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ABSTRACT

Deep-water corals, sponges, and other animals play functional roles, such as providing
habitat, promoting diversity in seafloor communities in the deep sea. Little is known
about the spatial organization of these vulnerable marine ecosystems, limiting our ability
to link patterns to ecological processes for effective management. I quantified spatial
patterns of invertebrates (> 2 cm) on soft sediments from imagery, focusing on the
Laurentian Channel Marine Protected Area in the Canadian Northwest Atlantic. At broad
scales (100s m — 100s km), three types of assemblages of varying composition, diversity,
and abundance were associated with benthoscape class (environmental mosaic), a
potential proxy for different habitats. At fine scales (0 — 100s m), I recorded taxon-
specific local aggregations and variation in patchiness. For broad-scale patterns, potential
spatial drivers included benthoscape classes [incorporating depth, pockmarks (fluid/gas-
created pits), ice scours, and sediment composition)] and food quantity/quality; for fine-
scale patterns, drivers likely included bathymetric position index (local changes in depth),
pockmarks, and biological relationships. My results illustrate that sampling designs that
ignore spatial patterns can result in the misrepresentation of diversity and abundance,
impacting follow-up analyses and scientific conclusions. Further, different sampling tools
[remotely operated vehicle (ROV), drop camera, and trawl] and designs (e.g. number and
spacing of images and transects) had trade-offs and biases. For example, in some
instances, the drop camera captured higher abundance and diversity than ROV. Sampling
by ROV was advantageous for spatial and species association analyses, because of high
spatial resolution, maneuverability, and minimal disturbance. Recommendations for
developing deep-sea monitoring frameworks include optimized sampling designs for
scales relevant to taxa and processes of interest, and high spatial resolution, replication,
and multiple spatial lags to ensure representation of assemblages. My novel application
of spatial statistics is applicable to other areas to quantify spatial patterns (abundance or
different variables) at various scales e.g. transect, station, regional, or network levels. The
thesis advances the field of spatial ecology in deep-sea ecosystems, to better understand
changes in species distributions and comparisons at different spatial scales.
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Abbreviation

AlL#
AlL#

Al,Cl1,C2,0or TZ2

A2, Bl1, B2, or TZ1

AB, CD, EF, or GH

ANOVA
AUV

BPI or TPI

BTM

Campod

C:N

Chl a
CTD
DFO

FDR

GIS

LC

LIST OF ABBREVIATIONS USED

Definition

Appendix I figure #
Appendix II figure #

Deep (> 400 m) benthoscape classes, part of an output from
Lacharité et al., (2020).
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neighbourhood have dissimilar values, high observation-low
neighbourhood (HL) or low observation-high neighbourhood (LH).

Local Moran cluster - an observation and its neighbourhood have
similar values, both low (LL) or both high (HH).

Marine Protected Area

Global Moran’s / is a statistic that summarizes spatial
autocorrelation over an entire area, whereas local Moran’s /
examines local changes within an area.

Non-metric multi-dimensional scaling, a community analysis.

Ocean Floor Observation Protocol, a software for imagery data
processing (may also be used during collection and annotation).

A permutational multivariate analysis of variance, a statistical
method.

Remotely Operated Platform for Ocean Sciences, the specific
remotely operated vehicle used in this research.

Three individual ROV transects, called “A”, “C”, and “E”,
assembled into a sampling design. Parallel transects were ~ 400 m
long at ~ 200 m spacing; 4 groups of transects, including
ROPOS_BDF, ROPOS CEG, and ROPOS DFH.

Eight individual transects (“A”, “B”, “C”, D”, “E”, “F,” G”, and
“H”) assembled into a sampling design. Transects had alternating
spacing of 10 m and 200 m.

Remotely operated vehicle

Standard deviation

Standard error

A procedure that calculates Similarity Percentages, the contribution
of each taxon to the average dissimilarity between stations.
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Abbreviation

sp. #

Spp.

TN
TOC
TOM
USBL

WoRMS

Definition

A taxonomic grouping, “[Name] sp. #” e.g. Pennatula sp. 2,
containing one species/taxon. Some distinguishing characteristics
are difficult to see in imagery and prevent identification to the
species level.

A taxonomic grouping, “[Name] spp.” e.g. Kophobelemnon spp.
that likely contains several related species/taxa that are difficult to
distinguish in imagery. Initials were used to represent the
taxonomic level of identification e.g. Anthozoa (C.) spp., where
(C.) =Class. O = Order, F= Family P = Phylum, InfraO. =
Infraorder, SF = Subfamily, and SC = Subclass.

Total Nitrogen

Total Organic Carbon

Total Organic Matter

Ultra-short baseline, acoustic positioning system.

World Register of Marine Species, taxonomy resource.
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CHAPTER 1

INTRODUCTION

1.1 Background

The deep sea (defined as the region of the ocean with depth greater than 200 m),
supports high biodiversity and provides biological and mineral resources, yet is one of the
least explored ecosystems on the planet (Ramirez-Llodra et al., 2010). Cold-water corals,
including sea pens, are an important deep-sea ecosystem which forms biogenic habitat by
altering currents, retaining nutrients, and providing nurseries and protection for fish (e.g.
DFO 2015; Baillon et al., 2012; Tissot et al., 2006). These are considered vulnerable
marine ecosystems, areas that are unique, fragile, structurally complex, functionally
significant habitats, or include species with life-history traits that make recovery difficult
(ICES, 2010; Kenchington et al., 2010; FAO 2009). Vulnerable marine ecosystems face
threats such as fishing, oil-gas or extractive activities, and climate change making them a
conservation priority (e.g. DFO, 2012; Ramirez-Llodra et al., 2011). In the northwest
Atlantic Ocean, the Laurentian Channel Marine Protected Area (LC MPA) was
designated in 2019, encompassing high risk areas for sea pen communities (DFO, 2017a),
which have been associated with other epibenthic megafauna (e.g. invertebrates > 2 cm
such as cup coral, soft coral, sea anemones, echinoderms, crustaceans) and fish (Baillon
etal., 2012, 2014a; De Clippele et al., 2015). Knowledge gaps still exist, therefore further

research on abundance, distribution, taxonomy, life histories, and other aspects of deep-



sea ecology is needed for the development of an appropriate monitoring framework for

the MPA (e.g. DFO, 2015, 2017a, 2017b; Stanley et al., 2015).

For a monitoring framework to be successful, it must apply the most appropriate
tools and spatial-temporal scales for relevant ecological features. Sampling designs must
be optimized to ensure meaningful statistical analyses and robust monitoring (Neves et
al., 2021). For the LC MPA, Fisheries and Oceans Canada (DFO) have proposed state
indicators (i.e. ecological components such as sea pen biomass, abundance, size,
diversity, and geospatial measurements such as patch stability, connectivity, or
environmental parameters) and stressor indicators (i.e. anthropogenic components like
fishing), in addition to monitoring tools, such as ROV, cameras, and trawls (DFO, 2015;
Neves et al., 2021). Imagery surveys can be used to sample most of these state indicators,
but other tools may be needed for biomass (i.e. trawls) and environmental parameters

(e.g. CTD and other instruments).

The field of spatial ecology is based on understanding space and ecological
processes on various scales (Fletcher & Fortin, 2018). Several existing hypotheses for the
patterns of deep-sea diversity and community structure involve ecological processes such
as disturbance, competition, and spatial heterogeneity (e.g. as discussed in Mcclain &
Schlacher, 2015; Rex, 1981). Spatial statistics (e.g. global/local Moran’s / and Gi*) can
be used to identify patterns such as aggregations and patchiness through the interpretation
of spatial autocorrelation (Dale & Fortin, 2014) yet are rare in the deep-sea literature (e.g.
for deep-water corals see Conti et al., 2019; Price et al., 2021; Watters et al., 2022; and
for other megafauna Vad et al., 2020). In particular, benthoscapes (also called landscapes,

seascapes, or seafloor habitat maps) classify patches of seabed based on biotic (e.g.



biogenic structures) and abiotic (e.g. sediment and geomorphic features) components
(Zajac, 2008) and can be used to interpret spatial patterns. For example, specific
benthoscape classes can correspond to areas with unique benthic communities (e.g. Jones
& Brewer, 2012; Mortensen et al., 2009; Proudfoot et al., 2020; Swanborn et al., 2023),
and thus may have management applications (e.g. scallop fishery, Brown et al., 2012).
Spatial analyses provide insight into ecological patterns and processes, on fine and broad
scales, relevant for appropriate sampling designs that capture epibenthic megafauna for

effective research and monitoring.

1.2 Objectives

This thesis aimed to improve our understanding of best practices for deep-sea
sampling designs that ensure accurate representation of spatial patterns and allow for
reliable spatial comparisons to help elucidate the ecology of epibenthic megafaunal
communities. Furthermore, the outputs on community structure and spatial pattern can
provide baseline data for the LC MPA. This thesis fell under the umbrella of the NSERC
Canadian Healthy Oceans Network (CHONe II) that aimed to support conservation

activities in Canada.

The thesis includes 5 chapters, including this introduction (Chapter 1) and a
conclusion with recommendations for developing a monitoring framework in the deep
sea (Chapter 5). Chapter 2 - 4 were developed as standalone manuscripts to address our
research objectives: Chapter 2 and 4 are published in the peer reviewed journals (de
Mendonga & Metaxas, 2021, 2024) and Chapter 3 is under review. I used high resolution

transect arrays with multiple spatial lags to collect georeferenced imagery (ROV and drop



camera) in Chapters 2 - 4 for measures of abundance, diversity, and/or composition for
epibenthic megafauna > 2 c¢m in the largest dimension (excluding highly mobile or
pelagic taxa e.g. fish, holothurians, and shrimp, because our sampling methods were not
appropriate for their enumeration). Only a subset of the imagery data was used in
Chapter 2 (stations 2 and 5) and Chapter 4 (only ROV), based on the sampling design
requirements for those analyses. I also used biomass data from DFO research trawls
(Chapter 2) and environmental variables for interpretation [i.e. from the literature or
collected during our surveys, such as benthoscape and geomorphic features (provided by
Lacharité et al., 2020), food and sediment properties (Miatta & Snelgrove, 2021, 2022),

as well as depth and oceanographic properties (e.g. salinity, temperature, oxygen)].

In Chapter 2, I compared how ROV and drop camera captured the abundance and
diversity of the most common morphotaxa of epibenthic assemblages (based on external
morphology/characteristics visible in imagery) and examined differences between 3 tools
(ROV, drop camera, and trawl), including in image quality and sampling bias (i.e.
catchability and position accuracy). In Chapter 3, I quantified broad-scale spatial
patterns (100s m — 100s km) in community composition, abundance, and diversity, and
discussed the potential drivers that could have generated these patterns. I also
investigated how assemblages related to benthoscape classes and highlighted sampling
resolution biases. In Chapter 4, I quantified fine-scale spatial patterns (0 — 100s of
meters) in the distribution of deep-sea epifauna, using global and local spatial statistics at
two scales (station ~ 0.256 km? and paired transects ~ 0.004 km?). Therefore, I
objectively detected significant changes in abundance, and provided hypotheses for their

potential causes. In Chapter 5, I integrated all results to provide recommendations for



sampling designs and monitoring of epibenthic megafauna in the deep sea, including

some suggestions for future research.



CHAPTER 2

COMPARING THE PERFORMANCE OF A REMOTELY OPERATED
VEHICLE, A DROP CAMERA, AND A TRAWL IN CAPTURING

DEEP-SEA EPIFAUNAL ABUNDANCE AND DIVERSITY!

2.1 Abstract

Deep-sea ecosystems provide services such as food, minerals, and nutrient recycling, yet
baseline data on their structure is often lacking. Our limited knowledge of vulnerable
deep-sea ecosystems presents a challenge for effective monitoring and mitigation of
increasing anthropogenic threats, including destructive fishing and climate change. Using
data from two stations differing in total epifaunal abundance and taxonomic composition,
we compared the use of imagery collected by two non-invasive tools [remotely operated
vehicle (ROV) and drop camera] and data collected with a trawl system, commonly used
to quantify epibenthic megafauna in the deep sea. Imagery and trawl data captured
different epifaunal patterns, the former being more efficient for capturing epifauna,
particularly Pennatulacean recruits. The image-based methods also caused less
disturbance, had higher position accuracy, and allow for analyses of spatial structure and
species associations; fine-scale distributions could not be elucidated with a trawl.

