical 
impacts caused by fishing gear as the main driver. These types of 
changes in biodiversity (e.g. loss or reduction of a species) can have 
detrimental impacts on a benthic ecosystem (Thrush et al., 2001). 

At present, the BoF horse mussel habitats are not classified under 
conservation measures that allow for mitigating fishing related impacts. 
However, Fisheries and Oceans Canada (DFO) have used the parallel 

Fig. 1. Map of the Bay of Fundy, Eastern Atlantic Canada, highlighting the EBSAs and MPA within the Bay (Philippe, 2016). The dashed line symbolizes the area of 
MBES coverage collected by NRCan, CHS, and UNB. The striped polygon represents Scallop Production Area 4 (SPA4). Coloured polygons symbolize EBSAs and 
Musquash Estuary MPA within the Bay of Fundy. The Modiolus EBSA is highlighted in blue with yellow outline. (a-d) Bay of Fundy features visible in the MBES data 
(Parrott et al., 2013); a) Flow parallel bedforms b) Margaretsville dune fields c) Banner bank d) Moraines and drumlins. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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bedforms as a proxy for these high density horse mussel beds to develop 
an Ecologically and Biologically Significant Area (EBSA) encompassing 
the structures. Although EBSAs do not hold conservation status, the 
purpose of this designation is to inform industries and regulators of the 
ecological importance of an area, with the intent of reducing impacts 
and facilitating additional marine spatial planning (e.g. Marine Pro-
tected Areas) (Beazley et al., 2017; DFO, 2004, 2015). There are 
currently fourteen EBSAs and one Marine Protected Area (MPA) 
assigned to habitats within the BoF (Fig. 1). 

The horse mussel beds are currently being considered for protection 
under a Sensitive Benthic Area (SBA) designation, as part of the Cana-
dian Government’s targets to protect 25% of marine and coastal areas by 
2025 and 30% by 2030 through agreements under the Global Ocean 
Alliance (Buzeta, 2014; DFO, 2020). SBA classifications allow for the 
mitigation of impacts of fishing activities within areas of ecological 
importance under the Policy for Managing Impacts of Fishing on Sen-
sitive Benthic Areas (DFO, 2015). Designation of an SBA across the horse 
mussel beds would contribute to the target conservation goals; however, 
using these features to inform horse mussel bed location may lead to the 
exclusion of dense horse mussel aggregations formed elsewhere. Alter-
natively, it may lead to the protection of features without horse mussel 
aggregations and unnecessary closures of important fishing grounds. 
Identifying locations and assessing the biodiversity of horse mussel 
habitats and surrounding regions would provide fisheries managers with 
relevant information for making decisions around potential protective 
measures and resource management as well as engaging with stake-
holders in discussions regarding proposed measures. 

Past efforts to map the BoF have provided a robust understanding of 
the geophysical boundaries of the seafloor (Fader et al., 1977; Shaw 
et al., 2014; Todd et al., 2014). However, further understanding of the 
biological communities and habitats within the BoF is required to make 
informed decisions. Seascape ecology is an emerging interdisciplinary 
field, providing an ocean-centric approach comparable to landscape 
ecology in the terrestrial realm (Pittman, 2017), and provides geospatial 
information for use in all components of marine spatial planning and 
management. Adopting a pattern-oriented approach to understand the 
ecology of marine systems, particularly benthic systems (benthoscapes – 
the biophysical attributes of the seafloor that can be spatially mapped 
using acoustic remote sensing methods (Brown et al., 2012; Lacharité 
et al., 2018; Zajac 2008)), has been made possible through significant 
advancements in ocean floor mapping technologies and data integration 
approaches (Brown et al., 2011). 

Benthoscape maps can be developed by integrating continuous 
remote sensed data (e.g. Multibeam Echosounder (MBES)) and discrete 
ground-truthed data (e.g. sediment samples and imagery) (Brown et al., 
2011; MESH, 2008). The term “benthoscape” is used to describe the 
geomorphology and biology of the seafloor and allows for the inclusion 
of biological elements that can be distinguished from acoustic data 
(Brown et al., 2012), and thus analogous to landscapes in the terrestrial 
realm, and to the benthic component of the marine environment when 
adopting a seascape ecology approach to studying an area. 
Ground-truthed data is used to incorporate species presence, or absence, 
against the segmented spatial units and multivariate statistical analysis 
are applied to look at patterns within the data (e.g. Calvert et al., 2015; 
Misiuk et al., 2019; Proudfoot et al., 2020). The concept of mapping both 
abiotic and biotic components of an ecosystem has become an increas-
ingly useful method for marine spatial planning and conservation 
(Olenin and Ducrotoy, 2006; Smith et al., 2016). 

Several maps of the Bay of Fundy have been developed using the data 
available at the time, including interpretations of the hydrography, 
geological boundaries and geomorphology of the seafloor (Li et al., 
2015; Shaw et al., 2014; Todd et al., 2014). An existing BoF seascape 
map according to Shaw et al. (2014) was produced using a subjective 
‘by-eye’ method which interpreted fine-scale bathymetry, backscatter 
data and ground-truthed data and incorporated horse mussel beds as a 
biological component. Kostylev et al. (2009) also provided an 

interpretation of horse mussel habitat (referred to as “bioherms”) and 
used the flow parallel bedforms visible in the MBES data as a proxy. 
While there is overlap in their interpretations of the distribution of horse 
mussel habitat, there are also discrepancies between these subjective 
methods of mapping. Other studies have looked at mapping horse 
mussel biogenic habitat distribution in the BoF (Beazley et al., 2017; 
Wildish and Fader, 1998); however, low acoustic data resolution and 
small sample sizes yielded broad-scale distribution maps and made it 
difficult to determine protective boundaries around seemingly distinct 
habitats. Additionally, a robust biodiversity assessment of the horse 
mussel beds associated with the bedforms is not available. 

