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Abstract
As human impacts continue to threaten coastal habitats and ecosystems, marine benthic habitat and substrate mapping has
become a key component of many conservation and management initiatives. Understanding the composition and extent of
marine habitats can inform marine protected area (MPA) planning and monitoring, help identify vulnerable or rare habitats
and support fisheries management. To support conservation planning in Eastern Canada, we mapped the seafloor of Newman
Sound, identifying the benthoscape classes (i.e. discrete biophysical seafloor classes) of this ecologically diverse and unique fjord
in Newfoundland and Labrador (NL). Mapping was achieved using multibeam echosounder (MBES) data collected using
multiple platforms, seafloor videos and an unsupervised pixel-based classification method. Seven benthoscape classes were
identified within the extent of the MBES coverages. Multivariate statistical analyses indicate that two benthoscape classes -
mixed boulder and mud - support distinct epifaunal communities, and also capture the changes in benthic community compo-
sition between hard/shallow substrates and soft/deep substrates. Our results illustrate how benthoscape maps can inform marine
spatial planning and conservation in the Newman Sound region, support monitoring and also calls for adaptive management of
the adjacent Eastport MPA.
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Introduction

Coastal areas are among the most highly threatened and vul-
nerable regions of the world (Waycott et al. 2009; Halpern
et al. 2015; Li et al. 2018). Climate change, natural resource
extraction, coastal development and land-based pollution are
just a few of many stressors that can lead to habitat

degradation and loss in coastal areas (Halpern et al. 2008;
Grech et al. 2011; Lefcheck et al. 2017).

Protecting coastal areas requires knowledge of the habitats
and ecosystem characteristics of the region. However, it can
be difficult to assess impacts and monitor changes without
baseline information on the composition and extent of coastal
habitats and ecosystems. As a result, habitat and substrate
maps have become central to many coastal conservation and
management activities (Brown et al. 2012; Copeland et al.
2013; Buhl-Mortensen et al. 2015; Novaczek et al. 2017a).

Advances in acoustic (sonar) seafloor mapping and sam-
pling techniques have allowed for the production of fine-scale
generalized biophysical maps of the seafloor (i.e. benthoscape
maps – Brown et al. 2012). Benthoscapes are characterized by
dominant substrate types, distinct organisms and/or seabed
forms (e.g. ripples, sandwaves; Zajac et al. 2003; Brown
et al. 2012). Multibeam echosounders (MBES) offer a survey
technique capable of collecting continuous coverage baseline
information pertaining to seafloor characteristics (Brown et al.
2011). Seafloor bathymetry measured by MBES can be used
to understand the geomorphology of the seafloor through the
production of bathymetric derivatives such as slope, rugosity,
aspect and curvature (Brown et al. 2011; Lecours et al. 2016).
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MBES backscatter, a measure of the acoustic signal strength
returning from the seafloor, has also proven valuable in un-
derstanding seafloor characteristics within a region.
Backscatter strength can capture variability in substrate com-
position, with strong backscatter signals typically representing
hard, consolidated substrates such as bedrock, boulder and
cobble, while weak signals correspond to soft, muddy sub-
strates (Lurton et al. 2015). Using a combination of bathyme-
try, bathymetric derivatives and backscatter have proven valu-
able for predicting substrate and species distribution (Monk
et al. 2010; Brown et al. 2011; Lecours et al. 2017).

Recording backscatter intensity is complex. A combination
of factors, including system-specific settings and environmen-
tal variability can result in backscatter intensity values that are
not typically calibrated across surveys (see Lurton et al. 2015,
Lacharité et al. 2017 and Brown et al. 2019 for comprehensive
discussions of backscatter measurements and challenges).
This can present further challenges in terms of extrapolating
substrate and habitat predictions across multiple MBES cov-
erages. However, novel methods have been developed and
refined for producing seamless biophysical seafloor maps
using multiple MBES coverages from an area (Lacharité
et al. 2017).

Benthoscape maps and species-specific habitat maps pro-
duced using these techniques can inform marine conservation
and marine spatial planning activities (Young and Carr 2015;
Novaczek et al. 2017b). Specifically, these maps can help
identify vulnerable or threatened habitats (Rengstorf et al.
2013), support and monitor restoration activities (Walker
and Alford 2016) and inform fisheries management (Brown
et al. 2012; Smith et al. 2017; Walton et al. 2017). Identifying
the extent, location and composition of seafloor features and
biodiversity in the form of habitat maps also provides impor-
tant baseline information for assessing change, particularly as
impacts from climate change and anthropogenic activities
continue to threaten the resilience of coastal areas.

Here, we used MBES bathymetry, backscatter and deriva-
tives from two uncalibrated sources to create a benthoscape
map of a coastal fjord with high conservation potential. We
then discuss how the map provides important baseline infor-
mation to support conservation planning in the region.