Abundance was greater for some taxa, and diversity accumulated faster with increasing

! de Mendonga, S. N., & Metaxas, A. (2021). Comparing the Performance of a Remotely Operated Vehicle,
a Drop Camera, and a Trawl in Capturing Deep-Sea Epifaunal Abundance and Diversity. Front. Mar. Sci.,
8:631354. https://doi.org/10.3389/fmars.2021.631354

Anna Metaxas supervised the development of the study design, analyses, and co-authored the manuscript.
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sample size for the drop camera than the ROV at one station. However, there are trade-
offs between these tools, including continuous and discrete sampling for the ROV and
drop camera, respectively, which can affect follow-up analyses. Our results can be used
to inform monitoring frameworks on the use of appropriate sampling tools. We
recommend further research into tool sampling biases and biometric relationships to help

integrate datasets collected with different tools.

Keywords: sampling tools, imagery, sea pens, monitoring, epifauna, marine protected

area, corals, deep sea

2.2 Introduction

Sampling deep-sea ecosystems (at depths > 200 m) is extremely challenging
because of the absence of ambient light, the high pressure and the remoteness (Jamieson
et al., 2013). Consequently, we have investigated less than 0.0001% of the deep sea
(Danovaro et al., 2017). It is now recognized that deep-sea ecosystems provide
provisioning services (e.g. fish and minerals), regulating services (e.g. carbon
sequestration), cultural services (e.g. aesthetic), and supporting services (e.g. nutrient
recycling) (Folkersen et al., 2018). At the same time, these ecosystems are experiencing
increasingly greater anthropogenic impacts, including waste disposal, extractive activities
that disturb the seafloor (i.e. fishing, cables/pipelines, mining, oil/gas, acoustics), as well
as ocean acidification and climate change (Ramirez-Llodra et al., 2011). Vulnerability to
these impacts is enhanced by the generally slow growth, extended longevity, and low

recruitment of deep-sea species (Danovaro et al., 2017; Neves et al., 2015). In addition,



deep-sea communities exhibit slow recovery (>10-40 years) from disturbance (Baco et

al., 2019; Bennecke and Metaxas 2017; Huvenne et al., 2016; Simon-Lledo6 et al., 2019).

Epifaunal communities in the deep sea have been sampled in part with tools
which are lowered to the seafloor and collect physical samples, such as trawls, corers,
and epibenthic sleds (Jamieson et al., 2013). A widely used trawl system includes a net
towed along the seafloor, adapted from coastal commercial fishing techniques. Trawls are
regularly used for commercial fishing (Hall-Spencer et al., 2002), as well as fish stock
assessment (Clark 1979). Often, trawl data are used to determine patterns in distribution
and biomass of megafaunal communities (Gullage et al., 2017; Kenchington et al., 2011,

2014, 2016a, 2016b; Moritz et al., 2013; Murillo et al., 2020).

However, some megabenthos (e.g. sponges, alcyonarians, and gorgonians) and
fish, collected through either targeted sampling or as bycatch, may not be well
represented in trawl surveys because of their flexibility, size, or behaviour (Auster et al.,
2011, Pacunski et al., 2016; McIntyre et al., 2015; Walsh 1992; Wassenberg et al., 2002).
For example, corals and sponges may be light and flexible enough to pass through the net
or heavy enough to fall through the net (Auster et al., 2011). Sea pens anchor in the
sediment (Williams 1999; Williams and Alderslade 2011) and some species (e.g.
Pennatula rubra, Pennatula aculeata, Virgularia mirabilis, Protoptilum carpenteri) can
contract and withdraw into the sediment (Ambroso et al., 2013; Chimienti et al., 2018a;

Kenchington et al., 2011; Langton et al., 1990).

Relatively less invasive tools such as remotely operated vehicles (ROVs),

autonomous underwater vehicles (AUVs), drop cameras, towed cameras, camera sleds,



rovers, and baited cameras, have been used to collect imagery data. ROVs generally
hover above or make minimal contact with the seafloor and can maintain a relatively
constant speed and height above the bottom while sampling. ROVs are non-destructive,
allow for habitat associations and behaviour analyses, are suitable in complex/high relief
habitats, and have high maneuverability (Sward et al., 2019). Recent direct comparisons
suggested that ROVs captured a higher abundance of sea pens than trawls (Chimienti et
al., 2018b, 2019). Other imaging systems are also less destructive than research trawls.
Unlike ROVs, AUVs are not tethered to a ship, and can run imagery transects close to the
seafloor, possibly producing less noise and discontinuous lighting than ROVs (Morris et
al., 2014). Drop cameras are towed behind a ship and hop along the seafloor capturing
still images, only when stationary and in contact with the seafloor. Towed cameras are
tethered and towed by a ship, often maintaining a target height above the seafloor without
making contact (Drazen et al., 2019). Camera sleds and rovers generally make continuous
contact with the seafloor, with sleds being towed by a ship and rovers being autonomous.
Baited cameras are deployed as free-falling systems, which rest at a fixed location on the
seafloor with an attached bait that attracts fauna (Drazen et al., 2019; Logan et al., 2017).
These baited camera systems may capture imagery continuously or at discrete time

intervals.

While there is a wealth of literature on individual descriptions and qualitative
comparisons of performance for these various deep-sea sampling tools (e.g. Durden et
al., 2016; Flannery & Przeslawski, 2015; Jamieson et al., 2013), direct empirical
comparisons between the tools and their sampling biases are limited. Some studies have

compared quantitatively the performance of tools used to collect megaepifaunal data in



the same study area (e.g. abundance, diversity, biomass, size). For example, several
studies have compared fish abundance and composition, as well as abundance of select
megafauna (e.g. crustaceans, echinoderms and molluscs) between ROVs or drop cameras
and trawls of different sizes (Ayma et al., 2016; Adams et al., 1995; Chimienti et al.,
2018b; Kenchington et al., 2011; Pacunski et al., 2016, Nybakken et al., 1998). Other
studies have compared abundance and diversity of both megafauna and fish among
human-occupied submersibles, camera sleds (analogue), and otter trawls (Uzmann et al.,
1977) and among AUV, towed cameras, and trawls (Morris et al., 2014). A few studies
have focused on comparing diversity, abundance, and size across imaging systems such
as AUVs, towed camera systems, or baited cameras (Logan et al., 2017; Schoening et al.,

2020).

In this study, we had the opportunity to directly compare the performance of three
commonly used tools in quantifying megaepifauna, a ROV (ROPOS), a drop camera
(Campod), and a research trawl (Campelen 1800 shrimp trawl) by sampling at the same 2
locations on the Northwest Atlantic Ocean, in the Laurentian Channel Marine Protected
Area (MPA). This opportunity allowed us to: (1) compare the composition of the same
benthic assemblages (abundance of the most common morphotaxa and diversity) as
quantified using the ROV and the drop camera; and (2) examine differences in image
quality and sampling bias, such as catchability, spatial extent, and position accuracy,
between the ROV, drop camera, and trawl. We were able to compare tool performance in
two locations which differed in megafaunal density, community composition, and
environmental characteristics, using a replicated sampling design. Monitoring and

research logistics related to operation and maintenance costs, frequency of use, and
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technical specifics are outside of the scope of this study, as those factors change rapidly
with evolving technology, are highly variable between tools in the same category, as well

as dependent on the research objectives, finances, and the specific ecosystem.

Detected differences in species abundance or diversity among tools could imply
varying catchabilities. Although many studies have used some of these tools, such
empirical (quantitative and qualitative) direct comparisons across all three tools used to
characterize the same assemblage have not been made to our knowledge. These types of
comparisons can provide insight into the selection of the most appropriate tool(s) for
capturing a targeted species or different ecological attributes of interest, thus ensuring
high data quality and supporting appropriate data interpretation. Our study can both guide
the collection of relevant baseline data and enhance monitoring efforts of deep-sea
ecosystems. However, our study also underscores the need for more detailed evaluation
of catchability, encompassing other tools, species, ecosystems, and ecological attributes

of interest.

2.3 Methods

2.3.1 Study Site

Our sampling areas were in the Laurentian Channel Marine Protected Area
(MPA), located in a deep submarine valley off the southwest coast of Newfoundland,
Canada (Figure 2.1), is ~ 11,580 km? (DFO, 2019a), and ~115-490 m deep (Lacharité et
al., 2020). We sampled two stations, LC2 and LCS5, to capture a range of taxonomic
diversity and abundance. A map of biophysical seafloor features classified station LC2 as

part of a benthoscape characterized by intermediate depth (200-400 m) with low relief
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(0.5-1°), very abundant pockmarks (>5 km), sparse ice scours (<1 km), and mixed
sediment with some gravel (Lacharité et al., 2020). Station LC5 was classified as deep (>
400 m) with low relief, sparse pockmarks (<1 km?), abundant ice scours (>2 km), and
sandy mud with gravel traces. The environmental conditions (bathymetry, pockmarks, ice
scours, and slope) were similar within stations as supported by Lacharité et al., (2020)
and video observations of the sampled areas. Thus, we assumed that our results could be
attributed mostly to how the tools captured the morphotaxa, rather than spatial patterns in

environmental variables.

2.3.2 Imagery

We used two different tools to collect and compare imagery from the two stations.
In 2017, we performed 8 400-m parallel transects with the remotely operated vehicle

Remotely Operated Platform for Ocean Sciences (ROPOS; https://www.ropos.com/).

Sampling was based on a systematic cluster design with alternating spatial lags,
recommended for capturing spatial patterns in the absence of prior knowledge (Fortin et
al., 1989). Transects were spaced at spatial lags of 10 m and groups of 2 were spaced at
200 m (Figure 2.2). This design allowed us to combine large spatial extent with high
spatial resolution. We used continuous video collected with a downward-facing Insite
Pacific Zeus-Plus HD camera (1920 x 1080 pixels) to capture epibenthic fauna and
quantify sampling area. The ROV includes 3 x 400 W HMI and 3 x 350 W LED primary
light sources, as well as 8 x 150 W LED lights used to fill in shadows near the vehicle
and for additional sampling, e.g. using the manipulator arms and attached equipment.
Video was stored as a series of MPEG files for easier processing, resulting in 70 video

segments at station LC2 and 68 at LC5. Metadata included a real-time comment log,
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voiceover comments on videos, closed-caption encoding (geo-referencing; using Digital
Rapids StreamZHD recorders, (Canadian Scientific Submersible Facility, 1995-2020),
date, time, latitude, longitude, depth, heading, pitch, roll, forward velocity, starboard
velocity, downward velocity, altitude above seafloor, as well as temperature and salinity
from a CTD. Specimens, water samples, and sediment samples were collected

opportunistically.

In 2018, we collected additional imagery with the drop camera Campod (operated
by the Department of Fisheries and Oceans (DFO) — Canada, Bedford Institute of
Oceanography). The sampling design was modified from the one used with ROPOS to 3
1-km parallel transects at ~200 m spacing because the passive drifting of Campod makes
maneuvering difficult. Still images (JPEG) were captured every 10 s, timed to manual
hops of the camera along the seafloor, using a downward facing NIKON D810 camera
(7360 x 4912 pixels). This drop camera system had two Quantum Qflash Model TSD-R
light sources, which were operated at full power at 150 W. A total of 2886 images at
station LC2 and 2202 images at LC5 were captured over the longer transects; however,
we only processed images corresponding to a 400-m segment of each transect to make
the transect arrays comparable between sampling tools (Figure 2.2). We used a real-time
comment log and other metadata (date, time, latitude, longitude, depth, and altitude) were
provided by the Campod technical crew after post-processing of the Navnet, CTD,

altimeter, and USBL systems.
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Figure 2.1 Map of the Laurentian Channel MPA (boundary provided by DFO), in Atlantic
Canada off the southwest coast of Newfoundland indicating the locations of the two
sampling stations (LC2 and LC5). Shown are 8 400-m ROPOS transects, 3 400-m
Campod transects, and trawl set at station LC5 (inset 1) and LC2 (inset ii) (DFO, 2019a).
Esri (2020a.) for World Ocean Base layer, using coordinate system GCS_WGS 1984.
Bathymetry data layer is from Lacharité et al., (2020). This MPA is located within a deep
submarine valley in the Northwest Atlantic and was designated to protect corals
(predominately sea pens), several fish and shark species, as well as leatherback turtles
(DFO, 2019a).
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2.3.3 Trawl

Biomass of all caught coral species (sea pens, gorgonians, soft corals, cup corals)
was estimated from DFO (Newfoundland and Labrador Region) trawl surveys performed
using a Campelen 1800 Shrimp Cosmos Trawl in the 3Ps NAFO region (which included
the Laurentian Channel MPA) in 2010 (McCallum and Walsh 1996). We used data from
two tows, 0.9 nautical miles in length (17-18 min at 3 knots), providing catch weights
(kg) for 5 unique coral records (Duva florida, Funiculina quadrangularis, Halipteris
finmarchica, Pennatula cf. aculeata, Sea pen sp.), as well as tow metadata (e.g. date, set,
NAFO region, distance, duration, damage, depth, temperature, start/end

latitude/longitude, gear type).