The objectives of this study were to: 1) map broad-scale biophysical 
patterns (i.e. benthoscapes) across the BoF using an objective unsuper-
vised mapping approach; 2) compare the differences in community 
composition, biodiversity, and horse mussel abundances across these 
patterns, and; 3) assess the relationships between biodiversity, horse 
mussel abundance, and horse mussel community compositions specific 
to the flow-parallel bedforms. 

2. Materials and methods 

2.1. Acoustic data acquisition and segmentation 

MBES surveys were conducted across the BoF between 1992 and 
2006, in depths ranging from 9 to 230 m and covered approximately 
13,453 km2 of seafloor (Todd et al., 2020). The extent of the flow par-
allel bedforms along with other bathymetric features of glacial (e.g. 
moraines and drumlins) and tidal origins (e.g. banner banks and large 
dune fields) were revealed within the MBES bathymetry (Todd et al., 
2014, 2020) (Fig. 1a–d). The parallel bedforms were found in the middle 
BoF, in depths between 37 and 88 m, stretching from north of the Digby 
Gut (Nova Scotia) to north of Margaretsville (Nova Scotia), with lengths 
ranging from 2 km to 32 km, widths between 10 m and 60 m and heights 
less than 3 m (Todd et al., 2014) (Fig. 1). 

The MBES surveys were conducted by the Canadian Hydrographic 
Service (CHS), Natural Resources Canada (NRCan) and the Ocean 
Mapping Group at the University of New Brunswick (UNB) from vessels 
CCGS Frederick G. Creed and the CCGS Matthew, along with two smaller 
CHS survey launches (the CSL Pipet and CSL Plover), where MBES ba-
thymetry and backscatter data were collected using five different 
Kongsberg MBES units (EM1000, EM3000, EM1002, EM3002, and 
EM701) (Fig. 2a and b). Positioning was recorded with ±3 m horizontal 
accuracy (Todd et al., 2020) and 0.031 m vertical accuracy (Dodd, 
2010). Sound velocity measures were conducted using a Brooke Ocean 
Technology Moving Vessel Profiler Winch (MVP100) and bathymetric 
data were processed using CARIS HIPS V7.0 and corrected for changes in 
tide using tidal measurements and models from CHS. All surveys were 
gridded at 5 m horizontal resolution (Todd et al., 2020). 

From each survey, acoustic backscatter strength/intensity was 
collected without signal calibration. The use of un-calibrated back-
scatter from multiple sources can be problematic for use in mapping as 
the intensity values produced are relative and not absolute values 
(Misiuk et al., 2020). Hence, a harmonized backscatter dataset, ac-
cording to Hughes Clarke et al. (2008), was used to run the segmentation 
process (Fig. 2b). 

The MBES 5 m gridded data for the BoF was up-scaled to 50 m 
horizontal resolution, and the bathymetry and backscatter layers were 
snapped (i.e. grids aligned) in ArcMap 10.5 using the Inverse Distance 
Weighted (IDW) tool. A 50 m horizontal resolution was chosen based on 
the data volume for the entire BoF MBES, and computational processing 
limitations which prevented the analysis at the maximum resolution of 
the data sets. Success in generating interpreted benthoscape maps have 
also been achieved at this resolution in the past, and can be considered 
suitable when mapping large geographical areas ranging in 1000’s of 
km2 such as the BoF (Elvenes et al., 2014; Lacharité et al., 2018). An 
Object Based Image (OBI) segmentation was produced with 50 m 
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gridded bathymetry and backscatter with eCognition V9.1 using the 
Estimate Scale Parameter (ESP) tool (Drăguţ et al., 2010) set at 50 
(Fig. 2c and d, Fig. 3). This tool determines the degree of tolerance for 
heterogeneity within objects during segmentation and helps to reduce 
the overall number of objects (Drăguţ et al., 2010). 

Variables bathymetry, backscatter (harmonized), slope and broad- 
scale Bathymetric Position Index (BPI) (annulus neighbourhood win-
dow with radius of 1000 m) were selected for the classification process 
(Table 1, Fig. 3). These variables were selected based on availability and 
have been used in similar mapping processes with success (Todd and 
Kostylev, 2011; Lacharité et al., 2018). A wave-shear current velocity 
layer, according to Li et al. (2015), was also included in the classification 
process. This layer was interpolated from 100 m resolution down to 50 
m for the classification process. Previous studies have demonstrated the 
influences of oceanographic parameters on the distribution of benthic 
habitats (e.g. Davies et al., 2008; Young et al., 2020). 

Within each image object, means and standard deviations (SD) were 
computed for all layers, with the exception of current speed for which 
variability (SD) was not considered because of the large discrepancy 
between the resolution of the ocean model and bathymetry. Before 
running the classification analysis, all variables were assessed for cor-
relation. High correlation (> 0.7) existed between mean slope and: SD 
bathymetry, SD broad BPI and SD slope. Slope provides a measure of 

maximum change in elevation and its importance in classifying habitat 
from acoustic remote-sensed data has been demonstrated in similar 
studies (Diesing et al., 2014; Lecours et al., 2017). Therefore, mean slope 
was maintained and the correlated SD layers were excluded from the 
classification process. The remaining variables, mean bathymetry, mean 
broad BPI, mean backscatter, mean slope, mean current speed, and SD of 
backscatter were selected for classification of the image-objects 
(Table 1). 