Newman Sound is a fjord located in Bonavista Bay on the
northeast coast of the island of Newfoundland, Canada. The
western part of the fjord is located within the boundaries of
Terra Nova National Park, one of two national (i.e. federal)
parks on the island of Newfoundland. Due to the high diver-
sity and abundance of ecologically unique areas, including
tidal flats, eelgrass and rhodolith beds, and species rich sub-
merged fjord walls, Newman Sound has been listed in an
expert process as a ‘special marine area’ (CPAWS-NL
2017). ‘Special marine areas’ recognize special or representa-
tive marine features identified during a series of workshops
where scientists, provincial and federal government and

community experts together identified areas in the province
of Newfoundland and Labrador of higher conservation value.
The inner basin of Newman Sound, makes up approximately
70% of the Terra Nova Migratory Bird Sanctuary (11.8 km2),
and provides important habitat for a high diversity of migra-
tory shorebirds, seabirds and resident waterfowl
(Environment and Climate Change Canada 2017). Newman
Sound also supports sizeable eelgrass (Zostera marina) beds,
which serve as important refuge and nursery areas for juvenile
Atlantic cod (Gadus morhua) (Linehan et al. 2001; Cote et al.
2004; Rao et al. 2014) and other fish and invertebrate species
(Joseph et al. 2013; Cote et al. 2013).

The Round Island closure, one of two closed areas of the
Eastport Marine Protected Area (MPA), is located in Newman
Sound (Fig. 1), adjacent to the area mapped in this study.
Eastport is one of two Fisheries and Oceans Canada (DFO)
Oceans Act MPAs in the province of Newfoundland and
Labrador. This small (2.1 km2) no-take MPA was established
in 2005, based on a voluntary fishing closure initiated by the
local community in 1997. The primary goal of the Eastport
MPA is to protect American lobster (Homarus americanus), a
species fished commercially in the region. Reports of high
lobster catches informed MPA boundary placement, however
no habitat mapping or biodiversity surveys were done prior to
MPA establishment. Recent habitat mapping and characteri-
zation within the boundaries of theMPA have determined that
the MPA does little to conserve habitats and biodiversity rep-
resentative of the broader region of Newman Sound
(Novaczek et al. 2017a).While the EastportMPAwas primar-
ily designed to help protect a single species, its small size
offers limited protection of ecologically diverse and unique
areas in Newman Sound. A recent ecosystem goods and ser-
vices study used biological indicators (estimates of lobster
abundance; catch per unit effort; estimates of berried females;
size distribution) to examine the impact of the MPA on the
local lobster fishery (Lewis et al. 2017). The study determined
that the Eastport MPA has little to no effect on the enhance-
ment of the local fishery as the majority of biological indica-
tors show no significant improvement when compared to re-
gional scale patterns. The small size of the Eastport MPA is
frequently cited as limiting the fisheries enhancement and bio-
diversity conservation benefits of the MPA (Lewis et al. 2017;
Novaczek et al. 2017a; Stanley et al. 2018), leading to calls for
adaptive management that could result in expanding or chang-
ing the MPA boundaries to include more diverse habitats
(Novaczek et al. 2017a). Adaptive management allows regu-
lations and boundaries to be improved as new data and knowl-
edge is gathered and analyzed and as ecological systems
change through time (Wilhere 2002). While identifying the
appropriate MPA size is complex, general guidelines recom-
mend that if an MPA is intended to conserve biodiversity and
support climate change resilience it should be moderate to
large in size, ideally 4–20 km across (Green et al. 2014).
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The benthoscape map of Newman Sound presented here
provides important baseline information that can support the
calls for the potential adaptive management of the Eastport
MPA to include representative biodiversity and unique and
vulnerable habitats of the wider geographic region. We illus-
trate scenarios for extending the boundaries of the Round
Island closure into the area mapped in this study and the
resulting increases in protection of benthoscape classes. The
benthoscape map can also be used to identify variability in
benthoscape pattern and benthic biodiversity across a range
of spatial scales. This information can allow researchers to
investigate how seafloor patterns can be most accurately used
as surrogates for biodiversity in the region. Additionally,
coastal seafloor maps such as the one created in this study
can support future research questions and policy development
related to habitat limitations for species in response to climate
change and for identifying critical nursery, spawning and po-
tential settlement areas for threatened or at-risk species.

Methods

Study area

Newman Sound (Fig. 1) is one of several deep fjords in the
region and is separated from Bonavista Bay by a shallow sill
(Cumming et al. 1992). The maximum depth of the outer
basin is 349 m, while the inner basin has a maximum depth

of 63m. Several rivers and streams flow into the inner basin of
Newman Sound where mudflats and estuarine vegetation are
common. The adjacent Terra Nova National Park protects
400km2 of sheltered inlets, islands, forest and bog habitat that
supports a variety of terrestrial mammals including the en-
demic Newfoundland marten (Martes americana atrata;
Parks Canada 2018).

Multibeam Echosounder surveys

In 2003, an acoustic multibeam echosounder (MBES) survey
was conducted in Newman Sound by the Canadian
Hydrographic Service (CHS; Fig. 2). Bathymetric and back-
scatter data were collected using two Kongsberg MBES sys-
tems: an EM1002 (95 kHz) system operated aboard the CCGS
Matthew, and an EM3000 (300 kHz) system operated aboard
the CCGS Plover. The EM1002 system primarily surveyed
the deeper regions of the fjord, while the EM3000 system
surveyed the shallow and narrow region separating the inner
and outer basins, the head of the fjord and the outer margins of
the inner basin (Copeland 2006). Bathymetric data were post-
processed by the Geological Survey of Canada to generate a
10 m resolution surface for the region. Uncalibrated raw back-
scatter data (.all format) from the two MBES systems were
post-processed independently for this study in QPS FMGT
software v7.7.8 using default settings and Adaptive AVG al-
gorithm that reduces noise in terrains with significant slope

Fig. 1 Newman Sound,
Newfoundland and Labrador
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variation. BothMBES backscatter coverages were rendered as
10 m resolution mosaics (Fig. 3).