The principle of stationarity, that the same ecological processes are assumed to be
occurring throughout a given area, can be rendered invalid at increasing distances
between points of interest (Dale and Fortin 2014). To avoid non-stationarity, we limited
comparisons to data within a 2-km buffer around each starting point of the ROPOS
transects. This encompassed the entire ROPOS and Campod tracks, but only 1 full trawl

track at each station was within the selected 2-km station radius.

Area swept by each trawl set was calculated as tow distance multiplied by wing
spread adjusted for the ship used (area = distance x wing spread). Assuming a depth of
~ 400 m at the Laurentian Channel and using the median value for wing spread of 16.5 m
on CCGS A. Needler (Walsh et al., 2009), we estimated the area per trawl as 27502 m2.

We estimated biomass in g m™ by dividing biomass (kg tow™!) by the estimated area

16



swept by the trawl, after weight conversion to grams (biomass (g m~2) = biomass (kg) x
1000 area™). Similarly, to biomass (kg), the estimated biomass per unit area (g m™)

assumes corals were evenly distributed across the trawled area.

2.3.4 Imagery Analysis

Using the Video & Track Replay feature in the software application Ocean Floor
Observation Protocol (OFOP 3.3.8c, Huetten and Greinert, 2008; Scientific Abyss
Mapping Services, 2009), position data from ROPOS was synced to video with
timestamps, and images were extracted at a target distance interval of 1.5 m. We
confirmed the start/end of each transect in ArcGIS (Version 10.5 Esri, 2016) and
excluded off-transect or overlapping images. We aimed to analyze every 4th image.
Images were included in the analysis if total area was less than 6 m? as estimated by the
scaling lasers spaced 10 cm apart, and if image clarity permitted an unobstructed view of
the seafloor (see Figure 2.3 for example imagery). Obscured sections were cropped out to
permit taxonomic identification (i.e. removing suspended particles, pelagic animals near
the camera, sediment plumes, or sections of low light). Images were deemed unsuitable if
they required > 50% cropping. Overall, this protocol resulted in ~ 6-m spacing between
images; when images were deemed unsuitable the next sequentially suitable image at a
distance of 1.5-6 m was analyzed instead. We filtered out 50% of the analyzed ROPOS
images to reduce sampling size, making it comparable to Campod (which generated

fewer images), which resulted in final spacing of ~12 m between images for ROPOS.
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Suitable Suitable when Cropped Unsuitable

ROPOS

Campod

Figure 2.3 Examples of imagery collected by the ROV ROPOS (first row) and the drop camera Campod (second row), deemed
suitable (left) or unsuitable (right) for analysis (e.g. poor illumination, blurry edges, sediment plumes). If less than <50% of an image

was unsuitable and the scaling lasers were visible (middle), then those images were cropped before enumerating fauna and calculating
the area analyzed



Due to the passive drifting of Campod, we used a target time interval of 10 s
rather than a target distance between images, which, assuming a speed of 1 knot (0.514 m
s1), corresponds to ~ 5-m spacing. However, this was likely an overestimate of distance
due to slower drifting of the camera than expected. To maintain a standard image analysis
protocol (using Imagel software; Abramoff et al., 2004) consistent to that used for the
ROPOS analysis, we analyzed every 4th image for a 400-m section of each transect

(spacing ~40 s, ~20 m) using the same protocols as for ROPOS.

All megafauna > 2 cm in the largest dimension were enumerated and identified to

morphospecies?

using a reference guide based on World Register of Marine Species

(WoRMS). If morphospecies were too numerous to count or colonial, e.g. holothuroidea
and encrusting sponges, they were recorded as percent cover instead of counts. We used
the point method to estimate percent cover (209 points for ROPOS and 204 for Campod,

respectively, due to differences in image resolution), including only the number of points

that fell onto the uncropped area of the image.

2.3.5 Data Analysis

We aimed to avoid spatial overlap of sampling among tools and thus minimizing
potential confounding effects. However, some overlap may have occurred between the
trawl track and Campod (CON46) at LC5, and ROPOS (2A) at LC2 (Figure 2.1). Since
these tools have different levels of position accuracy it was difficult to interpret distances

between their tracks, in particular for the trawl, as latitudes and longitudes reflect the

2 Some morphospecies groupings were renamed in Chapters 3 and 4 (see appendix Table AIL1), but does
not alter this chapter.
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vessel position rather than having positional equipment directly mounted on the trawl

itself.

For each transect of each tool, we evaluated image quality based on a number of
criteria: total images captured, number of suitable images selected for analysis, total area
covered by images, and total area of images deemed unsuitable for analysis. For analysis,
we selected the most abundant taxonomic groups (see Figure 2.4), determined as those
recorded on at least 11 of 22 total transects in the study. The less abundant taxa were
either aggregated to form groups of higher abundance (e.g. Actiniaria (O.) spp.) or

excluded (i.e. too few counts) from the analyses.

To make the sampling design used by ROPOS comparable to that of Campod
(which included 3 400-m transects) for statistical analyses, we assembled the 8 individual
ROPOS transects (A-H) into 4 groups of 3 400-m transects, ~200 m apart
(ROPOS_ACE, ROPOS_BDF, ROPOS_CEG, ROPOS_DFH). We compared the
abundance of the most abundant taxa among sampling designs (5 levels: Campod,
ROPOS_ACE, ROPOS BDF, ROPOS_CEG, and ROPOS_DFH) using one-way type 2
ANOVAs (Underwood, 1997). We detected a lack of normality using Shapiro-Wilk tests
and normal quantile plots, and heteroscedacity using Levene’s tests and residual plots.
Although we explored several data transformations (e.g. loge and square root versions),
none improved heteroscedasticity and normality; therefore, we used the untransformed
data (abundance of individuals or colonies m) in the ANOVAs. Post-hoc comparisons
for significant pairwise differences in treatment means were performed with Tukey HSD

tests (Abdi and Williams 2010).
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Figure 2.4 Examples of the most abundant taxonomic groups (scale bars are 2 cm). A) Actiniaria (O.) sp. 23, B) Actiniaria (O.) spp.,
C) Anthoptilum spp., D) Pennatula sp. 2, and E) Scleractinia (O.) spp.’

3 Some morphospecies groupings were renamed in Chapters 3 and 4 (see appendix Table AIL1).
e.g. Actiniaria (O.) sp. 23 = Edwardsia sp. 1, Actiniaria (O.) spp. = Anthozoa (C.) spp., and Scleractinia (O.) spp. = Hexacorallia (SC.) spp.



We used all 8 400-m transects ROPOS transects (ROPOS all) for some analyses.
Including all aggregated taxa, we calculated morphospecies accumulation curves using
the random method for each sampling design at each station, with 999 permutations. We
used non-metric multi-dimensional scaling (NMDS) to explore similarities in the
composition of the assemblages among sampling designs within stations and between
stations. Significant patterns were explored using permutational multivariate analysis of
variance (PERMANOVA) on the Bray—Curtis dissimilarity matrix with 999 permutations
using the “Adonis” function. All statistical analyses were done with R version 3.6.1;

packages Tidyverse, Reshape, Vegan, Car, and Agricolae

2.4 Results

Overall, image quality was high for both tools and most transects, except for
ROPOS at LC5. For ROPOS, more images per transect were unsuitable at LC5 than at
LC2 (Table 2.1). A higher proportion of images collected by Campod than by ROPOS
were unsuitable, and only half the images were selected for analysis. However, it was
often possible to replace unsuitable images, except for ROPOS at LC5 where fewer
images were analyzed. Less area needed be cropped out of images by ROPOS at LC2
than by ROPOS at LC5 and by Campod at both sites (10-40% of the area was cropped
out of images with unsuitable sections). Mean (and standard deviation) altitude above the
sea floor was consistent across all transects, at ~1-2 m and thus did not affect image

quality (Table 2.2).

There were some differences between stations in the detected species composition

and some taxa were only found at one station [LC2 only: Pennatulacea (O.) sp. 5,
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Pennatulacea (O.) spp., Protoptilum sp. 1, Asteroidea (C.) spp., Decapoda (O.) spp.,
Actiniaria (O.) sp. 19; LC5 only: Actiniaria (O.) sp. 23, Cerianthidae (F.) spp., Gersemia
sp. 1; Table 2.3 and 2.4]. The only taxon recorded as percent cover at both stations was
Holothuroidea (C.) sp. 1. Average percent cover (£ SE) was less at LC2 than at LCS5, for
ROPOS (all 8 transects; LC2 0.000 + 0% and LCS5 0.005 + 0.003%) but varied for

Campod (all 3 transects; LC2 0.273 + 0.3% and LCS5 0.060 + 0.003%).

The abundance of taxa varied between tools and stations. Abundance was much
greater at LC2 than at LCS5, but was dominated by a few species, particularly Pennatula
sp. 2. (Figure 2.5). Campod captured significantly higher abundance of Actiniaria (O.) sp.
23 than all ROPOS designs and of Pennatula sp. 2 than two of four ROPOS designs, but

only at station LC5 (Table 2.5).

Morphospecies accumulation curves were similar for Campod and ROPOS at
LC2 (Figure 2.6), but the curve was steeper for Campod than all ROPOS designs at LCS5.
A plateau of the morphospecies accumulation curves was not reached at either station,
except when all ROPOS transects were combined at LC5. Significant differences in
species composition existed between the two stations (Figure 2.7A, Table 2.6). Based on
the NMDS plots and PERMANOVAs, the imagery tools produced similar assemblages at
LC2 (overlapping 95% confidence interval for tools) but not at LC5 (Figure 2.7B-C &

Table 2.6).
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Table 2.1 Quality of imagery collected by the ROV ROPOS and the drop camera Campod, by 400-m transect at stations LC2 and LC5
in the Laurentian Channel MPA.

Tool Transect # Total # Selecte(.i # Unsuitable # Analyzed # This — Total 2a rea  Area cro;;ped Average
for analysis study (m?) out (m”) percent crop

ROPOS 2A 276 69 8 62 31 71.92 17.32 23.58 9.32
2B 224 55 5 54 27 60.45 543 9.66 6.40
2C 255 63 2 63 32 63.62 4.05 14.55 10.61
2D 259 65 14 64 32 63.96 8.98 19.37 15.41
2E 249 63 0 62%* 31 58.61 1.69 12.38 4.43
2F 258 64 35 58 29 67.46 20.20 25.35 12.94
2G 251 62 2 62 31 57.36 8.09 13.66 7.32
2H 257 64 21 61 30 71.63 15.62 17.91 10.21
SA 250 62 34 55 27 53.44 4.69 19.55 10.04
5B 251 65 101 40 20 36.27 13.17 25.09 10.39
5C 259 64 6 63 32 49.31 6.08 16.73 10.63
5D 257 62 100 44 22 34.63 23.06 38.67 12.97
SE 257 64 20 62 31 4991 21.52 27.53 10.86
SF 266 66 142 38 19 20.50 12.46 37.46 9.47
5G 261 64 83 46 23 29.51 15.92 34.22 9.47
SH 238 59 140 32 16 18.28 13.19 41.10 9.21

Campod LC2A _CONI16 118 30 26 29 29 55.80 16.16 22.00 13.81
LC2B CON17 129 33 19 32 32 73.39 17.37 26.62 17.68
LC2C CONI18 141 36 17 36 36 70.33 17.11 27.60 14.25
LC5A_CON46 125 32 10 31 31 59.93 17.06 21.71 12.35
LC5B_CON47 121 31 14 31 31 71.64 19.08 20.16 11.42
LC5C_CON48 109 28 6 28 28 58.21 12.90 20.45 11.94

Note: * One image was inadvertently missed during processing. Unsuitable images were replaced by the next suitable image if possible. To reduce
sampling bias, only half of the analyzed ROPOS images were used in statistics for this study. Total suitable image area, unsuitable area cropped
out, and average percent of cropped area (= SD) per transect was reported for the subset of images used in this study.
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Table 2.2 Summary of imagery transect metadata at stations LC2 and LCS in the Laurentian Channel MPA. DD: decimal degrees.