A fuzzy c-means (soft clustering) process, optimized at 14 clusters, 
was performed on the segmented data using the PPCLUST package in R 
(Cebeci, 2019) (Fig. 3). This method of classification allows for evalu-
ation of classification accuracy at transition zones and gives a more 
realistic interpretation of gradual changes in substrates by providing 
primary and secondary classifications with membership values which 
indicate level of confusion in class assignment (Lucieer and Lucieer, 
2009). A high membership value suggests low confusion of class 
assignment (i.e. closer to centre in a cluster) and an object with a low 
membership value indicates higher confusion of class assignment and is 
closer to the edge of a cluster (Bezdek et al., 1984). An error matrix was 
built to determine the similarities between the segmented environ-
mental classes and the ground-truthed benthoscapes (Fig. 3). The un-
supervised classes (acoustically predicted) were condensed and assigned 
to the most frequent and best matched benthoscape classes derived 

Fig. 2. Multibeam Echosounder Data collected over 1992–2009 by the CHS, NRCan and the Ocean Mapping Group at the UNB. a) Bathymetry b) Harmonized 
backscatter according to Hughes Clarke et al. (2008). c) Segmentations derived from bathymetry and backscatter using OBIA. d) Red polygons representing the flow 
parallel bedforms according to Kostylev et al. (2009) and M. modiolus EBSA boundaries indicated by the white dashed line. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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through the ground-truthed images. Overall accuracy and Cohen’s 
Kappa statistic (Cohen, 1960) were calculated, using the CARET package 
(Khan, 2020). 

At 50 m horizontal resolution, the flow-parallel bedforms associated 
with the horse mussel aggregations (Fig. 4c) were very poorly resolved 
during the OBIA segmentation process. A raster data set was therefore 
created from a shapefile representing the parallel bedforms derived from 
the 5 m resolution MBES data set, according to Kostylev et al. (2009). 
The raster, with an area of 1622.4 km2, was then used to examine further 
the horse mussel beds and biodiversity patterns around the parallel 
bedforms (Fig. 4a and b). The original shapefile derived by Kostylev 
et al. (2009) was modified to remove polygons that were deemed to be 
incorrectly placed based on recent ground-truthed observations (Fig. 4). 

To account for potential camera position error (estimated to be ±16 
m), a 20-m buffer was placed around the polygons representing the 
bedforms. A categorical raster was then built from the area surrounding 
the flow parallel bedforms, the 20-m buffer and the modified polygon 

shapefiles. Each component was given a classification indicating its 
position in relation to the bedforms, “On Bedform”, "Within 20 m of 
Bedform”, and “Off Bedform” (Fig. 4). 

2.2. Seafloor video acquisition and analysis 

Seafloor video was collected using a passive drop-camera system at a 
total of 281 locations in the BoF (Fig. 2a). Video locations were selected 
to ground-truth MBES data (bathymetry and backscatter), to charac-
terise benthos and substrate. The drop-camera system contained a 
downward-looking ultra-high definition (UHD) 4k camera housed in a 
pressure housing with lasers for scaling. Video surveys were conducted 
over three years (2017–2019) from chartered vessels FV Brittany and 
Madison V and VI. The camera system was lowered at the aft of the vessel 
to 1–2 m off the seafloor and vessel and camera were allowed to drift 
with the current for 5–15 min corresponding to distances of approxi-
mately 100–500 m in transect length. Position of the vessel was recorded 
and coordinates (vessel position), depth (vessel echosounder) and time 
were recorded every second. Horizontal positional accuracy of the 
camera (±16 m) was estimated by matching discrete boundaries of 
substrate changes on both the video and the backscatter data at 5-m 
resolution and measuring the distance between the two points. 

A single observer reviewed transects from all 281 UHD videos. Im-
ages were extracted from 100-m segments of video transects at 10-m 
intervals, for a total of 10 images per transect. Distances along video 
transects were determined using recorded coordinates and GPS times 
corresponding to video time-stamps. Each image was scaled and image 
surface areas were measured using ImageJ (Schindelin et al., 2012). 5 ×
5 cm grid cells were overlaid on each image to measure percent coverage 
of colonial taxa and were measured by counting each grid cell in which 
> 50% of the area was occupied. Individuals > 2 cm (i.e. megafauna - 
defined as organisms > 1 cm according to Stratmann et al. (2020)) were 
counted using Image-J point tool. Abundances (counts) were standard-
ized by area (m2). Taxa were identified using taxonomic guides for 
Atlantic Canada (Martinez, 2011; Sameoto, 2018 unpublished). 

Each image was assigned a benthoscape classification based on 
dominant substrate types (using the Wentworth scale (Wentworth, 
1922)) and biological characteristics, similar to those used by Lacharité 
et al. (2018) and Brown et al. (2012) where applicable. Community 
assemblage patterns were investigated using the images extracted from 
each station (Fig. 3). Images deemed poor quality (i.e. low visibility, too 
far off the seafloor, fast drift speed) were filtered out of the dataset as 
well as images without visible lasers. Images absent of taxa were 
removed and all taxa abundances were square-root transformed to 
reduce variability caused by large differences in abundances. 