Benthic ground truthing video surveys

Benthic video surveys were conducted from October 3-13th,
2016 from a 40 ft. inshore fishing vessel, the Jamie Tim N′
Trevor, based out of Happy Adventure, NL. Survey stations
were selected using a backscatter stratified random sampling
design (N = 28), constrained by the depth range of the camera
system (max depth 170 m). Ground truthing efforts focused
on the area mapped by the EM1002 system, as extensive ar-
chival video data already existed for the shallow region
mapped by the EM3000 system (Copeland 2006; Fig. 2B).
Although a temporal difference exists between the MBES
survey, archived video surveys (2003) and recent video sur-
veys (2016) it is unlikely that the MBES bathymetry, back-
scatter and derivatives would have changed significantly with-
in the sheltered geographic region at the resolution at which
the benthoscape map is generated (10 m).

Video footage was obtained using a custom drop camera
system that recorded in both standard and high definition. The
camera system was equipped with mounted LED (Light
Emitting Diode) lights and two red lasers positioned 5 cm
apart to allow for scale measurements. Camera and vessel
positions were recorded using a handheld Garmin eTrex10
WAAS (Wide Area Augmentation System) enabled GPS
(Global Positioning System), while video transects ran for
approximately 4 min as the vessel drifted. Positional accuracy
for the WAAS enabled GPS was <3 m (Garmin Ltd. 2005).
High definition seafloor video footage was recorded with a
downward facing GoPro Hero 3 Black Edition, and an ap-
proximate 1 m distance between the camera and the seafloor
was maintained through an on-board live feed from a down-
ward facing standard definition 200m-tethered Deep Blue Pro
camera.

Still images were extracted from the high definition GoPro
footage at 2 s intervals with each transect yielding between 2
and 56 usable images. Images were deemed unusable if they
had an obstructed field of view (e.g., disturbed fine sediment),

Fig. 2 Bathymetry data collected
during EM1002 (A) and EM3000
(B) multibeam echosounder sur-
veys. Inset maps illustrate areas
with interesting bathymetric fea-
tures: a large change in depth in-
dicating a high slope region of the
fjord walls (A) and The Narrows
region separating the inner and
outer basins of Newman Sound
(B)
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lacked scaling lasers, were poorly illuminated or were blurred.
An additional 29 classified standard definition images from a
previous habitat mapping study (Copeland 2006) were incor-
porated into the analysis. In total, 238 images from 56 stations
were used to classify the seafloor of Newman Sound. Image
location was recorded using the timestamps from the high
definition footage and continuous GPS overlay of vessel po-
sition. Image area was measured using Image J Software, and
substrates were classified based on biophysical characteristics.

Image classification

Seafloor images were classified based on their biophysical
characteristics, including the dominant sediment type and
the presence/absence of encrusting coralline algae into
benthoscape classes. This approach is comparable to the clas-
sification of terrestrial landscapes from remote sensing
datasets (see Zajac et al. 2003; Zajac 2008; Brown et al.
2012). Each image was classified into one of eight
benthoscape classes that captured the range of variability
across ground-truthed images (Table 1; Fig. 4). The eight
benthoscape classes were: (A) bedrock, (B) deep pebble/

cobble, (C) gravelly muddy sand, (D) mixed boulder, (E)
mud, (F) shallow pebble/cobble, (G) rhodolith and (H) sand.
The classification mirrored that of the ground truthing surveys
(Copeland 2006) to ensure that the two datasets were
comparable.

Unsupervised segmentation of MBES data

Bathymetry, seafloor slope and backscatter have been used
extensively in benthic mapping studies due to their continuous
nature in terms of map coverage, and also their important role
in separating distinct benthic habitats (Brown et al. 2011;
Ierodiaconou et al. 2011; Che Hasan et al. 2014; Hill et al.
2014). These variables have been used specifically to map
coastal fjord environments (Cochrane et al. 2011; Copeland
et al. 2013), with slope being of particular interest in a context
where steep walls and current-winnowed gravel have been
shown to support unique and diverse benthic communities
(Dale et al. 1989). In this study, the two MBES datasets were
segmented separately based on bathymetry, backscatter and
slope using the ISO Cluster Unsupervised Classification
Tool (ArcGIS 10.3.1). The tool segments a series of input

Fig. 3 Backscatter data collected
during EM1002 (A) and EM3000
(B) multibeam echosounder sur-
veys. Inset maps illustrate areas
with interesting backscatter fea-
tures: patches of shallow seafloor
substrate with low intensity back-
scatter signals surrounded by rel-
atively high intensity backscatter
signals (A) and a region where
backscatter intensity abruptly
transitions from strong to weak
(B)
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raster bands by combining an iterative-self-organizing (ISO)
algorithm and maximum likelihood classification. The ISO
segmentation was limited to areas within the depth range of
the ground-truthed video surveys (≤170 m). This method has

been shown to be an effective way of segmenting MBES data
(Calvert et al. 2014). The ISO Cluster unsupervised classifi-
cation tool allows the user to select the number of output
classes. The optimal number of classes for both the EM1002

Fig. 4 Images representing
benthoscape classes in Newman
Sound: (A) bedrock, (B) deep
pebble/cobble (C) gravelly mud-
dy sand, (D) mixed boulder, (E)
mud, (F) shallow pebble/cobble,
(G) rhodolith, and (H) sand. Scale
bar = 5 cm