Mean depth . Mean Images St?m S.t art EI.ld E.nd
Tool Transect Date - SD (m) altitude £ SD analyzed longitude latitude longitude latitude
(m) (DD) (DD) (DD) (DD)
ROPOS 2A 2017-09-09 348 £0.68 1.24+£0.31 31 -56.6704 45.53298 -56.666 45.53126
2B 2017-09-09 349+ 0.69 1.03+£0.24 27 -56.6665 45.53134 -56.6703 45.53281
2C 2017-09-09  350+0.52 0.93+£0.18 32 -56.6672 45.52954 -56.6716 45.53128
2D 2017-09-09 350+ 0.55 1.03+0.23 32 -56.6717 45.5312 -56.6674 45.5295
2E 2017-09-09  351+0.77 0.83 £0.05 31 -56.6686 45.52792 -56.6728 45.52957
2F 2017-09-09 351 +0.82 1.20+£0.35 29 -56.673 45.52954 -56.6685 45.52782
2G 2017-09-09  354+0.79 0.89 £0.15 31 -56.6699 45.52628 -56.6741 45.52796
2H 2017-09-09  354+0.93 1.23 £0.40 30 -56.6742 45.52788 -56.6699 45.52617
5A 2017-09-12* 439+ 0.61 0.94 +£0.13 27 -57.5277 46.21105 -57.53 46.2138
5B 2017-09-13 438 +£0.53 1.27 £0.28 20 -57.5302 46.2138 -57.5277 46.21074
5C 2017-09-13  440+0.21 0.91 £0.03 32 -57.5298 46.20974 -57.5324 46.21284
5D 2017-09-13 440+ 0.30 1.35+0.29 22 -57.5324 46.21259 -57.53 46.20969
5E 2017-09-13  440+0.39 1.11 £0.32 31 -57.5322 46.20882 -57.5347 46.21186
5F 2017-09-13  440+0.27 1.08 +£0.22 19 -57.5349 46.21187 -57.5325 46.20894
5G 2017-09-13  440+0.24 1.00£0.18 23 -57.5345 46.20781 -57.537 46.21084
5H 2017-09-13  440+0.29 1.11+£0.25 16 -57.5365 46.20997 -57.5346 46.20777
Campod LC2A CONI16  2018-07-09 340+ 1.37 1.81 £0.58 29 -56.6588 45.53846 -56.6622 45.53608
LC2B_CON17 2018-07-09 342 +1.95 1.72 +0.53 32 -56.6598 45.53925 -56.6637 45.53701
LC2C CONI18 2018-07-10 343 +1.39 1.61 £0.52 36 -56.6618 45.54047 -56.6655 45.53813
LC5A CON46  2018-07-09 440+ 0.84 1.76 + 0.40 31 -57.5239 46.22137 -57.5266 46.21836
LC5B_CON47 2018-07-09  439+1.01 1.63 £0.33 31%* -57.5257 46.22215 -57.5284 46.21914
LC5C _CON48 2018-07-09 441 +£1.22 1.41 +£0.30 28 -57.5281 46.22326 -57.5308 46.22028

*Some data also collected on 2017-09-13, **13 images from CON47 were missing measurements of depth and altitude; means and SD are

calculated for n=18 images



Table 2.3 Abundance of individuals/colonies m™ (mean + SE) at station LC2 in the Laurentian Channel MPA averaged across transect
and then averaged across each of six sampling designs. Data for Campod, ROPOS ACE, ROPOS BDF, ROPOS_CEG, and
ROPOS DFH are averaged across 3 400-m transects. Data for ROPOS all were averaged across 8 400-m transects.

9¢

Taxon Campod ROPOS ACE ROPOS BDF ROPOS CEG ROPOS DFH ROPOS all
(n=3) (n=3) (n=3) (n=3) (n=3) (n=8)

Arthropoda
Decapoda (O.) spp. NA 0.004 + 4E-03 NA NA NA 0.002 + 2E-03
Lithodes maja NA NA 0.004 + 4E-03 NA 0.004 £4E-03 0.001 + 1E-03
Cnidaria
Actiniaria (O.) sp. 1 0.005 + 5E-03 NA NA NA NA NA
Actiniaria (O.) sp. 19 0.014 £ 1E-02 NA 0.004 + 4E-03 NA 0.004 £ 4E-03 0.001 + 1E-03
Actiniaria (O.) spp. 0.016 + 9E-03 NA 0.007 £ 7E-03 NA NA 0.003 + 3E-03
Anthozoa (C.) sp. 4 0.028 £ 2E-02 NA NA NA NA NA
Flabellum alabastrum 0.007 =+ 7E-03  0.016 = 1E-02 NA 0.018 = 1E-02 NA 0.008 + 5E-03
Scleractinia (O.) spp. 0.962 + 1E-01 0.262 £ 6E-02 0.907 £4E-01 0.387 + 7E-02 0.493 £2E-01 0.547 £ 2E-01
Pennatulacea
Anthoptilum spp. 0.016 £ 1E-02  0.007 = 7E-03 NA NA NA 0.003 = 3E-03
Kophobelemnon spp. NA NA 0.007 + 7E-03 NA NA 0.002 + 2E-03
Pennatula sp. 2 6.629 = 1E+00 3.722 + 4E-01 411(5)1%);: 3.825 £3E-01 2.408 £9E-01 3.457 £ 5E-01
Pennatulacea (O.) sp. 5 NA 0.016 + 3E-04 NA 0.011 £ 5E-03 NA 0.006 + 3E-03
Pennatulacea (O.) spp. 0.007 = 7E-03 NA 0.006 = 6E-03 NA NA 0.002 + 2E-03
Protoptilum sp. 1 NA NA 0.011 £ 6E-03 NA 0.006 = 6E-03  0.004 + 3E-03
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Table 2.3 (Continued)

Taxon Campod ROPOS ACE ROPOS BDF ROPOS CEG ROPOS DFH ROPOS all
(n=3) (n=3) (n=3) (n=3) (n=3) (n=8)

Echinodermata
Asteroidea (C.) sp. 4 0.012+ 1E-02 0.013£2E-03 0.012+ 1E-02 0.010+5E-03 0.012+1E-02 0.010 + 5E-03
Asteroidea (C.) spp. NA 0.005 £ 5E-03 0.011 £5E-03 0.005+5E-03 0.011 +£5E-03 0.008 + 3E-03
Ophiuroidea (C.) spp. 0.004 £ 4E-03 NA NA NA NA NA
Pteraster sp. 1 0.011 £ 1E-02 NA NA NA NA NA
Other
Porifera (P.) spp. NA 0.005 + 5E-03 NA 0.005 + 5E-03 NA 0.002 + 2E-03
Unidentified sp. 216* NA 0.006 = 6E-03  0.092 £9E-02 0.011 + 6E-03 NA 0.039 = 3E-02

* Possibly Funiculina sp. but image quality obscured polyps.



Table 2.4 Abundance of individuals/colonies m™ (mean + SE) at station LC5 in the Laurentian Channel MPA averaged across transect
and then averaged across each of six sampling designs. Data for Campod, ROPOS_ACE, ROPOS BDF, ROPOS CEG, and
ROPOS DFH are averaged across 3 400-m transects. Data for ROPOS all were averaged across 8 400-m transects.
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Taxon Campod ROPOS ACE  ROPOS BDF ROPOS CEG  ROPOS DFH ROPOS _all
(n=3) (n=3) (n=3) (n=3) (0=3) (n=8)

Arthropoda
Lithodes maja 0.005 + 5E-03 NA NA NA NA NA
Cnidaria
Actiniaria (O.) sp. 1 0.065+2E-02  0.006 + 6E-03  0.029+2E-02  0.018+1E-02  0.008 + 8E-03  0.017 = 8E-03
Actiniaria (O.) sp. 23 0.531+3E-02  0.070+2E-02  0.070+2E-02  0.084 +2E-02  0.058+1E-02  0.078 + 1E-02
Actiniaria (O.) spp. 0.033 £2E-02  0.060+ 1E-02  0.087+3E-02  0.090 £4E-02  0.089+3E-02  0.083 +£2E-02
Anthozoa (C.) sp. 4 0.006 + 6E-03 NA NA NA NA NA
Cerianthidae (F.) spp. 0.029 £ 1E-02  0.006 + 6E-03 NA 0.024 £ 2E-02 NA 0.011 = 9E-03
Flabellum alabastrum 0.018 £ 2E-02  0.007 £ 7E-03 NA NA NA 0.003 + 3E-03
Gersemia sp. 1 0.012+1E-02  0.010+1E-02  0.019+2E-02  0.010+1E-02  0.019+2E-02  0.011 = 7E-03
Scleractinia (O.) spp. 0.127+6E-02  0.016 £9E-03  0.028+2E-02  0.016+£9E-03  0.044 +9E-03  0.022 = 8E-03
Pennatulacea
Anthoptilum spp. 0.037+8E-03  0.044+3E-02 0.016+2E-02  0.053+3E-02  0.036+4E-02  0.048 £ 2E-02
Kophobelemnon spp. 0.030 £ 2E-03 0.012+9E-03  0.035+4E-02  0.012+1E-02  0.035+4E-02  0.021 + 1E-02
Pennatula sp. 2 0.051 +£5E-03  0.004 £4E-03  0.022+1E-02  0.004 £4E-03  0.015+2E-02  0.010 £ 6E-03
Echinodermata
Asteroidea (C.) sp. 4 0.003 £ 3E-03 NA NA NA NA NA
Ophiuroidea (C.) spp. 0.013 + 8E-03 NA NA NA NA NA
Pteraster sp. 1 0.014 £ 1E-02 NA NA NA NA NA
Other
Porifera (P.) spp. 0.006 £+ 6E-03 NA NA NA NA NA
Unidentified sp. 216* NA 0.008 + 8E-03 NA 0.008 + 8E-03 NA 0.003 £+ 3E-03

* Possibly Funiculina sp. but image quality obscured polyps.
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Figure 2.5 Mean abundance of individuals or colonies m™ in each transect for abundant

taxa (present in at least 11 of 22 transects) at (A) station LC2 and (B) station LC5 in the

Laurentian Channel MPA. Abundance was averaged across images for each transect (n=
16-36), see Table 2.1 for number of images per transect. Note: different scales on y-axis,
* denotes taxon that was only found at one of these stations.
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Table 2.5 One-way ANOVAs (type 2) on untransformed data, using 5 fixed levels of
design: Campod, ROPOS_ACE, ROPOS BDF, ROPOS_CEG, and ROPOS_DFH (3
400-m transects) for abundant taxa (present in at least 11 of 22 total transects), at stations
LC2 and LCS5 in the Laurentian Channel MPA.

Sum of F P
tati T Tukey HSD
Station axon Squares Value  Value ukey

LC2 Actiniaria (O.) spp. 0.001 1.735 0.219

Residuals 0.001 - -
Anthoptilum spp. 0.001 1.400 0.302
Residuals 0.001 - -
Pennatula sp. 2 28.4 3.457 0.051
Residuals 20.6 - -

Scleractinia (O.) spp. 1.19 2.428 0.116

Residuals 1.23 - -

Campod> ROPOS_ACE,
Campod> ROPOS_BDF,
Campod> ROPOS_CEG,
Campod> ROPOS DFH

LCS Actiniaria (O.) sp. 23 0.510 92.351 <0.001 **

Residuals 0.014 - -

Actiniaria (O.) spp. 0.007 0.775 0.566

Residuals 0.024 - -
Anthoptilum spp. 0.004 0.575 0.687
Residuals 0.019 - -
Campod> ROPOS_ACE
% - )
Pennatula sp. 2 0.004 3.919 0.036 Campod> ROPOS_CEG
Residuals 0.003 - -

Scleractinia (O.) spp. 0.026 3.037 0.070
Residuals 0.021 - -

Significant Shapiro-Wilk test for all ANOVAs except Pennatula sp. 2 at LC2;

Significant Levene’s test for LC2 Actiniaria (O.) spp., LC2 Anthoptilum spp., and LC5
Scleractinia (O.) spp. * a =0.05, and ** o =0.01. For both stations, df = 4,10. Based on mean
abundance data by transect.
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Figure 2.6 Morphospecies accumulation curves at (A) station LC2 and (B) station LC5 in
the Laurentian Channel MPA, based on abundance per photo across each of the six
sampling designs; Campod, ROPOS_ACE, ROPOS BDF, ROPOS CEG, ROPOS DFH
(3 400-m transects), and ROPOS _all (8 400-m transects). Used random method with 999
permutations; shaded confidence intervals are one SD.
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Figure 2.7 Non-metric multi-dimensional scaling (NMDS) plot of the assemblages in the
Laurentian Channel MPA (mean abundance m™ per transect for n=23 aggregated taxa)
using Bray-Curtis dissimilarity with 95% CI for station and tool groups, at (A) station
LC2 and LCS5; (B) station LC2 for each sampling design and (C) station LCS5.
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Table 2.6 Permutational multivariate analysis of variance (PERMANOVA) of distance
matrix using Bray—Curtis dissimilarity and 999 permutations examining the effect of
sampling designs Campod, ROPOS ACE, ROPOS BDF, ROPOS CEG, ROPOS DFH
(3 400-m transects) and station (LC2 and LC5) in the Laurentian Channel MPA.