A Non-Metric Multi-Dimensional (NMDS) ordination with Bray- 
Curtis similarity measures was performed (using the R VEGAN pack-
age (Oksanen et al., 2019)), with benthoscapes as a factor, to assess 
patterns amongst communities and benthoscape classes across the BoF. 
A Pairwise Analysis of Similarities (ANOSIM) was performed to assess 
the differences in assemblage composition between classes and Indicator 
Value analysis was conducted using the ‘multipatt’ function in the R 
package INDICSPECIES (De Cáceres and Legendre, 2009) to assess sig-
nificant taxa associations within each benthoscape class. This statistical 
method uses an indicator value index (product of the average abundance 
of a species and the number of times a species occurs at stations within a 
cluster) to measure the association between groups (benthoscapes) and 
taxon. A threshold significance level of 0.05 and 999 random permu-
tations were used to test the significance of indicator taxa (e.g. Lacharité 
and Brown, 2019). 

In addition to the multivariate statistical analysis, univariate ana-
lyses were applied to assess horse mussel abundance and biodiversity 
within benthoscape classes. Observed and predicted species accumula-
tion curves were produced for each benthoscape class using the R 
VEGAN package (Oksanen et al., 2019) (Fig. 8a). This approach allows 
for the assessment of species richness within areas, but also indicates 

Fig. 3. Methodological workflow showing both the broad-scale Object Based 
Image Analysis (OBIA) segmentation and benthoscape classification process 
and the fine-scale by-eye interpretation and classification of the flow parallel 
bedforms (processes divided by dashed line). Multivariate and univariate ana-
lyses using epifaunal abundance from in situ video data are applied to both 
methods to evaluate community patterns at broad and fine scales. 

Table 1 
Environmental variables selected for classification process. Only Bathymetry 
and Backscatter were used for the segmentation process.  

Environmental 
Variables 

Description Horizontal 
Resolution 

Units 

Bathymetry Depth 50 m metre 
Backscatter Measure of intensity of 

acoustic signal from MBES 
and indicator of bottom 
hardness 

50 m intensity 

Slope (Horn, 1981) Measures maximum change 
in elevation (steepness) 

50 m degrees 

Broad BPI - 1000m 
radius (Weiss, 
2000) 

Differences in values of 
centre cell to mean of 
surrounding cells. Negative 
values = pits/depressions, 
Positive values = peaks/ 
crests, 0 = constant slope or 
flat terrain 

50 m metre 

Wave-shear current 
velocity (Li et al., 
2015) 

Wave-shear stress at the 
seabed 

50 m m•s− 1  
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adequacy of sampling efforts (Ugland et al., 2003). Class bedrock and 
boulders was excluded due to low sample sizes and classes Silt and Tidal 
Scoured Mixed Sediments were extrapolated to 100 images. 
Kruskal-Wallis tests (Kruskal and Wallis, 1952) were run to determine 
the statistical significance of horse mussel abundance between bentho-
scape classes and posthoc Dunn tests (Dunn, 1964) were performed to 
examine which benthoscapes were responsible for significant differ-
ences if any. A second NMDS ordination was produced, with the 
segmented “by-eye” bedform polygon layer (Fig. 4) as a factor, to look at 
patterns on, off and within 20 m range of the flow parallel bedforms. 
Biodiversity patterns within these groups were investigated further by 
running multivariate pairwise ANOSIM and Indicator Value analyses as 
well as univariate analyses of species richness and horse mussel abun-
dance (Fig. 3). 

3. Results 

3.1. Bay of Fundy benthoscapes 

A total of 1879 ground-truthed images were classified into seven 
benthoscape classes: Bedrock and boulders (> 50% bedrock and boul-
ders); Mixed sediments (Glacial Till - < 50% boulders or bedrock with 
mixed sediments of cobble, gravel and sand); Tidal scoured mixed sedi-
ments (Glacial till - boulders or cobble with high roundness and low 
angularity); Silty gravel with anemones (> 50% gravel with silt and 
Anemones); Gravelly sand (Sand with 5–30% gravel); Sand (> 90% 
Sand); and Silt (> 90% Silt), and were used to assign classifications for 
the final benthoscape map. 

After reducing the complete set of images to those deemed good to 
moderate quality, a total of 878 images remained to assess community 
assemblage patterns. A total of 44 megafauna taxa were identified 
among which horse mussels (Modiolus modiolus), dahlia anemone 
(Urticina felina), brachiopods (Terebratulina sp.), lemon weed bryozoan 
(Flustra foliacea), and common sand dollar (Echinarachnius parma) were 
the most common (Table S1). Numerous species of hydroids were noted 
as present but could not be measured for percent coverage due to video 
clarity and resolution issues (e.g. Tubularia sp., Sertulariidae). 

A total of 1298 image-objects were produced from the OBIA seg-
mentation from bathymetry and backscatter layers with eCognition with 
the scale parameter of 50 (Fig. 2c and d). The fuzzy c-means clustering 
(optimized at 14 classes) produced classes numbered 1–14 and each 
image-object was assigned a primary and secondary class with mem-
bership values (between 0 and 1). The primary acoustic classes 8, 9, and 
14 were associated with high membership values (> 0.5) with lower 
membership values (< 0.25) corresponding to classes 3 and 12, and a 
range of low to moderate membership values in the remaining classes 
(Fig. 5a). All secondary acoustic classes were associated with low 
membership values (< 0.25) (Fig. 5b). Image-objects classified as 5, did 
not contain ground-truthed data. 