Table 1 Benthoscape classes used to characterize the seafloor in Newman Sound. Depth, slope and backscatter measurements were extracted when
image locations were overlaid on MBES bathymetry (10 m resolution)

Benthoscape Biophysical characteristics Mean depth(m)
[range]

Mean
Slope(deg)
[range]

Mean Backscatter(db)
[range]

# of images

Bedrock Solid exposed bedrock of fjord walls 83
[163–15]

32
[6–65]

−14.25
[−25 – −9]

30

Deep pebble/cobble >50% cobbles/gravel.
Encrusting coralline algae absent

106
[161–72]

18
[12–23]

−13
[−20 – −6]

16

Gravelly Muddy Sand Mixed gravel, mud, sand 46
[68–7]

7
[1–14]

−14
[−21 – −8]

44

Mixed Boulder Boulder >25%. Mixed cobble/ gravel/sand.
Coralline algae present

20
[42–7]

6
[1–19]

−12
[−15 – −9]

20

Mud Mud 113
[159–47]

8
[0–27]

−16
[−26 - -8]

85

Shallow pebble/cobble >50% cobbles/gravel
Encrusting coralline algae present

50
[77–33]

10
[2–23]

−12
[−14 – −9]

25

Rhodolith >50% Rhodolith coverage 17
[20–14]

2
[1–7]

−17
[−22 – −9]

8

Sand Sand 16
[56–7]

3
[0–11]

−8*
[−9 – −5]*

10

*indicates backscatter measurements obtained from EM3000 MBES. All others measured from EM1002 MBES
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and EM3000 MBES coverages was determined by using the
maximum number of classes possible while maintaining at
least two ground-truthed images within each class. This was
not possible for one class within the EM3000 coverage due to
the limited number of samples within the inner basin of
Newman Sound.

The locations of classified ground-truthed images were
then overlain on the map derived from MBES segmentation
and an error matrix was generated to determine the accuracy
of the classification. The error matrix compares observed sub-
strate classes (from image analysis) with the classes derived
from MBES segmentation. Three standard measures of accu-
racy were calculated: (1) overall accuracy measures the per-
centage of correctly classified reference pixels when overlain
on the MBES segmentation, (2) benthoscape class-specific
measures of accuracy, measuring the probability that a refer-
ence pixel is correctly classified (Producer’s Accuracy) and
(3) how likely a map user is to encounter a correctly predicted
benthoscape (User’s Accuracy) (Diesing et al. 2016). A meth-
odological diagram (Fig. 5) illustrates the general workflow
followed for integrating the two MBES datasets and compar-
ing the final Newman Sound benthoscape classification with
epifaunal assemblage analysis (described below).

Epifaunal assemblage analysis

The abundance of benthic fauna was also recorded for the
entire transect length using continuous video footage, and
organisms were identified to the lowest possible taxonomic
level. To explore potential relationships between benthoscape
class and organism assemblages, multivariate statistical anal-
yses were performed using the software package PRIMER
(Plymouth Routines in Multivariate Ecological Research) v7
(Clarke and Gorley 2015). In order to allow for the integration
of the archival data, abundance data were presence-absence

transformed and combined for the entire transect, using the
mid-point to represent each transect. Transect length in all
samples in the archived and recent video footage varied (mean
transect length = 110 m). Transect length from the archived
video data varied between approximately 30 – 500 m while
transect length from recent video footage varied between ap-
proximately 60 – 200 m. As such, species presence/absence
was not standardized by transect length. Nonetheless, incor-
porating this archival video footage provides insight into the
potential relationship between species composition and
benthoscape class, although it is likely that species richness
and abundance estimates standardized by transect length
would more adequately capture these patterns. Transects were
excluded from the analysis if they crossed the boundary be-
tween two predicted benthoscape classes. A Bray-Curtis
Similarity matrix was generated, and non-metric multi-dimen-
sional scaling (nMDS), analysis of similarity (ANOSIM) and
similarity percentage (SIMPER) tests were run in PRIMER to
assess the potential impact of benthoscape class on benthic
community composition.

Results

Unsupervised substrate segmentation of MBES data

Unsupervised classification of the EM1002 MBES cover-
age resulted in thirteen substrate classes characterized by
their depth, slope and backscatter values. The classes de-
rived from the unsupervised segmentation of the EM1002
coverage which covers the majority of the fjord, aligns
with what would be expected in terms of the geomorphol-
ogy of fjord environments: separate classes that encompass
flat deep basins, shallow sills and steep fjord walls
(Fig. 6A; Syvitski and Shaw 1995).

Fig. 5 Methodological diagram
representing the workflow
followed for producing
benthoscape map of Newman
Sound using two multibeam
echosounder datasets and seafloor
video surveys
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Four substrate classes were identified in the EM3000 cov-
erage, with segmentation revealing a flat, inner basin with
more variable substrate classes along the perimeter and at
the shallow sill separating the inner and outer regions of the
fjord (Fig. 6B).

The error matrix compared the MBES segmentation
against the classified images (Table 2). Ground-truthed im-
ages obtained where the two MBES coverages overlapped
(the narrow region between the inner and outer basins) were
assigned to MBES segmentation classes from the EM1002
coverage, as the EM1002 segmentation provided more vari-
ability of classes within the overlapping region (Fig. 7).