S of M
Station Factors df ums can F R’ P
Squares  Square

LC2 & LC5 Design 5 0.72 0.14 1.67 0.05 0.102
Station 1 8.66 8.66 100.31 0.66 0.001*
Design x
. 5 0.79 0.16 1.82 0.06 0.058
Station
Residuals 34 2.94 0.09 - 0.22 -
Total 45 13.10 - - 1.00 -
LC2 Design 5 0.38 0.08 1.61 0.32 0.151
Residuals 17 0.80 0.05 - 0.68 -
Total 22 1.18 - - 1.00 -
LC5 Design 5 1.13 0.23 1.80 0.35 0.036%*
Residuals 17 2.14 0.13 - 0.65 -
Total 22 3.26 - - 1.00 -

* Denotes significant p-value using a=0.05. Using 23 taxon in total, some that were
found only at one station. Based on mean abundance data by transect.

33



The trawl only captured a few taxa (Table 2.7) with overall low catch weights,
except for sea pens (taxonomically not resolved) at LCS5. Biomass normalized to sampled
area ranged from <0.01 to 1.45 g m™ for Pennatula cf. aculeata, likely the same species
as Pennatula sp. 2 from the imagery analysis (2.408 + 0.9 to 6.629 + 1 m2at LC2; 0.004

+0.004 to 0.051 + 0.005 m™ at LC5).

Table 2.7 Coral biomass from Fisheries and Oceans Canada (Newfoundland and
Labrador Region) multispecies surveys using a Campelen 1800 Shrimp Trawl from one
trawl set at station LC2 and LCS5.

_ Mean Weight of Es.t imated

Site Date depth (m) Taxon catch (kg) biomass
(g m?) *

LC2  04/14/2010 347 Funiculina quadrangularis 1.4 0.05
LC2  04/14/2010 347 Halipteris finmarchica 0.14 0.01
LC2  04/14/2010 347 Pennatula cf- aculeata 0.1 <0.01
LC5  04/27/2010 429 Sea pen sp. 40 1.45
LCS  04/27/2010 429 Duva florida 0.4 0.01

* Estimated biomass (g m™) for perspective only — not accurate for further fine-scale
distribution analyses.
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Table 2.8 Qualitative comparisons of three sampling tools [a remotely operated vehicle (ROPOS), a drop camera (Campod), and a
trawl (Campelen 1800 Shrimp Trawl)] for capturing different ecological attributes and sampling biases for deep-sea megaepifauna.

Ecological Tool
Attribute ROV Drop Camera Trawl
Demography
Based on imagery, pos@ble to ‘ Based on imagery, pos:s1ble to . To species, but lacks consistency
morphospecies, sometimes to species. morphospecies, sometimes to species. a5 Some sets are erouned to
1. Species Physical samples, if collected, can Lack of physical samples for group
. . . } ) . . order/common name. Samples
identification  resolve verification. Imagery can be verification. Imagery can be re- are often not stored for further
re-analyzed by other taxonomic analyzed by other taxonomic experts . . .
; : . . identification.
experts if desired. if desired.
2. Mean e . e ]
# individuals m by transect # individuals m by transect N/A
abundance
N/A; may be inferred for some N/A; may be inferred for some 1 .
. SRS s S o # kg trawl™; can standardize tow
3. Biomass species if reliable size/biomass species if reliable size/biomass (i.e. 0.75 nautical miles) *
models are available. models are available. A
Sizing possible for objects >2 cm on  Sizing possible for objects > 2 cm on
same plane as scaling lasers (if same plane as scaling lasers; or in Specimens can be measured
4 Size & present); in absence of appropriate absence of appropriate scale, relative  (minimum size depends on
récrui tment scale, relative sizing (adult vs sizing (adult vs juveniles) is possible.  largest mesh size and catch

juveniles) is possible. Caution: erect
fauna requires a more appropriate
scale.

It is also easier to see objects <2cm in
some imagery. Caution: erect fauna
requires a more appropriate scale.

efficiency). Note: not common
practice.

# (Walsh et al., 2009)
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Table 2.8 (Continued)

Ecological Tool

Attribute ROV Drop Camera Trawl
Bias / quality
control

Mobile animals may be
attracted/repelled by continuous
presence and lighting of tool; repeat
counts possible if individuals reenter

5. Catchability
and sampling

bias the transect at multiple points (i.e.
follow the camera).
Image quality depends on camera
resolution, file compression/type

6. Image chosen, speed of movement, altitude

quality off the seafloor, sufficient lighting,

and degraded quality of imagery
during extraction of frame grabs.

7. Speed over

ground for ~0.75 km h™! with continuous video,
spatial extent/  target of 0.25 - 0.5 knots.
resolution

Disturbance of sediment could cause
aversion/retraction maybe preempting
capture; repeat counts possible if
individuals reenter the transect at
multiple points (i.e. follow the
camera).

Tool can disturb sediments which
may obscure imagery. Image quality
also depends on camera resolution,
file compression/type chosen, speed
of camera, altitude off the seafloor,
sufficient lighting. Note: Video not
useable.

~ 0.8 km h!, depending on current
drift; images capture rate depends on
flash recharge (i.e. ~10 sec).

Low efficiency for sea pens °

(possible retraction may preempt
capture), and varying
catchability for various fish
species ©. Catchability/spread of
the trawl may be affected by
obstruction, improper rigging,
net damage, depth, amount of
warp, stability of the vessel,
currents, and bottom type *.

N/A

~ 5.6 km h'!; given 0.75 nautical
mile for 15 min standard
protocol.

# (Walsh et al., 2009)
b (Chimienti et al., 2018b; Kenchington et al., 2011)

¢(McCallum & Walsh, 1996; Vazquez, 2010; Walsh, 1992; Warren, 1997)
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Table 2.8 (Continued)

Ecological Tool
Attribute ROV Drop Camera Trawl
Not recommended ?: quality
R Real-time Very flexible (i.e. live video, pause, Limited (i.e. live video, stop, alter control adjustments during trawl

quality control

9. Position
accuracy

Other

10.
Disturbance
of the seafloor

restart, alter pan/tilt/zoom and
lighting)

Advanced position accuracy (i.e.
using 3 different systems USBL,
gyrocompass, DVL) ¢. Real-time
positioning adjustments possible (i.e.
0.2% of position depth, ~ +1m when
depth is 500 m).

Minimal disturbance, slight
resuspension of sediment localized to
width of ROV (i.e. ~2-m2).

capture rate/imagery specifications
and lighting).

Good position accuracy (i.e.10s of
meters, using USBL but post-
processing calculations rely on ship
GPS). Passively drifting system, real-
time positioning adjustments not
possible.

Some disturbance of sediment during
bottom contact; hopping of camera on
seafloor.

could affect area swept; mostly
done before or after tow (i.e.
redo tow).

Limited positioning (i.e. system
is ship based with accuracy of
10s of meters). May use
calculations to estimate trawl
position relative to ship or
assume same position. Protocol
does not allow for real-time
adjustments.

High disturbance of the seafloor;
sustained bottom contact.

? (Walsh et al., 2009)
d (Canadian Scientific Submersible Facility,1995-2020)
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Table 2.8 (Continued)

Ecological Tool

Attribute ROV Drop Camera Trawl
Limited [i.e. CTD,
SCANMAR/SEATRAWL data

11. Auxiliary
data,
sampling, and
metadata

12. Processing
time (excludes
quality
control)

Very flexible [i.e. CTD;
georeferenced water samples,
sediment cores, specimens/plankton.
Navigation data (time, date, latitude,
longitude, depth, & ROV rotations
and altitude)].

High; depending on image resolution,
complexity, and observer experience
(i.e. ~6.5 min per image).

Limited to post-processed metadata
(i.e. date, time, latitude, longitude,
depth, temperature, altimeter, and
camera rotations).

High; depending on image resolution,
complexity, and observer experience
(i.e. ~7.5 min per image).

on trawl geometry and
performance, log sheets (vessel,
vessel position, set number,
depth, as well as the
start/end/speed of tow), and
sometimes Roxann is used to
collect data on substrate.
Specimens usually greater than
mesh size.].

Low to medium (i.e. minutes to
hours depending on catch).
Processing includes removing
specimens from net, on board
sorting, identification, weighing.
Note: further processing
onshore, not included.




2.5 Discussion

We examined differences in the estimation of abundance and diversity, sampling
performance and biases among the ROV, drop camera, and trawl when applicable. Image
quality was impacted by several factors including resolution (based on camera and file
type), speed and mode of movement, elevation above seafloor, sufficiently uniform
lighting, and obstruction by plumes of resuspended sediment and animals in the water
column. Extracted frame grabs from video of a moving camera (ROV) had reduced
quality compared to stills (drop camera), likely related to motion blur (i.e. caused by a
moving camera or target) and compression of the video file. It was usually possible to
replace unsuitable images with neighboring ones, except for the ROPOS transects at LCS,
where significant fish activity created sediment plumes that obstructed many images
resulting in a slight sampling bias of fewer images (Table 2.1). This fish behaviour may
have been a response to the motion, sound, or constant bright lighting of the ROV in an
otherwise low light environment. However, the drop camera produced a yet higher

proportion of unsuitable images, as the tool itself caused some sediment disturbance.

Taxon-specific abundance (particularly for Pennatula and Actiniaria) was higher
and accumulation curves steeper when using the drop camera than the ROV, but only at
one station. However, the curves did not reach an asymptote with either tool, suggesting
more than 90 images were required to fully capture diversity. These taxon-specific
differences suggest the tools had different catchabilities for different morphospecies,
possibly because poor image quality compromised the ability to distinguish smaller sized

individuals (e.g. Pennatula sp. 2 recruits) or taxa with similar colouration to the sediment
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(Table 2.8). Another study comparing imagery from towed cameras and an AUV,
similarly concluded that higher resolution imagery both leads to detection of higher
faunal densities and accounts for smaller fauna (Schoening et al., 2020). Minimizing
altitude for higher resolution imagery should also result in higher taxonomic resolution
(Schoening et al., 2020). A towed camera produced imagery of lower resolution when
sampling from an altitude of ~3 m than ~1 m, resulting in reduced taxonomic

identification (Jones et al., 2009).

Sampling adjustments that enhance image quality are needed to optimize data
analysis, such as constraining the altitude off the seafloor and speed of the camera
movement. In addition, certain video imagery file types during data collection may
improve resolution and allow reliable detection of recruits and smaller taxa. In general,
differences in catchability between tools may make some tools better suited than others
for capturing morphospecies with different magnitudes/patterns of abundance (i.e. very
abundant versus rare morphospecies), affecting tool performance. Catchability and
sampling biases of all sampling tools need to be compared quantitatively for different
species and ecosystems by sampling the same locations and ecological attributes,
preferably at the same time. To our knowledge, ours is the first study that compares
empirically catchability from a drop camera to that of a ROV and a trawl (with ~16.5 m

wing spread) in the peer-reviewed literature.

Trawls are used to assess fish stocks (Trenkel et al., 2004; Mclntyre et al., 2015),
and sometimes invertebrates, such as octopus, decapods, sea pens, sponges, holothurians,

and some gorgonians (Junceella sp and alcyonaria) (Adams et al., 1995; Ayma et al.,

2016; Chimienti et al., 2018b, 2019; Dinn et al., 2020; Pacunski et al., 2016; Pitcher et
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al., 2007; Wassenberg et al., 2002; Zhulay et al., 2019). Otter trawls have a flexible
mouth that is better suited for capturing mobile fauna but is less effective for epibenthic
fauna (Jamieson et al., 2013). In this study, we showed different patterns in relative
abundance for sea pens (Order Pennatulacea) sampled by ROV from those based on
biomass data from the trawls. Trawls may have lower capture efficiency for some
invertebrates than the drop camera and ROV. Kenchington et al., (2011) suggested ~5.2%
sea pen catch efficiency for the Campelen Trawl compared to Campod. Similarly, sea pen
density of Pennatula rubra was higher based on ROV data than trawl data (Chimienti et

al., 2018b).