Comparisons of the fuzzy c-means classifications from the unsuper-
vised process (predicted acoustic classes) and the benthoscape classifi-
cations derived from observations of the ground-truthed data (reference 
classes) did not result in a 1:1 relationship, and environmental variables 
had varying influences on the acoustic classes and final map classifica-
tions (Fig. 6). However, the fuzzy c-means classes could be appropriately 
grouped and condensed based on the benthoscape class with which it 

Fig. 4. Categorical layer representing on bedform, off bedform and within 20 m derived from flow parallel bedform interpretation according to Kostylev et al. (2009). 
The Bay of Fundy data was subset (grey polygon) to allow for fine scale assessment of community patterns across the bedforms. a) Bedform interpretation of off 
bedform (grey), within 20 m (orange) and on bedform (teal). b) 5 m bathymetric hillshade of flow parallel bedforms. c) 50 m bathymetric hillshade demonstrates the 
lack of resolution necessary to assess bedform community patterns. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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most frequently matched. From an error matrix, the overall accuracy 
was calculated to be 71% with a kappa statistic of 0.60 (Table 2). Ac-
cording to Landis and Koch (1977), a kappa value > 0.8 suggests a 
strong agreement between classes, 0.40–0.80 represents a moderate 
agreement and < 0.4, poor agreement. Final map benthoscape classifi-
cations were: bedrock and boulders; mixed sediments; tidal scoured mixed 
sediments; silty gravel with anemones; gravelly sand; sand; and silt 
(Fig. 6a–g). Comparison of the final benthoscape classes to the values of 
the individual environmental variables used in the classification process 
(Fig. 7a–f), show associated ranges of acoustic data and the oceano-
graphic parameter. For example, wave shear velocity had a high influ-
ence on the classification of tidal scoured mixed sediments (acoustic class 
7), where high current speeds were the delineating factor, and slope and 
broad BPI appeared to influence bedrock and boulder classifications 
(acoustic class 10). 

If an image-object contained a low membership value as well as 
ground-truthed data and it was clear that the second classification was 
more appropriate than the primary classification, the image objects were 
manually re-assigned to their secondary classification. 7 image objects 
(0.5% of total number of image objects) were re-classified (e.g. an image 
object near the Digby Gut had a primary classification of 10 (corre-
sponding to Bedrock and boulders) whereas the secondary classification 
of 11 (corresponding to mixed sediments) more appropriately matched 
the ground-truthed data classification). 

The NMDS results were plotted with benthoscape (derived classes 
from the images) as a factor and revealed similarities between bottom 

types (stress = 0.16) (Fig. 8a). The ordination plot shows an overlap of 
community patterns amongst benthoscape classes with significant sim-
ilarities between sand and gravelly sand. Similarly, high overlap exists 
between silty gravel with anemones and silt classes. After removal of poor- 
quality images (i.e. images with low visibility, too far off the bottom, or 
no visible lasers), few images with bedrock and boulder classifications 
remained and are not well represented in the ordination. 

ANOSIM results show moderate to low effects of benthoscape types 
on community composition. The comparison between the classes sand 
and bedrock and boulders; mixed sediments and gravelly sand; sand and silt; 
and gravelly sand and silt show the most significant separation between 
respective groups with R > 0.70, whereas R-values (R < 0.30) for tidal 
scoured mixed sediments and silty gravel with anemones; mixed sediments 
and silty gravel with anemones; and sand and mixed sediments suggest there 
is little separation in community composition between the respective 
classes (Table S2). 

Indicator Value analysis suggests that mixed sediments are charac-
terized by Flustra foliacea, Placopecten magellanicus and Asterias rubens, 
while sand benthoscapes are characterized by Echinarachnius parma and 
Modiolus modiolus. Pachycerianthus sp. are associated with silt bentho-
scapes, silty gravel with anemones were mainly characterized by Urticina 
felina, Terebratulina sp. and Pandalus sp., whereas tidal scoured sediments 
were characterized by Halichondria panicea (Table 3). 

Species accumulation curves suggest differences in species richness 
as well as varying sample efforts across benthoscapes (Fig. 8a). Curves 
for mixed sediments and silty gravel with anemones suggest a higher 
number of species than other classes. Sampling efforts were low in both 
silt and tidal scoured mixed sediments and the observed species accumu-
lation curves suggest more sampling is necessary in order to draw con-
clusions regarding differences in species richness. While we recognize 
the issues associated with extrapolation, estimates of richness for silt and 
tidal scoured mixed sediments suggest a similar pattern to gravelly sand, 
and sand. Although horse mussels were observed throughout the BoF on 
various substrate types, abundances are highest in areas classified as 
sand. The Kruskal-Wallis and Dunn tests suggest that the differences in 
horse mussel abundance between benthoscape classes were significant 
(p < 0.1) between sand and silty gravel with anemones (Table S3). It 
should also be noted that large abundances of small horse mussels were 
observed at four stations within tidal scoured mixed sediments but could 
not be accurately counted due to poor video quality (Fig. 6). 

3.2. Flow parallel bedforms 

The NMDS ordination (stress = 0.16) results from the epifaunal 
abundance data within the area of the fine-scale categorical bedform 
layer derived from the modified “by-eye” interpretation originally 
developed by Kostylev et al. (2009) (Fig. 4), were plotted with relation 
to bedform as a factor to reveal similarities between position relative to 
the bedforms (Fig. 8b). Considerable overlap in community patterns 
exists between both areas on the bedforms, off and within 20 m of the 
bedforms. On further investigation of community patterns in relation to 
the parallel bedforms, the ANOSIM output suggested little difference (R 
= 0.113) between off bedform and on bedform (p = 0.045; Table S2). 
However, the Indicator Value analysis suggests differences in charac-
terizing species for off bedform and on bedform communities. Flustra 
foliacea and Urticina felina show high specificity (component A > 0.7) off 
of the bedforms (i.e. high probability that the samples are associated 
with areas off bedforms given the presence of these taxa) (Table 3). 
Urticina felina were found exclusively off of the bedforms (i.e. compo-
nent A = 1.00) and there was a high probability of finding lemon weed 
within areas off bedforms (i.e. component B = 0.71). Indicator index 
values for horse mussels suggest a weak (indicator value index = 0.56) 
but significant association to areas located on the bedforms. No signif-
icant indicators were found within 20 m of the bedforms. 