The seventeen classes derived from the two MBES cover-
ages were reduced to seven by merging segmented classes
based on their dominant in-situ image class. Several
benthoscape classifications from the images corresponded
closely with a single MBES segmentation class, while others
required merging. Images classified as deep pebble/cobble
corresponded to MBES segmentation class 7 (50.0% agree-
ment), which was located at the outer edge of regions classi-
fied as mud. Gravelly muddy sand (GMS) images

corresponded to MBES segmentation class 11 (75.0% agree-
ment). Images classified as mixed boulder corresponded to
MBES segmentation classes 12, 15 and 16 (80.0% agreement)
and were predominant in shallow water regions towards the
head of the fjord. Images classified as rhodolith were common
in MBES segmentation classes 15 and 16, and were only
found at the narrow region between the inner and outer fjord
basins. Rhodolith was not acoustically distinguishable from
mixed boulder and without additional ground truthing surveys
in other regions we cannot assume that the rhodolith bed is
uniform across the extent of classes 12, 15 and 16. Previous
studies have, however, identified the presence of rhodoliths on
the shallow sill separating the inner and outer basins of the
fjord (Copeland 2006). Mud corresponded to MBES segmen-
tation classes 1, 2, 3, 5, 6, 8, 9 and 14 (98.8% agreement) and
was found in the flat inner and outer central basins of the fjord.
Substrate class 14 was validated by a single archived image
(mud) however the low slope (mean = 1.1 degrees) and low
(relative, uncalibrated) backscatter return in the substrate class
suggests that mud is an appropriate classification. Bedrock
corresponded to MBES segmentation classes 4 and 13

Fig. 6 Results of ISO
unsupervised segmentation using
bathymetry, backscatter and slope
for EM1002 MBES coverage
within the depth range of the drop
camera system (max depth
170 m) (A) and EM3000 cover-
age (B). Dashed line indicates re-
gionwhere two coverages overlap
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(53.3% agreement) and was predominant in deep, high slope
regions toward the periphery of the fjord. Shallow pebble/
cobble did not clearly correspond to any MBES segmentation
class and was acoustically indistinguishable from gravelly
muddy sand (GMS). The number of shallow pebble/cobble
and GMS images differed by a single image when overlain
on MBES segmentation class 10 (shallow pebble/cobble = 11
images; GMS = 12 images). As a result, MBES segmentation
class 10 was retained to capture the transition between GMS
and more complex mixed boulder substrates. Images classi-
fied as sand corresponded to map class 17 (60.0% agreement)
and exhibited a patchy distribution (Fig. 6).

The final benthoscape map of Newman Sound waters
shallower than 170 m depth (Fig. 8) was produced by

combining the two MBES coverages. In the region where
the two MBES coverages overlapped, the EM 1002 coverage
was used as it provided a greater number of MBES segmen-
tation classes for ground-truthing comparison. The final map
indicates that the region is dominated by mud (54.22%) and
mixed boulder (12.85%). Areas classified as mixed boulder
occurred in some of the shallowest regions of the MBES cov-
erage. Based solely on the results of this mapping project, the
amount of mixed boulder in Newman Sound is likely
underestimated because the MBES coverage does not extend
to shallow regions adjacent to the shoreline.

The greatest amount of confusion occurred between GMS/
shallow pebble/cobble and rhodolith/mixed boulder. Images
classified as rhodolith and pebble cobble were acoustically

Fig. 7 Locations of ground
truthing in region where EM1002
(left) and EM3000 (right) MBES
coverages overlap. Colours on
each map represent the same
unique substrate classes as Fig. 6

Table 2 Error Matrix for final benthoscape classification of Newman Sound, NL

MBES Segmentation (ISO Unsupervised Classification) Classes

Ground-truth (benthoscape
class)

4 + 13 7 11 12 + 15 + 16 1 + 2 + 3+ 5 + 6 + 8+
9 + 14

10 17 Row total (no. of
images)

Producer’s accuracy
(%)

Bedrock 16 3 0 5 5 1 0 30 53.3

Deep pebble/cobble 0 8 0 0 8 0 0 16 50.0

Gravelly Muddy Sand 0 0 21 4 5 12 2 44 75.0

Mixed Boulder 0 0 0 16 0 2 2 20 80.0

Mud 0 0 1 0 84 0 0 85 98.8

Shallow pebble/ cobble 0 0 7 5 2 11 0 25 44.0

Rhodolith 0 0 0 6 2 0 0 8 n/a

Sand 0 0 0 1 2 1 6 10 60.0

Grand total (no. of pixels) 16 11 29 37 108 27 10 238

User’s accuracy (%) 100 72.7 72.4 43.2 77.8 85.2 60.0

Overall accuracy 73.1%
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indistinguishable from other benthoscape classes, and were
thus not included in the final benthoscape map of Newman
Sound, except where shallow pebble/cobble and GMS were
combined to capture the transition between GMS and more
complex substrates. The overall accuracy of the final map
after merging the two MBES coverages was 73.1% (Table 2).

Epifaunal assemblage analyses

A number of distinct patterns emerged in the nMDS plot
of benthic community data in Newman Sound (n = 55)
(Fig. 9). However, because species data for the entire
length of each transect had to be merged into a single

point to allow for the incorporation of archival data, the
sample size was much smaller and may not fully capture
the potential impact of benthoscape class on community
composition. The nMDS plot does however suggest a
gradual shift from soft substrates (mud) on the right side
of the ordination plot (Fig. 9) to more complex and con-
solidated substrates (mixed boulder) on the left.