Trawls are likely more appropriate for assessing some mobile fauna, yet in this
study drop camera and ROV appeared to capture sessile fauna and recruits more
effectively. Past studies have also found that trawls tend to undersample abundance and
diversity compared to imagery returning higher abundance estimates for many but not all
species (e.g. Morris et al., 2014; Nybakken et al., 1998; Uzmann et al., 1977). The higher
abundance recorded from trawls for some species, such as squid, herring, mackerel, and
butterfish, were likely the result of a photonegative response to the lighting on the
submersible or camera sled (Uzmann et al., 1977). Logan et al., (2017) recorded overall
higher fish abundances and diversity with a baited camera than a towed camera, yet this
varied with habitat and functional group, where towed camera recorded higher

abundances of species with cryptic or territorial behaviour.

Comparisons of data obtained by imagery tools and trawls are challenging, as the
tools appear to have different catchability limitations and capture different epifaunal

patterns. In our study, the high catch weights combined with low numerical abundance
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captured by the trawl may have been the result of larger sea pen species at one of the
stations (LC5), smaller individuals being missed because of net size. Trawls have reduced
catchability for small species such as Kophobelemnon spp. (Kenchington et al., 2011).
Kenchington et al., (2011) also reported varying mean weights for the sea pen species in
the Laurentian Channel and our imagery suggested the composition of sea pens may vary
by station. Additionally, some sea pens have a withdrawal response (Ambroso et al.,
2013; Chimienti et al., 2018b; Langton et al., 1990), which may result in an

underestimate of abundance and biomass.

2.5.1 Qualitative Comparison of Tools

Overall, imagery tools appeared to perform better than trawls for most ecological
attributes with fewer sampling biases and causing less disturbance, within a smaller
footprint (Table 2.8). All 3 tools can be used to identify morphospecies, commonly used
for image analyses, which can be verified subsequently with physical samples collected
by a ROV or trawl but not a drop camera. However, taxonomic identification using
imagery is constrained and efforts on global standardization are underway (Howell et al.,
2019). Sizing taxa can allow for examination of population dynamics, such as recruitment
events (Bak and Meesters 1998; Chimienti et al., 2018b), although this is not currently
common practice for most of the trawl samples in our region. Imagery may be used to
estimate size only of non-erect taxa lying on the same plane as the lasers, but in our
study, the scaling lasers in both drop camera and ROV imagery were deemed unsuitable

to size sea pens.
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Tool-specific operational effects likely impacted overall catchability. Lighting,
noise, and physical disturbance of sediment may have led to the attraction or aversion of
some morphospecies. Fish behavioral reactions to ROVs and trawls have been recorded
in previous studies (Adams et al., 1995; Ayma et al., 2016; Mclntyre et al., 2015; Trenkel
et al., 2004). Other factors including obstruction, improper rigging, net damage, depth,
amount of warp, stability of the vessel, currents, and bottom type are known to affect
trawl sampling (Walsh et al., 2009). The ROV had the highest real time quality control,
which was otherwise limited for the drop camera and trawl systems either due to the
passive tow sampling nature or operation protocols (Table 2.8). Positioning accuracy was
highest for the ROV at ~ + 1 m, and estimated as ~ =+ 10 of meters for the drop camera
and trawl, although the trawl position accuracy has additional limitations as positional
equipment is mounted on the vessel rather than on the trawl. Furthermore, wire-out for
trawls is often 3 times the depth to the seafloor and the trawl can be 1000s of m below or

behind the vessel (Jamieson et al., 2013).

The ROV sampled at a rate of approximately 0.75 km h!, a slightly smaller
distance than the drop camera (0.8 km h™!); the trawl had the most efficient sampling time
at ~5.6 km h'! (Table 2.8). Processing time was estimated to be higher for imagery, at
~6.5 min per image for ROPOS and ~7.5 min per image for the drop camera likely due to
the higher imagery resolution. Trawl processing time on ship is highly variable, ranging

from minutes to hours depending on catch size.

Ultimately, the data collected using different tools may be used in different types
of analyses. For example, the more flexible datasets with detailed metadata, such as geo-

referenced faunal records collected continuously along video transects, allow for analyses
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of spatial structure and species associations (Table 2.8). Further, there are trade-offs
between data resolution (complete transect with ROV and snapshots with drop camera)
and image quality, as well as sampling/processing time and data quality, which could
affect analyses. Overall, real time control of sampling, less disturbance, and higher

position accuracy than trawls are desirable features of ROVs.

2.5.2 Future Research and Recommendations

More baseline data are needed to understand the structure and function of deep-
sea communities and develop strategies for monitoring and conservation (Aguzzi et al.,
2019; Danovaro et al., 2017). However, for this data to be meaningful, appropriate and
quantitative tools should be used. It is evident that different tools have different

efficiencies in capturing different species, often rendering results incomparable.

Further research is needed into the utility of available sampling tools for different
types of analyses. ROVs collect data that may be used to define taxa-specific habitat
relationships at more spatially discrete scales, as well as community structure and
biogeographic affinities (Zhulay et al., 2019). Key research foci should include size
relationships, other biometric relationships, the integration of datasets between tools,
ground truthing, and catchability studies. The development of biometric relationships
(e.g. inferring biomass from imagery) from trawl catches can help with integration of
data from the different tools, allowing the use of historical datasets from trawls as we
move toward less destructive monitoring (Chimienti et al., 2019). Research that directly
and empirically compares tools should be prioritized, as more than one tool is required to

ground truth data and understand catchability. For example, Pacunski et al., (2016)
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suggested using both ROV and trawl to assess fish stocks and developing statistical
methods to combine data from the two tools. In addition, low detectability of animals due
to either their visibility (i.e. cryptic) or observer perception is often ignored in most
studies (Katsanevakis et al., 2012). Research into methods for sizing erect taxa is also
needed, potentially through 3D photo mosaicking (Bennecke et al., 2016; Gerdes et al,
2019; Kwasnitschka et al., 2013). Lastly, imagery appears to have greater catchability for
sessile fauna compared to trawl, yet is a more time-intensive to process. Thus, research
into automation of image processing, will also be a great benefit to future deep-sea

research (e.g. Lacharité et al., 2015).

2.6 Conclusions

Overall, imagery tools appeared to better capture epibenthic fauna than a trawl
and provided more informative datasets that can allow for various follow-up analyses,
such as on spatial structure and species associations. We found evidence that drop
cameras may be better than ROV at capturing both abundance (Actiniaria (O.) sp. 23*
and Pennatula sp. 2) and diversity (morphospecies accumulation curves at LCS) of some
taxonomic groups, possibly due to its higher imagery resolution and catchability for some
species. However, more research is needed to understand the catchability of all these
tools, and allow for better interpretation and integration of datasets, to ensure effective
sampling in deep-sea environments. Catchability studies are essential to address whether
we are effectively and quantitively capturing our target species or ecological attributes, to

ensure high data quality and accurate representativity.

4 Actiniaria (O.) sp. 23 renamed to Edwardsia sp. 1 in Chapter 3 and 4 (see appendix Table AIL.1).
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CHAPTER 3

REGIONAL DIVERSITY AND SPATIAL PATTERNS OF EPIBENTHIC
COMMUNITIES IN THE LAURENTIAN CHANNEL MARINE

PROTECTED AREA®

3.1 Abstract

Megafauna, such as cold-water corals and other invertebrates, can promote diversity
through various processes, such as predation, bioturbation, competition, and facilitation
as habitat engineers. Further investigation into their ecology and role in epifaunal
community structure in the deep sea is needed. Diversity, abundance, and spatial patterns
of epibenthic megafauna (> 2cm) were quantified in the Laurentian Channel Marine
Protected Area, Canada, at regional-scales (100s m — 100s km) using high-resolution
imagery from 15 stations. A patchy community structure was significantly associated
with station and benthoscape class, which was based on geological factors. Three types of
assemblages included: (1) dominated by corals Pennatula sp. 2 and/or Hexacorallia (SC.)
spp. in shallow eastern benthoscape classes with high abundance and low diversity; (2) a
diverse mix of taxa (e.g. sea pens Anthoptilum spp. and Kophobelemnon spp., sea
anemones/cerianthids, etc.) in deeper (> 400 m) western benthoscapes, low abundance
and high diversity; and (3) a unique community dominated by sponges. Overall, eight

taxa contributed to most dissimilarities between stations, and communities were similar

5 Manuscript, under review.

Anna Metaxas supervised the development of the study design, analyses, and co-authored the manuscript.
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within 10 km but could differ at greater distances. Benthoscape classes captured
environmental factors (e.g. depth and substrate) that may be responsible for changes in
diversity and abundance, as a proxy for different habitats. Additional studies at multiple
spatial and temporal resolutions are needed to assess the drivers of spatial patterns. This
study advanced our understanding of regional spatial patterns in the abundance,
composition, and diversity of epibenthic communities, adding to interpretations of spatial
ecology in a previous fine-scale study. Additionally, implications from our study can help
inform future monitoring designs to promote representative and meaningful spatial

assessments.

Keywords: megafauna, monitoring, distribution, assemblage, ecology, mapping

3.2 Introduction

Taxonomic diversity is the outcome of a combination of long-term evolutionary
(e.g. speciation and geographic dispersal) and short-term ecological processes (e.g.
competition and predation) (Levin et al., 2001). In the deep sea, megafauna (invertebrates
and fish > 1-2 cm) can promote diversity through multiple processes (predation,
bioturbation, competition, and facilitation as habitat engineers) although the relative
importance of each process is not well understood (Mcclain & Schlacher, 2015). Several
hypotheses have been proposed to explain patterns of diversity in the deep sea, including
some that integrate different processes on ecological time scales, such as physical or
biological disturbance and niche partitioning through competition or spatial heterogeneity
(e.g. Mcclain & Schlacher, 2015; Rex, 1981). The dynamic equilibrium hypothesis

integrates productivity, competition, predation, and physical disturbance to explain
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patterns in diversity (Huston, 1979; Rex, 1981). As depth increases, competitive
displacement rates are hypothesized to decrease, with lower diversity on the continental
shelf and upper continental slope than the lower slope, as a result of high rates of
displacement. In the last few decades, although our knowledge of deep-sea ecosystems
and biodiversity has increased substantially, through network initiatives such as iAtlantic
(Boteler et al., 2023) and the Census of Marine Life (Snelgrove, 2010) significant gaps

still exist, including for cold-water coral communities.

Sea pens are primarily sessile cold-water corals that anchor into soft sediments
using a peduncle, although several species have been observed retracting into the
sediment. Several species have been estimated to be long lived (2-48 years) with
generally slow growth of 1.0 + 0.09 to 4.9 + 0.06 cm/year (Greeley, 2022; Murillo et al.,
2018; Neves et al., 2015, 2018; Wilson et al., 2002). Sea pens can play an important
functional role in soft-sediment environments, possibly providing biogenic vertical
habitat structure which alters currents, retains nutrients, and provides nurseries and
protection for fish (e.g. Baillon et al., 2012; Tissot et al., 2006). In the Northwest
Atlantic, sea pen species have been associated with fish (Baillon et al., 2012; Boulard et

al., 2023) and macrofauna (Miatta & Snelgrove, 2022).

Several environmental factors have been identified as important drivers in
observed distributions and as predictors in regional species distribution models for deep-
water corals. These factors include depth, substrate, temperature, salinity, and surface
chlorophyll a as important predictors of abundance (e.g. Baker et al., 2012; Greathead et
al., 2015; Gullage et al., 2017; Kenchington et al., 2016a; Lacharit¢ & Metaxas, 2017,

Murillo et al., 2016). Other geological variables such as pockmarks, pits in the sediment
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created by gas or fluid (Fader, 1991), could also play a role in abundance and diversity
but have not been thoroughly tested (de Mendonga & Metaxas, 2024; Somoza et al.,

2021; Sumida et al., 2004; Webb et al., 2009).

In the deep sea, data on environmental drivers that explain the distribution and
diversity of epibenthic megafauna often do not exist in appropriate resolution and proxies
are used instead. Benthoscapes are such a proxy, used to identify patches of seabed, based
on biophysical sea floor classification of biotic (e.g. biogenic structures) and abiotic (e.g.
sediment and geomorphic features) components (e.g. Zajac, 2008). For example, unique
epifaunal communities were found in different benthoscape classes in Newfoundland and
Labrador, Canada (Proudfoot et al., 2020), fish assemblages on a seamount on the
southwest Indian ridge (Swanborn et al., 2023), as well as megafauna in Norway
(Mortensen et al., 2009) and the Mauritian continental slope (Jones & Brewer, 2012). The
selection of the components is subject to environmental context, relevance of indicators,

and data availability.