Univariate analysis comparing species richness with position relative 
to flow parallel bedforms suggest higher biodiversity off the bedforms 

Fig. 5. Membership values for a) primary fuzzy c-means classifications of 
image objects: 1 (n = 82); 2 (n = 138); 3 (n = 65); 4 (n = 69); 5 (n = 17); 6 (n 
= 169); 7 (n = 43); 8 (n = 110); 9 (n = 99); 10 (n = 73); 11 (n = 139); 12 (n =
77); 13 (n = 113); 14 (n = 104), with median membership value of 0.28 rep-
resented by dashed line. b) secondary fuzzy c-means classification of image 
objects: 1 (n = 98); 2 (n = 184); 3 (n = 182); 4 (n = 153); 5 (n = 1); 6 (n =
128); 7 (n = 11); 8 (n = 41); 9 (n = 122); 10 (n = 12); 11 (n = 145); 12 (n =
151); 13 (n = 24); 14 (n = 46) with median membership value of 0.13 repre-
sented by dashed line. 
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Fig. 6. Final Benthoscape map produced using OBIA segmentation and unsupervised fuzzy c-means classification. a) Bedrock and boulders; b) Mixed Sediments; c) 
Gravelly Sand; d) Tidal Scoured Mixed Sediments; e) Sand; f) Silt; and g) Silty Gravel with Anemones. Stn 64 shows an example of M. modiolus biogenic habitat. Stn 268 
show small M. modiolus observed in the Tidal Scoured Mixed Sediments region; however, due to poor video quality, they could not be counted and are indicated as 
presence rather than abundance. 
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than on the bedforms and within 20 m. However, sampling efforts varied 
across these areas and therefore species numbers are difficult to compare 
(Fig. 8b). Horse mussel abundance was found to be significantly 
different between positions on and off the bedforms and on and within 20 
m of the bedforms (p < 0.001) (Fig. 8b, Table S4). 

4. Discussion 

This study successfully developed a benthoscape map of the BoF 
using the minimum mapping unit resolvable from continuous remotely 
sensed environmental data (i.e. benthoscapes, as defined by Brown et al. 
(2012)) by applying a seascape ecology approach proposed by Pittman 
(2017). Error matrix accuracy results of 71% and kappa statistic of 0.6 
suggest that this map can be useful in applications of marine spatial 
planning and management (Brown et al., 2012; Landis and Koch, 1977). 
The resulting benthoscape map reflects more of the physical character-
istics and less of the biological attributes of the seafloor. The initial 
benthoscape classes (derived from the ground-truthed data) which 
incorporated conspicuous biological characteristics could not be re-
flected accurately in the segmented 50 m resolution dataset. For 
example, classifications sand with sand dollars and sand with horse mussels 
were initially identified. However, when assessing map accuracy 
through error matrices, these areas did not appear to be acoustically 
distinguishable between sand, gravelly sand and mixed sediments. 
Although not acoustically distinct, the benthoscape class silty gravel with 
anemones was consistently occupied by Urticina felina and was therefore 
assigned a biological descriptor. 

Using quantifiable measures, the classification process was able to 
delineate substrates based on the values of the underlying acoustic data. 
This is illustrated in our map where areas in the mid BoF classified as 
mixed sediments, sand and gravelly sand were mapped uniformly as glacial 
sediments in the Shaw et al. (2014) seascape map. This demonstrates the 
capability and advantages of objective methods for classifying broad 
biophysical characteristics of the seafloor. While subjective classifica-
tion is widely accepted and considered to be the conventional method of 
mapping, recent developments in objective methods, such as the 
methods used in this study, are becoming increasingly accurate and 
useful for producing broad-scale biophysical maps of the seafloor 
(Lacharité et al., 2018; Proudfoot et al., 2020; Menandro et al., 2020). 
Discrepancies often result when classifications are conducted using 

manual methods, as demonstrated in Shaw et al. (2014) and Kostylev 
et al. (2009). In contrast, the objective classification employed in this 
study provides reproducible results irrespective of level of expertise or 
opinion. While unsupervised methods reduce subjectivity, Diesing et al. 
(2014) note that there are no absolute maps to compare objective vs. 
subjective methods and overall agreement between each method aid in 
reducing uncertainty in the development of maps of the same area. 

Biological characteristics of a habitat identified through video data 
(e.g. sand with sand dollars and sand with horse mussels) may not have a 
distinct acoustic signature and can therefore be difficult to incorporate 
into the seascape ecology mapping approach. However, physical attri-
butes mapped using acoustic remote sensing techniques can be used in 
complimentary methods such as species distribution modelling to 
inform areas of significant biological characteristics (Brown et al., 
2011). Our study therefore provides further evidence that adopting a 
benthic habitat mapping approach through the integration of spatial 
acoustic remote sensed data sets with in situ ground validation offers an 
effective way to study benthic biodiversity patterns within a seascape 
ecological approach. 