ANOSIM results (Table 3) reveal significantly different
species assemblages between mixed boulder and mud (R =
0.619, p < 0.001), mixed boulder and bedrock (R = 0.620,
p < 0.004) mixed boulder and GMS (R = 0.648, p = 0.003),
mixed boulder and shallow pebble /cobble/GMS (R = 0.606,
p = 0.003) and mud and sand (R = 0.549, p = 0.001). Due to

Fig. 8 Final benthoscape map of
Newman Sound (depth < 170 m).
Bar chart illustrates the percent
contribution of each benthoscape
class in the mapped area
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the low representativity of some benthoscape classes in the
multivariate dataset, pairwise ANOSIM results for several
benthoscape classes are not valid because the number of pos-
sible permutations was too low.

SIMPER results indicate taxa that contribute most towards
the similarity of samples within each benthoscape class and
the overall average similarity of epifaunal composition within
each class (Table 4). Average similarity within each
benthoscape class was generally low, ranging from 33% to
56% (Table 4).

In terms of pairs of benthoscape classes with distinct
epifaunal assemblages (Table 3), dissimilarity in faunal
composition was driven by the presence of several key
species. Dissimilarity in epifaunal assemblages in mixed
boulder and mud benthoscape classes (average dissimi-
larity = 78.1%) was primarily driven by plumose anem-
ones (Metridium senile) and northern seastars (Asterias
vulgaris), species commonly found on mixed boulder
substrates, and epibenthic trachymedusae (Ptychogastria
polaris), common on mud substrates. Plumose anemones,
snow crab (Chionoecetes opilio) and daisy brittle stars
(Ophiopholis aculeata) were the highest contributors to
dissimilarity between mixed boulder and GMS faunal
compos i t i on s ( ave r age d i s s im i l a r i t y = 69 .3%) .
Dissimilarity between mixed boulder and bedrock

(average dissimilarity = 62.92%) was primarily driven
by the presence of daisy brittle stars, and unidentified
white anemones. Differences in faunal composition be-
tween mixed boulder and shallow pebble/cobble/GMS
(average dissimilarity = 63.6%) was driven by plumose
anemones, northern seastars and dahlia anemones
(Urticina felina). Common sand dollars (Echinarachnius
parma), northern seastars and the hydrozoan P. polaris
were the highest contributors to dissimilarity between
mud and sand benthoscape classes (average dissimilari-
ty = 83.64%).

Discussion

Seven benthoscape classes and two statistically distinct epi-
faunal assemblages were identified in Newman Sound, NL by
integrating two MBES datasets with new and archived sea-
floor video surveys. The final predicted benthoscape map
(Fig. 8) contributes to seafloor mapping efforts in
Newfoundland and Labrador, improves our understanding of
regional seafloor substrates and habitats in Bonavista Bay and
provides information that can support the potential adaptive
management of the Eastport MPA.

Fig. 9 nMDS ordination plot of epifaunal assemblage data extracted from seafloor video surveys in Newman Sound

Table 3 Analysis of similarity of observed species between benthoscape classes. Global R = 0.465

Mixed Boulder Mud Bedrock Deep pebble/cobble GMS Shallow pebble /cobble / GMS

-Mud 0.619**

-Bedrock 0.620** 0.113

-Deep pebble/cobble – – –

-GMS 0.648** 0 – –

-Shallow pebble/cobble/GMS 0.606** – – – –

-Sand 0.296 0.549** – – – –

- number of possible permutations too low; ** significant at p < 0.005.
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Epifaunal assemblage analysis

Mud and mixed boulder benthoscape classes supported statis-
tically distinct epifaunal assemblages. However, due to under-
represented benthoscape classes in the multivariate analyses, it
is possible that the species rich bedrock walls and deep
pebble/cobble benthoscape classes also support distinct com-
munities. Furthermore, species abundances may be more im-
portant for detecting patterns and variation in epifaunal assem-
blage across benthoscape classes as habitat distinction within
the boundaries of theMPAwas often driven by the abundance
of green urchins (Strongleyocentrotus droebachiensis), north-
ern seastars (Asterias vulgaris) and brittle stars (Ophiopholis
sp.; (Novaczek et al. 2017a). Transforming data to presence/
absence can make detecting patterns in species assemblages
difficult, particularly in the case of Newman Sound where
generalist species such as green urchins and brittle stars were
found across all substrates. However, these analyses do pro-
vide insight into the potential relationships between species
composition and benthoscape class. ANOSIM results re-
vealed distinct differences in epifaunal assemblages between
mixed boulder and mud benthoscape classes (R = 0.619,
p < 0.001) – a pattern likely driven by contrasting sediment
composition (hard vs. soft substrates) and depth (shallow vs.
deep). This pattern, along with the low similarity of epifaunal
assemblage composition within each benthoscape class (33–

56%) aligns with other studies that aim to classify seafloor
habitats based on benthic community assemblages
(McGonigle et al. 2009; Brown et al. 2012). While these re-
sults fail to capture gradients of epifaunal assemblages in tran-
sitional habitats, a higher density sampling effort measuring
species abundance could potentially capture this variation.