The Laurentian Channel is a cross-shelf trough, located in Atlantic Canada
(southwest of Newfoundland) between the St. Lawerence river and the edge of the
continental shelf (Todd, 2016). In 2019, the eastern portion of the channel (11 619 km?)
was designated as the Laurentian Channel Marine Protected Area (LC MPA) with one of
the conservation priorities being to protect sea pens from human activities (DFO, 2019b).
In the channel, suitable habitats for sea pens have been projected based on regional
distribution models using primarily depth, temperature, salinity, slope, chlorophyll a and
trawl bycatch data as predictors that vary in importance by species (Guijarro et al., 2016;

Gullage et al., 2017). Suitable habitat was also projected for cup corals and soft corals
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using similar predictors (Gullage et al., 2017). Various other invertebrates have also been
observed within the channel in past imagery surveys, for example asteroids and sea
anemones (e.g. Lacharité et al., 2020). Fisheries and Ocean Canada are doing extensive
work towards characterizing the LC MPA and developing a monitoring plan. However,
the spatial patterns of megafauna and ecology in the region are missing, particularly for

sea pens.

Estimating the abundance of sea pens is challenging because of their small size,
possible retraction behaviour (Kenchington et al., 2011) and flexibility or fragility
(Auster et al., 2011). For the Newfoundland region, research trawls have recorded the
highest biomass of several sea pen species in the Laurentian Channel, although trawls
have low catch efficiency for sea pens (Chimienti et al., 2018b; Kenchington et al., 2011).
Sea pen biomass was predicted to be up to 24.27 kg in a small portion of the channel but
lower elsewhere (Guijarro et al., 2016). High-resolution imagery can provide more
accurate measures, as it has a higher capture efficiency than trawls (e.g. sea pens;
Chimienti et al., 2018b), and can provide insights into distribution and ecology that are
not possible with trawl catch weights at a coarse resolution. However, small size and
avoidance behaviours can also lead to sampling bias with imagery. Thus, optimal
sampling methods vary based on the species of interest, their morphology, and
behaviours. Imagery appears to capture abundance and diversity of benthic invertebrates
(e.g. sea pens) better than trawls (Chimienti et al., 2018b; de Mendonga & Metaxas,

2021), and allow for analyses of spatial patterns through in situ observations.

In this study, we investigate the spatial patterns of epibenthic megafaunal

assemblages, particularly sea pens, in the Laurentian Channel MPA. Using high
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resolution imagery we: 1) quantify regional spatial patterns (100s m - 100s of kms) in
community composition, abundance, and diversity; 2) discuss potential drivers of the
patterns in diversity and abundance; 3) investigate and interpret how assemblages are
related to benthoscape classes; and 4) briefly highlight sampling resolution bias. Our
study complements previous studies on fine-scale patterns of megafauna (de Mendonga
& Metaxas, 2021, 2024), fish and infauna in the LC MPA (Boulard et al., 2023; Miatta &
Snelgrove, 2021, 2022). Estimating broad scale spatial variation can be useful for the
management of large MPAs. Additional research at multiple scales will also help
establish a times series and better understand the ecological drivers and response in

epibenthic megafaunal communities.

3.3 Methods

3.3.1 Study Area

The Laurentian Channel Marine Protected Area (LC MPA) is 11,619 km? in area,
located in a deep glacial trough to the southwest of Newfoundland, Canada (DFO,
2019b). The broader channel is approximately 700 km long and 80-90 km wide and has a
maximum depth of 522 m in the Cabot Strait (Todd, 2016). Within the MPA, depth ranges
from 51 to 497 m with predominantly fine to mixed sediments (mud, sand, and gravel)
(Lacharité et al., 2020). The area has underlying geomorphic features, including iceberg
scours, pockmarks/pits, and varying slope, which have been used to classify the region

into different benthoscapes (Figure 3.1; from Lacharité et al., 2020).
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Figure 3.1 Fifteen sampled stations, all, except station 6, located within the boundaries of
the Laurentian Channel MPA. Top left inset shows the study region located southwest of
Newfoundland, Canada. Black dots and black inset represent the array of 8 transects used
to sample with ROPOS in 2017; paired 400-m transects (e.g. 2 AB, 2 CD, 2 EF, and 2
GH) were spaced 10 m apart and 200 m from the next pair. Red dots and red inset box
represent the modified transect array used to sample with Campod in 2018; 1-3 transects
(e.g. 7A, 7B, and 7C) were spaced 200 m apart. The underlying benthoscape
classification® layer was based on geological variables including pockmarks, ice scours,
slope, depth, and sediment; provided and explained by Lacharité et al. (2020).

¢ For details on the benthoscape classes see Table Al.1. Reprint of Table 41.1 in Lacharité et. al. (2020).
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3.3.2 Data Collection

We collected video at 7 stations (2, 3, 4, 5, 13, 14, and 16; Figure 3.1) with a
downward-facing Insite Pacific Zeus-Plus HD camera (1,920 x 1,080 pixels) using the

remotely operated vehicle ROPOS (www.ropos.com) on 9 -17 September 2017. The

array of sampling transects at each station included 8 400-m parallel transects spaced at
alternating distances of 10 m and 200 m (i.e., four pairs of transects: AB, CD, EF, GH)
(Figure 3.1) for a total of 56 transects; navigation metadata was collected simultaneously

(i.e., depth, altitude above seafloor, latitude, longitude).

In 2018, we used the drop camera Campod, a towed system with passive drifting,
operated by the Department of Fisheries and Oceans (DFO) [Canada, Bedford Institute of
Oceanography] to collect high-resolution still images (JPEG) at 11 stations (2, 5, 6, 7, 9,
14, 17, 18, 20, 24, and 25; Figure 3.1), with station 6 being just outside the boundary of
the LC MPA on 8 - 11 July. Images were captured at 10-s intervals, timed to manual hops
of the camera along the seafloor, using a downward facing NIKON D810 camera (7,360
x 4,912 pixels). Due to limitations on time and maneuverability, we performed a
modified sampling array with 1 to 3 transects at each station, 1-km long and spaced 200
m apart (Figure 3.1) for a total of 26 transects. Navigation metadata (date, time, latitude,
longitude, depth, and altitude) were provided for each image after post-processing of the
Navnet, CTD, altimeter and USBL systems by the Campod technical crew. Campod had
lower position accuracy of 10s of meters, compared to ~+ 1 m for ROPOS. Additional
specifications for both imagery tools and sampling arrays have been previously published

(de Mendonga & Metaxas, 2021).
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3.3.3 Image Analysis

Overall, we aimed to avoid spatial overlap between all images included in a
combined ROPOS and Campod dataset. For ROPOS, navigation metadata (using the first
record per second) and video were synchronized with the Ocean Floor Observation
Protocol software (OFOP 3.3.8c , Huetten & Greinert, 2008; Scientific Abyss Mapping
Services, 2009). Non-overlapping images were then extracted at 1.5-m target intervals. In
general, every 4™ image (target interval ~ 6 m) was selected for analysis, if near enough
to the seabed (i.e., image area < 6 m?; scaling lasers spaced 10 cm apart) and image
clarity permitted taxonomic identification. However, images were deemed unsuitable if
they required > 50% cropping to remove areas that obstructed the view of the seafloor
(i.e., suspended particles, pelagic animals near the camera, sediment plumes, or sections
of low light), and the next sequentially suitable image ~ 1.5 — 6 m was analyzed instead.
This selection protocol resulted in an average of ~ 7 m spacing between analyzed images
for ROPOS (grand mean + SE: 6.94 + 0.14 m, n=56; range: 6.25 - 10.24 m). For
Campod, every 4™ image was a target interval of ~ 40 s and resulted in an average of ~ 14
m between analyzed images (grand mean + SE: 14.25 £+ 0.33 m, n=26; range: 11.16 -
18.76 m). Although the sample size was lower for Campod than ROPOS (Table 3.1 &
Al.2), the data were standardized per square meter for each 400-m transect to make our
analyses comparable. Example imagery were provided in de Mendonga & Metaxas

(2021).

Megafauna > 2 cm in the largest dimension were enumerated and identified to
morphotaxa, the lowest taxonomic level based on morphology/characteristics visible in

imagery, using the World Register of Marine Species (WoRMS). We calculated
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taxonomic numerical abundance used in all analyses, including singletons and those
morphotaxa with few counts. In addition, we recorded taxa that were too numerous to
count or colonial as percent cover (i.e., Elpidiidae (F.) spp., Serpulidae (F.) sp. 1, Porifera
(P.) sp. 9, and Porifera (P.) sp. 23), but these were only included in the species
accumulation curves that utilized presence/absence data (see Data Analyses). Highly
mobile and pelagic invertebrates (e.g., malacostracans, Cephalopoda, Scyphozoa) were
excluded from our study because our sampling methods were not appropriate for
enumerating them, except for Elpidiidae (F.) spp. because they formed a layer on the
seabed, which were included only in the species accumulation curves. To describe spatial
patterns, we aggregated taxa to the 10 most abundant taxonomic groups (operational
cutoff of total abundance greater than 0.1 m™ at any station for either ROPOS or
Campod), in Laurentian Channel MPA, and included an additional unique group that was
very abundant at a specific station (Porifera (P.) sp. 21), with all remaining taxa
aggregated into an “Other” group (40 unique taxa). We measured the spacing between
image locations based on shortest linear distance (range, mean, and standard
deviation/error) using ArcGIS Pro (Esri, 2020b). To assess the effect of sampling on
species composition, the ROPOS data were subsampled, selecting images spaced at
approximately 7, 14, 21, and 28 m (grand mean = SE: 6.94 +0.14, 13.97 £ 0.3, 20.97 +

0.45, and 27.85 £ 0.58 m, n=56).

3.3.4 Data Analyses

We estimated alpha and beta diversity throughout the LC MPA using count data
for 63 unique taxa (e.g. Figure 3.2); for species accumulation curves, we also included 4

additional taxa for which we estimated percent cover. Species accumulation curves were
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weighted by the area analyzed of each image for the 18 station-tool combinations, using
the "random" method, 999 permutations, and confidence intervals equal to one standard
deviation. We calculated Shannon diversity index by station using total abundance (m)

of each taxon (Pielou, 1966).

To compare spatial patterns of the assemblages among stations and benthoscapes,
we calculated Bray-Curtis dissimilarity based on total abundance of each taxon per
transect (m™%; based on the summed counts by 63 taxa, divided by summed area per
transect). One benthoscape was identified for each station, except for stations 4 and 7
where a second benthoscape was present; however, the primary benthoscape where most
images were located was used for analyses. Non-metric multi-dimensional scaling
(NMDS) and permutational multivariate analysis of variance (PERMANOVA; 999
permutations) were performed using transects as sites, and 95% confidence intervals for
the stations and benthoscapes (Anderson, 2001; Kruskal, 1964). We examined how the
different taxa contributed to the NMDS with the envfit function (999 permutations).
Similarity among transects, was estimated using hierarchical clustering with the complete
linkage method (F. B. Baker & Hubert, 1975) (Figure Al.1). We calculated
the contribution of each taxon to the average dissimilarity between stations using the
Similarity Percentage method proposed in Clarke (1993), the SIMPER procedure. For
very abundant taxa for which a high contribution can be an artifact of high variance,
permutation tests can be used to confirm contributions (Oksanen et al., 2022). For our
study, for each pairwise comparison between stations, we identified the taxa which
contributed significantly (using 999 permutations and for p < 0.05 to unconfound

abundance) by at least 10% of the cumulative percentage difference between stations.
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Table 3.1 Summary of station metadata in the Laurentian Channel MPA, including number, area, depth, altitude relative to seafloor or
each image (combines 82 transects: 8 transects per ROPOS station A, B, C, D, E, F, G, and H, 1-3 transects per Campod station).
Altitude refers to the height of the altimeter attached to the ROV relative to the seabed.