Community composition across benthoscape classes (derived from 
the in-situ imagery) revealed indiscrete community assemblages. 
Overlapping points, illustrated in the NMDS ordination, suggests com-
munity patterns share associations between benthoscape classes and 
that communities exhibit gradational shifts in composition between 
hard and soft substrates. These results are consistent with other benthic 
community assemblage studies (Brown et al., 2002, 2012; Lacharité 
et al., 2018). While overlap in community composition was evident and 
expected, differences in communities were demonstrated in the ANOSIM 
outputs between sand and bedrock and boulders (R = 0.71); sand and silty 
gravel with anemones (R = 0.59); sand and silt (R = 0.70); and gravelly 
sand and silt (R = 0.80). The community differences from the multi-
variate statistical analyses reflect those described by Shaw et al. (2014) 
(e.g. sand dollars, horse mussels and sponge communities in sandy 
seascapes, scallops and bryozoans in glacial seascapes, attached fauna in 
bedrock seascapes and brittle stars and anemones in muddy seascapes). 
Small horse mussels and breadcrumb sponge (Halichondria panicea) in 
well-rounded and sub-rounded cobble and gravel were observed from 
the Geological Survey of Canada video and sediment surveys (Todd 
et al., 2010). This agrees with the areas classified as tidal scoured mixed 
sediments and observations of abundant small horse mussels (< 5 cm). 

Table 2 
Error matrix for benthoscape classes by fuzzy c-means classification through an unsupervised classification method using OBIA to segment seafloor into spatial 
units. 
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Indicator value results show that areas of silty gravel with anemones 
are characterized by Terebratulina sp. and Urticina felina. This result is 
consistent with findings from Fader et al. (1977) and Shaw et al. (2014), 
although these studies both found Ophiura sp. to be prevalent in these 
regions as well. The absence of Ophiura sp. could indicate a shift in 
community patterns between survey years. Additionally, associated 
biota to Shaw et al.‘s “Biological seascape” class conforms with the re-
sults from the Indicator Value analysis within the sand benthoscape, 
where horse mussels were a characterizing species. 

Species accumulation curves for benthoscapes indicate a higher 
number of species within silty gravel with anemones than in gravelly sand. 

In contrast, a study conducted by Ward-Paige & Bundy (2016) shows 
comparable species richness in areas corresponding to these bentho-
scapes. Our finding of high abundances of horse mussels within the sand 
benthoscape supports the conclusions from surveys conducted by 
Wildish et al. (1998b) and Todd et al. (2014) where horse mussel 
biogenic habitats are concentrated in the areas of the flow-parallel 
bedforms within sand substrates. Our observations of horse mussels 
throughout the BoF in various substrate types also correspond to reports 
of Wildish et al. (1998b) and Wildish et al. (2009), where horse mussels 
are said to be found in sand with bioherms, gravel cobble, gravel/scallop 
bed, mottled gravel and glaciomarine mud. However, Wildish et al. 

Fig. 7. Boxplots of resulting classifications and environmental variables after merging the acoustic classes based on the error matrix (Table 2) (a–f). Bedrock and 
boulders (n = 53); Gravelly Sand (n = 38); Mixed Sediments (n = 535); Sand (n = 528); Silt (n = 20); Silty Gravel with Anemones (n = 96); and Tidal Scoured Mixed 
Sediments (n = 110). The dashed horizontal line represents the median environmental variable value across benthoscapes. 
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(1998b) also suggested that preference is given to areas of solid, 
non-mobile substrates, absence of excessive currents, varying seabed 
roughness (i.e. changes in benthic boundary layer flows) and areas with 
low saltating sand (which influence filter-feeding efforts). This is in 
contrast to our findings of horse mussels within the tidal scoured mixed 
sediments where, according to Li et al. (2015), mean shear velocities 
reach upwards of 10 cms− 1. 

The spatial scales at which species interact with their environment 
are not always known, and multiscale analyses are therefore often used 
to interpret species distribution patterns. Maps derived at multiple 
spatial scales have demonstrated improved model accuracy (Lecours 
et al., 2015; Misiuk et al., 2018; Porskamp et al., 2018). In this study, the 
OBIA segmentation process did not delineate the flow-parallel bedforms 
at a broad scale (50 m). As a complimentary approach to investigating 
the horse mussel habitats within the BoF, a secondary objective of this 
study was to bring focus to the horse mussel biogenic habitats and 
community patterns by examining the fine-scale “by-eye” interpretation 
of the flow parallel bedforms according to Kostylev et al. (2009). 

Relationships of horse mussel abundance and biodiversity were 
examined to determine the significance of these structures. The NMDS 
ordination plot, showed considerable overlap between factors on and 
within 20 m of flow parallel bedforms, with some overlap of communities 
off of the bedforms. This result indicates that community patterns on, off 
and near the bedforms are not discrete, but show a gradual shift across 
these areas. These results suggest that horse mussel communities are not 
exclusive to the bedforms. The low R-value (0.11) indicated by the 
ANOSIM suggests there are little differences between on and off bedform 

communities, although the indicator analysis show differences in sig-
nificant species. A similar observation was made off Northwest Wales, 
where undulating structures were found to be associated with high 
abundances of horse mussels (Sanderson et al., 2008). In this setting, 
trough and ridge horse mussel communities showed similar community 
patterns but differed in abundances. Higher abundances of horse mus-
sels (Modiolus modiolus), soft coral (Alcyonium digitatum) and brittle stars 
(Ophiothrix fragilis) were found on the ridges and lower abundances of 
these species were found in the troughs. In Northwest Wales, higher 
densities of horse mussels and other filter-feeding organisms on the 
ridges were attributed to increased food availability due to higher 
flow-rates at higher elevations (Sanderson et al., 2008). 