Mapping for conservation planning

Seafloor mapping has become increasingly important for
informing conservation planning. Design, management and
monitoring of MPAs and other area-based conservation mea-
sures as well as the identification of Ecologically and
Biologically Significant Areas (EBSAs) can all be informed
by seafloor maps. Recent habitat characterization and map-
ping activities in the nearby Eastport MPA determined that
the MPA does little to conserve habitats and biodiversity rep-
resentative of the broader region of Newman Sound
(Novaczek et al. 2017a). Novaczek et al. (2017a) identified
four distinct benthic substrates within the boundaries of the
MPA: “shallow rocky,” “sand and cobble” and “boulder/bed-
rock” and “sand.” Several of the benthoscape classes iden-
tified in this study are either under-represented or unrepre-
sented within the boundaries of the Eastport MPA. The
MPA is dominated by shallow rocky substrates, which
correspond to the ‘mixed boulder’ classification in this

Table 4 Results from SIMPER analyses of epifaunal assemblage data
(presence-absence transformed). The main characterizing species from
each benthoscape class are listed. Similarity percentage, cumulative

similarity percentage for each species and the overall average similarity
between samples from within each benthoscape class are listed

Benthoscape Class Species % Cumulative % Average similarity

Mixed Boulder Asterias vulgaris 28.5 28.5 56%

Strongleyocentrotus droebachiensis 28.1 56.6

Metridium senile 21.0 77.1

Mud Ptychogastria polaris 22.1 22.1 41%

Ophiopholis aculeata 20.3 42.4

Chionoecetes opilio 17.2 59.6

Strongleyocentrotus droebachiensis 13.9 73.5

Bedrock Strongleyocentrotus droebachiensis 27.7 27.7 44%

Ophiopholis aculeata 27.7 55.4

Chionoecetes opilio 8.4 63.9

Deep Pebble/Cobble – – – –

Gravelly Muddy Sand Strongleyocentrotus droebachiensis 25.0 25.0 33%

Chionoecetes opilio 25.0 50.0

Ophiopholis aculeata 25.0 75.0

Shallow Pebble/Cobble/GMS Strongleyocentrotus droebachiensis 62.5 62.5 37%

Urticina felina 11.3 73.8

Sand Echinarachinus parma 33.2 33.2 47%

Asterias vulgaris 30.6 63.7

Psuedopleuronectes americanus 16.6 80.3
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study (86.3% of the Round Island closure). The shallow
pebble cobble and GMS substrates identified in this study
are similar to the “sand and cobble” habitat identified by
Novaczek et al. (2017a). No sandy substrate was predicted
to be protected within the boundaries of the Round Island
closure, while sand/cobble and bedrock features combined
made up only a small portion of substrates within the clo-
sure (13.7%; Novaczek et al. 2017a). Furthermore, 95.7%
of the Round Island closure is shallower than 80 m and
within the photic zone (Novaczek et al . 2017a).
Consequently, deep-water substrates identified in this
study (mud and deep pebble/cobble) are unrepresented.

Extending the boundaries of the Round Island closure
could help protect nearly all benthoscape classes identified
in Newman Sound (Fig. 10). This would increase the protec-
tion of benthoscape classes and their associated biodiversity
that are under or unrepresented based on the current bound-
aries of the MPA, and result in a more ecologically represen-
tative MPA - a key element of effective conservation plan-
ning. Five simple boundary expansion scenarios were tested

using buffers of increasing sizes around the existing Round
Island MPA closure. The amount (in km2) of each
benthoscape class included in each scenario are illustrated in
Fig. 10. These incremental boundary expansions are useful for
determining the proportion of each benthoscape class that
would be included in potential adaptive management scenar-
ios, and how the MPA could better represent benthoscape
scale patterns in Newman Sound. In the region, habitats are
generally more diverse in shallower waters, and a revised
MPA that aims to protect representative habitats would not
necessarily have to be very large and could be protect a range
of habitats if oriented along contour lines in areas of highest
habitat diversity.

The importance to adaptively manage MPAs has been rec-
ognized, as adaptive management allows regulations and
boundaries to be improved as new data and knowledge accu-
mulates and as ecological systems change through time
(Wilhere 2002). In Canada, however, changing MPA bound-
aries and regulations proved to be a complex and lengthy
process (Morris and Green 2014), making adaptive

Fig. 10 Boundary expansion
scenarios for the Round Island
closure. Bar graph illustrates the
amount (km2) of each
benthoscape class that would be
included in various scenarios.
Area measurements only include
the region mapped in this study.
Current protection levels obtained
from Novaczek et al. 2017a
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management of MPAs very rare in practice. In the case of the
Eastport MPA, protecting regional biodiversity is not one of
the current MPA objectives, as the Eastport MPA was created
at a time when many Canadian MPAs focused on single (or
few) species, often of commercial interest. Conservation of
biodiversity however, has become more important in global
conservation initiatives and is now central to Canada’s marine
conservation strategy (DFO 2018). This change in context
encourages the adoption of adaptive management strategies
that could help improve existing Canadian MPAs so they
can protect regional biodiversity more efficiently.

Canada committed to protect ecosystems, species and bio-
diversity through the establishment of an ecologically repre-
sentative and well-connected MPA network that covers 10%
of its coastal and marine areas (DFO 2009). As DFO con-
tinues to advance MPA network establishment in its five pri-
ority bioregions (DFO 2018), including the ‘Newfoundland
and Labrador Shelves’ bioregion, seafloor maps of areas iden-
tified as priorities for conservation can help identify habitats
that are and are not represented in existing MPAs and MPA
networks (Copeland et al. 2013; Novaczek et al. 2017a) as
well as future sites to be included in MPA networks.
Seafloor maps can also help determine whether habitats are
replicated within the reserve or across the reserve network,
providing a safeguard against potential disturbances (Young
et al. 2017). Newman Sound has already been identified as
‘special marine area’ with high conservation value (CPAWS-
NL 2017). As MPA network planning continues across the
region, ecologically unique and well-studied coastal areas
such as Newman Sound should be considered as future sites
for coastal conservation.

The final benthoscape map produced in this study also iden-
tifies the location and extent of additional shallow rocky sub-
strate (mixed boulder benthoscape) in Newman Sound that are
not included in the boundaries of the Round Island closure.
This substrate is commonly associated with juvenile and adult
lobster habitat and dominates the MPA (Novaczek et al.
2017a). Increasing the amount of lobster habitat protected with-
in the boundaries of the MPA could potentially result in en-
hancements to the local fishery by protecting sufficient habitat
to potentially support a healthy lobster population in the region.

Although it was not possible to acoustically distinguish
rhodolith and mixed boulder benthoscape classes, previous
research (Copeland 2006) identified the presence of a
rhodolith bed located at the shallow narrow region separating
the inner and outer basins of Newman Sound. Rhodolith beds
form complex habitats that support a high diversity of inver-
tebrates, fish and algae (Steller et al. 2003; Copeland et al.
2008; Hernandez-Kantun et al. 2017 and references therein)
and also provide refuge and feeding grounds for commercially
important species such as juvenile Atlantic cod (Kamenos
et al. 2004) and juvenile Icelandic scallop (Copeland 2006).
Rhodolith beds are sensitive to bottom contact fishing

activities (Hall-Spencer and Moore 2000; Kamenos et al.
2003), waste build-up from aquaculture operations (Hall-
Spencer et al. 2006) and are particularly vulnerable to impacts
from ocean acidification (Martin and Hall-Spencer 2017 and
references therein). The rhodolith bed in Newman Sound is
also in close proximity to sizeable eelgrass (Zostera marina)
beds located in the inner sound (Rao et al. 2014). However,
neither eelgrass nor rhodolith beds are protected by the
Eastport MPA despite their importance in providing habitat
and refuge for a wide range of species.

Newman Sound is an ecologically unique and well-studied
region in Newfoundland and Labrador. However, the Eastport
MPA protects very little of its diversity despite our knowledge
of the importance of conserving representative biodiversity,
benthoscape classes and unique habitats such as eelgrass and
rhodolith beds. The small size of the Eastport MPA is a clear
limitation. However, the benthoscape map produced in this
study coupled with extensive research on eelgrass beds in
the region and our knowledge of the location of the rhodolith
bed provide valuable information that can inform the potential
adaptive management and expansion of the MPA.

Mapping to support future research activities in
Newman sound

A recent study in Newman Sound used nearshore baited cam-
eras to examine how seabed habitat influences fish, Atlantic
rock crab and American lobster community composition
(Dalley et al. 2017). The authors identified four common near-
shore substrates: bedrock (high relief boulder and bedrock
outcrops), sand-pebble, cobble and eelgrass, in addition to
one anthropogenic habitat (wharf). Significant differences in
species diversity and relative abundance were observed be-
tween sand-pebble and bedrock substrates. Dissimilarity was
driven by a variety of fish species, including cunner
(Tautogolabrus adspersus), age-1 Greenland cod (Gadus
microcephalus ogac), winter flounder (Psuedopleuronectes
americanus) and Atlantic cod (G. morhua). American lobsters
were observed primarily on bedrock substrates, where
Atlantic rock crabs were absent (Dalley et al. 2017). The
baited cameras used by Dalley et al. (2017) were limited to
the depth at which complementary beach seining sampling
was done (max depth 3 m), which is shallower than the
MBES data used in this study. Although it is difficult to com-
pare the results of baited vs. non-baited sampling methods, the
final benthoscape map produced in this study could inform
future studies that examine how fish communities change in
response to substrate beyond the near-shore environment.

The Atlantic cod population in Newman Sound has been
extensively studied in terms of habitat use and movement
(Cote et al. 2001, 2004), predator-prey dynamics (Linehan
et al. 2001; Gorman et al. 2009), and relationships between
cod density and eelgrass patchiness (Thistle et al. 2010). This
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research was almost exclusively done in shallow regions of
the inner basin of Newman Sound. As such, our understand-
ing of cod movement and habitat associations in deeper re-
gions of Newman Sound is limited. The final Newman Sound
benthoscape map provides valuable information that can in-
form future studies on Atlantic cod movement and variability
in seasonal and life-stage habitat use.

This benthoscape map provides important baseline infor-
mation for management and monitoring activities related to
the EastportMPA. An additional objective of this study was to
demonstrate the application of a seafloor mapping method that
combines MBES backscatter data from two sources, a pixel
based unsupervised classification and seafloor image analysis.
Methods for integrating MBES backscatter from multiple
sources and incorporating archival data are valuable, particu-
larly due to high costs associated with at-sea surveying. Maps
that describe seafloor substrates and habitats are crucial for
effective marine conservation and management, and can facil-
itate implementation, design and management of marine con-
servation objectives, particularly in coastal environments
where anthropogenic stressors and threats are concentrated.
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