In our study, Indicator Analysis showed on bedform habitats were 
characterized by horse mussels and off bedform habitats were charac-
terized by Flustra foliacea. These results imply that while not restricted to 
the flow-parallel bedforms, horse mussels are associated with on flow 
parallel bedform habitats. Similarly, the univariate analyses convey 
significantly higher abundance of horse mussels on the bedforms than off 
and within 20 m of the bedforms. This supports the findings of Wildish 
et al. (1998a) and Todd et al. (2014) of higher abundances of horse 
mussels on the bedforms. This study was not successful in providing 
concrete answers to the origins of the parallel feature (i.e. biogenic or 
geological). However, the results suggest the formation of the features 
may be influenced by a combination of seabed substrate, physical 
oceanography and biological preferences. 

Video observations across confirmed horse mussel beds showed 
distinguishable differences in abundances and composition of faunal 

Fig. 8. a) NMDS ordination plot of species assemblages with corresponding benthoscape class as a factor (Stress = 0.17), M. modiolus abundance within benthoscapes 
(±SD) and observed and predicted sample based species accumulation curves for benthoscapes (images = 100). Class Boulders and bedrock was excluded due to low 
sample size; b) NMDS plot of species assemblages in relation to flow parallel bedforms as a factor (Stress = 0.16), M. modiolus abundance with position relative to 
parallel bedforms (±SD) and observed and predicted sample based species accumulation curves (images = 50) for position relative to bedforms. 
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communities as the camera transitioned from horse mussel bed to sandy 
plains void of horse mussels. This is most likely due to the effects of 
habitat modification. An example of this was documented in Flaxaflói 
Bay, Iceland horse mussel beds, where increased physical complexity 
had a significant effect on the composition and abundance of benthic 
faunal communities (Ragnarsson and Burgos, 2012). According to the 
criteria defined by Morris (2015), the observed horse mussel habitats 
can be considered horse mussel biogenic habitat (i.e. clumps of 
epifaunal or infaunal mussels with more than 5 individuals per m2 

supporting higher diversity/richness than the surrounding area). In 
contrast, smaller horse mussels observed in tidal scoured mixed sediments 
did not appear to support higher diversity or exhibit significant differ-
ences in community patterns than the surrounding area. When 
comparing position relative to bedforms, differences in species richness 
and sampling efforts were evident. We experienced challenges obtaining 
adequate video within on bedform environments due to the orientation 
of the features (i.e. parallel to current flow), strong currents and camera 
deployment methods. These challenges were also noted in previous 
sampling efforts by Wildish et al. (2009). 

The BoF plays an important socio-economic role in Atlantic Canada 
through fisheries. As such, it is possible that decades of fishing pressures 
have played a role in the distribution of species across the this area. 
There is potential for areas of suitable habitat to become unsuitable 
based on constant anthropogenic impacts. However, observations of 
dense horse mussel beds suggest that some areas remain intact despite 
fishing pressure in the area (Butler and Coffen-Smout, 2017). Further-
more, dredge samples from Sameoto et al. (2020), showed that present 
populations of horse mussels within the EBSA have increased in size, age 
and maturity levels compared to when first sampled in 1998 by Wildish 
et al. (1998b) (from median valve length 62 mm–113 mm, corre-
sponding to a change in age of 7.5 years–15 years). Long recovery times 
(Cook et al., 2013) and slow growth rates (Dinesen and Morton, 2014) of 
horse mussels suggest that these observed mussel beds have existed long 
enough to become established and densely populated. While designation 
of an SBA across the flow-parallel bedforms would contribute to Cana-
da’s target conservation goals, the multivariate and univariate analyses 

suggest that the horse mussel beds are not discretely associated with the 
location of flow parallel bedforms and therefore, using these features to 
inform horse mussel bed occurrences may lead to the exclusion of dense 
horse mussel aggregations formed elsewhere. Alternatively, it may lead 
to the protection of features without horse mussel aggregations and 
unnecessary closures of important fishing grounds. 

Although benthoscape classes were best delineated by physical 
characteristics, multivariate statistical analyses were able to determine 
which substrate types were significantly characterized by certain taxa; 
further, analyses using the fine scale interpretation of the flow parallel 
bedforms suggests horse mussel beds are not exclusively found on these 
features. Overall, this study presented a benthoscape map of the Bay of 
Fundy that can be used to inform future marine spatial planning and 
marine conservation decisions related to horse mussel biogenic habitats, 
as well as the surrounding habitats, and could help inform the impor-
tance of current and future EBSAs, SBAs, or MPAs within the Bay of 
Fundy. 
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Cook, R., Fariñas-Franco, J.M., Gell, F.R., Holt, R.H.F., Holt, T., Lindenbaum, C., 
Porter, J.S., Seed, R., Skates, L.R., Stringell, T.B., Sanderson, W.G., 2013. The 
substantial first impact of bottom fishing on rare biodiversity hotspots: a dilemma for 
evidence-based conservation. PloS One 8. https://doi.org/10.1371/journal. 
pone.0069904. 

Cooper, J.A., Goodwin, C., Lawton, P., Brydges, T., Hiltz, C., Armsworthy, S., 
McCurdy, Q., 2019. Characterisation of the sublittoral habitats of the brier island/ 
digby neck ecologically and biologically significant area, Nova Scotia, Canada. Can. 
Tech. Rep. Fish. Aquat. Sci. 3327. https://waves-vagues.dfo-mpo.gc.ca/Library/408 
18111.pdf. 

Davies, A.J., Wisshak, M., Orr, J.C., Murray Roberts, J., 2008. Predicting suitable habitat 
for the cold-water coral Lophelia pertusa (Scleractinia). Deep Sea Res. Oceanogr. Res. 
Pap. 55, 1048–1062. https://doi.org/10.1016/j.dsr.2008.04.010. 
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