Number Total sum of Standard Mean altitude Stgndard Mean Stgnflard
Station  of Images area analyzed Mean Deviation of above seafloor d§Vlat10n of analyzed deviation of
Analyzed (m?) Depth (m) Depth (m) (m) altitude above _area per2 ana.lyzed areazl per
seafloor (m) image (m?) image (m-)

ROPOS

2 486 1033.18 350.81 2.07 1.04 0.31 2.13 0.49

3 499 739.87 445.99 0.59 0.99 0.20 1.48 0.22

4 511 862.53 335.93 2.10 1.13 0.27 1.69 0.45

5 380 592.66 439.68 0.91 1.09 0.30 1.56 0.44

13 443 574.62 432.36 1.30 1.03 0.22 1.30 0.32

14 495 616.94 343.72 1.63 1.14 0.31 1.25 0.41

16 457 464.67 444.88 1.34 1.10 0.27 1.02 0.28
Campod

2 97 199.52 341.73 1.85 1.70 0.54 2.06 0.93

5 90* 189.78 439.89 1.15 1.60 0.38 2.11 0.65

6 59 166.76 318.72 0.59 1.62 0.29 2.83 0.92

7 90 271.02 221.18 16.35 1.67 0.34 3.01 1.02

9 55 129.66 421.84 1.75 1.53 0.24 2.36 0.69

14 63 127.39 354.40 1.23 1.76 0.42 2.02 0.76

17 29 61.16 467.47 0.82 1.61 0.32 2.11 0.84

18 93 203.83 405.26 0.96 1.58 0.35 2.19 0.70

20 58 153.78 388.21 1.16 2.33 0.86 2.65 0.77

24 96 203.32 453.47 0.85 1.45 0.28 2.12 0.66

25 60 159.82 332.67 1.20 1.57 0.28 2.66 0.86

Note: * Metadata were missing for some images, mean and standard deviation for depth and altitude calculated for N=77 images.
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Figure 3.2 Example of taxa in the Laurentian Channel MPA from Campod imagery, including A) Hexacorallia (SC.) spp. (orange to
red), B) Kophobelemnon spp., (pink or white) C) Actinauge cristata (orange or white), D) Edwardsia sp. 1 (translucent pink or white),
E) Porifera (P.) sp. 21 (amorphous; shape changes sometimes flatter), F) Pennatula sp. 2 (white or pink), G) Anthoptilum spp., and H)
Anthomastinae (SF.) sp. 1. White scale bars are 1 cm, bottom left of each panel. These eight taxa are ordered from high-low
contribution to pairwise station comparisons, based on the SIMPER procedure (see Table 3.4). Some of these taxonomic groups
contain multiple morphotypes (e.g., colour varies or potentially indistinguishable species).



To examine the spatial pattern of species assemblages, we produced Mantel
correlograms, based on an ecological distance matrix with Bray-Curtis dissimilarity
calculated using the abundance of each taxon (m) by image, and an Euclidean
geographic distance matrix with each image location (latitude and longitude). The null
hypothesis was that the distance matrices are independent (Dale & Fortin, 2014), if there
are no spatial patterns in diversity. Positive Mantel values indicate positive
autocorrelation of the distance matrices, where there is a similar diversity index among
images at that distance class (Borcard & Legendre, 2012). Negative autocorrelation
indicates the diversity index differs between images at that distance class. The spatial
range of the pattern is identified at the x-intercept where the values change from positive
to negative (Legendre & Fortin, 1989). Alternation of positive and negative values
indicates patchiness, with a repeating pattern throughout the study area (Dale & Fortin,

2014; Legendre & Fortin, 1989).

The Mantel correlogram was computed from 999 permutations using the
Spearman’s 7, with the cutoff option to limit the distance classes to include all points, and
the Holm method for dealing with multiple testing problems. We included 2976 images
(combined dataset for ROPOS and Campod but excluding images with zero abundance).
We also computed the detrended version of the Mantel correlogram, using the residuals
of Brays-Curtis after a linear model. The detrended version removes a linear trend from
the species data, potentially caused by broad-scale processes or environmental gradients
across the study area, to reveal finer patterns (Legendre & Legendre, 2012). We also
computed a correlogram using smaller fixed distance classes of 5000 m, to help identify

the spatial range of the pattern.
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All statistical analyses were performed with R version 4.1.2; packages Tidyverse,
Reshape, Vegan, Dendextend and Geosphere, as well as ArcGIS Pro for spacing of
images (R Core Team, 2021; Esri, 2020b). This study is complementary to our previous
study on fine-scale spatial patterns in the Laurentian Channel MPA (de Mendonga &

Metaxas, 2024).

3.4 Results

The highest overall abundance of visible mega-epibenthic taxa was at Station 2
and was ~ 4 m™ for ROPOS and ~ 7 m™ for Campod (Figure 3.3). The lowest abundances
were at station 5 for ROPOS (< 0.5 m™) and station 9 for Campod (< 1 m™). In addition,
the composition of the community assemblage varied across the LC MPA in 4 different
patterns (Figure 3.3), with a large proportion of the total abundance being: for pattern (1),
Pennatula sp. 2 and/or Hexacorallia (SC.) spp. (at station 2, 4, & 14, with Hexacorallia
(SC.) spp. dominant at station 6, 20, & 25); for pattern (2) Kophobelemnon spp. (station 3
& 17); for pattern (3) Porifera (P.) sp. 21 (station 7); and for pattern (4) a mix of various
taxa (station 5, 9, 13, 16, 18, & 24). The “Other” grouping only had a minor contribution
to overall abundance, which was slightly higher at station 7 & 17 than the other stations.
Overall, 11 aggregated taxonomic groups, accounting for 23 taxa, contributed to most of

the megafaunal abundance in the LC MPA.

We examined spatial patterns in total abundance and taxonomic composition at 4
spatial resolutions (i.e., distances between images): 7, 14, 21, and 28 m, as well as among
8 transects with alternating spacing of 10 m and 200 m (Figure 3.4). At stations where

there were a few dominant taxa and high overall abundance, composition remained
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mostly consistent across transects and image spacings. This was the case when Pennatula
sp. 2 and Hexacorallia (SC.) spp. were dominant and overall abundance was often > 2 m™
on each transect (station 2, 4, & 14; e.g., Figure 3.4A). When the number of taxonomic
groups present was higher and variation across transects small, the number of transects
was important for capturing diversity to avoid missing taxa. This was the case at station
3, 13, and 16, when abundance was 0.5 to 2 m™ per transect (e.g., Figure 3.4B). When
overall abundance was low, differences in image spacing led to different estimates of
abundance, and some taxa were missed. For example, at station 5, where total abundance
was often < 0.5 m™ per transect, composition varied by transect (Figure 3.4C). Therefore,
a higher spatial resolution with images closely spaced will likely provide more accurate

estimates of abundance and capture taxa with lower abundance.

Species accumulation curves were standardized to image area (m?), as the area
and number of images varied by station (i.e., ROPOS: 380 - 511 images per station with
area ranging 0.52 to 4.47 m? per image; Campod: 29 - 97 images per station with area
ranging 0.75 to 5.40 m? per image). The curves using the ROPOS imagery began to
approach an asymptote, with station 2 and 3 including a higher number of morphotaxa
than the other stations (Figure 3.5). Most curves had a similar slope, except the one for
station 3 which had the steepest slope. While no accumulation curves from the stations
sampled by Campod approached an asymptote, stations 20 and 24 were nearest to
reaching one. Stations 7 and 18 had the steepest slope compared to all other stations
(ROPOS and Campod), capturing diversity quickly and including the highest number of

species.
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Figure 3.3 Overall abundance and composition of aggregated taxa throughout the 15
Laurentian Channel MPA stations for A) ROPOS and B) Campod. Total abundance
calculated for each station as summed taxon counts divided by summed area analyzed.
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Figure 3.4 Total abundance of different megafaunal taxonomic groups calculated for each
transect (A to H) at different spatial resolutions with spacings between images of ~ 7, 14,
21, or 28 m for A) station 2, B) station 3, and C) station 5, using ROPOS imagery. Total

abundance calculated for each transect as summed taxon counts divided by summed area

analyzed. Number of images are reported above each bar.
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Shannon diversity at each station was similar for both ROPOS and Campod
(Table 3.2). Station 5 had the highest Shannon diversity, followed by stations 16, 9, and 3.
At stations where diversity was high, overall abundance was often low and included
relatively high abundance of Anthoptilum spp. and/or Kophobelemnon spp. (Figure 3.3).
The lowest Shannon diversity was found at station 6, followed by station 25 and 7. At
stations where diversity was low, overall abundance was high and for a dominant taxon,
e.g., Hexacorallia (SC.) spp. at stations 6 and 25, and Porifera (P.) sp. 21 at station 7

(Figure 3.3).

Non-metric multi-dimensional scaling (NMDS) revealed three general groupings
in the assemblages of the LC MPA (Figure 3.6). These NMDS groupings were similar to
the patterns identified for overall abundance and composition of the numerically
dominant taxa (Figure 3.3). Stations 2, 4, 6, 14, 20, and 25 form a related group with the
same as pattern (1) (a large proportion of Pennatula sp. 2 and/or Hexacorallia (SC.) spp.);
and station 7 formed a separate group corresponding to pattern (3) (a large proportion of
Porifera (P.) sp. 21). However, patterns (2) (a large proportion of Kophobelemnon spp.,
station 3 & 17) and (4) (a mix of various taxa at stations 5, 9, 13, 16, 18, & 24) fell under
a single grouping in the NMDS. Both primary benthoscape and station were highly
significant factors affecting the groupings of the assemblages (PERMANOVA; Table
3.3), but primary benthoscape had a close fit to the three ordination groups (Figure 3.6;
95% confidence interval ellipses). Groupings were mostly by benthoscape; benthoscapes
A2 and TZ1 (stations 2, 4, 6, 14, and 25; station 20 also included yet an anomaly, as it
was in benthoscape C2 but did not group with the others), benthoscape B1 (station 7),

and benthoscapes A1, C1, and C2 (stations 3, 5,9, 13, 16, 17, 18, and 24). Hierarchical

64



clustering supported these results, but also showed that some transects clustered with
different stations at lower branches, albeit still related to their station at upper branches
(Figure AL 1). A few taxa drove this pattern, such as Hexacorallia (SC) spp.,
Kophobelemnon spp., Actinauge cristata, Edwardsia sp. 1, Porifera (P.) sp. 21, Pennatula
sp. 2, Anthoptilum spp., and Anthomastinae (SF.) sp. 1 (Table 3.4). Overall, 28 of the 63
taxa contributed significantly to the NMDS (p < 0.05), with 14 taxa being highly

significant (p = 0.001).

For the SIMPER analyses, we focused on taxa that significantly contributed 10%
or more to the ordered cumulative percentage of differences between pairs of stations.
Combinations of eight taxa ranked within the top 4 at pairs, and most were also
significant contributors to the NMDS, except for Kophobelemnon spp. and
Anthomastinae (SF.) sp. 1 (Table 3.4 and Figure 3.2). Most of these key taxa had
relatively higher proportions compared to the rest across the LC MPA (Figure 3.3;

excluding Anthomastinae (SF.) sp. 1).
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Table 3.2 Shannon diversity ranked by station, using total abundance (m?) as the summed counts of each taxon divided by summed
area per station.

Rank  Station I[{)(;; sOe? (]:)az?[laps(e):? Benlzflilsllape Comments and example taxon

1 5 201 1.81 Iy Highest Shannpn Diversity; lowest overall abundance; Anthoptilum
spp., Edwardsia sp. 1

2 16 1.94 - C2 Anthoptilum spp., Kophobelemnon spp.

3 9 - 1.86 Cl Anthoptilum spp., Actinauge cristata, Edwardsia sp. 1

4 3 1.80 ) I Anthoptilym spp., Kophobelemnon spp., Actinauge cristata,
Edwardsia sp. 1

5 18 - 1.80 C2 Actinauge cristata, Edwardsia sp. 1

6 13 1.51 - C2 Actinauge cristata, Edwardsia sp. 1

7 24 - 1.45 Al Edwardsia sp. 1

8 17 - 1.45 Al Kophobelemnon spp.

9 14 1.35 1.17 A2 Pennatula sp. 2, Hexacorallia (SC.) spp.

10 4 0.95 - A2 Pennatula sp. 2, Hexacorallia (SC.) spp.

11 20 - 0.95 C2 Hexacorallia (SC.) spp.

12 2 0.57 048 A2 Pennatula sp. 2, Hexacorallia (SC.) spp.; highest overall abundance

13 7 i 051 B1 Dorpinated by Porifera sp. 21; shallowest station with coarser
sediment

14 25 - 0.50 A2 Hexacorallia (SC.) spp.

15 6 - 0.43 TZ1 Lowest Shannon Diversity; Hexacorallia (SC.) spp.
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Figure 3.5 Species accumulation curves by image area for each station, A) ROPOS and
B) Campod, inclusive of 67 unique taxa across the Laurentian Channel MPA, using the
"random" method, 999 permutations, and shaded confidence intervals of one standard
deviation.
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Figure 3.6 Non-metric multi-dimensional scaling (NMDS) with stress of 0.109, Bray-
Curtis dissimilarity using total abundance of each taxon (n=63) per transect (m2; summed
counts, divided by summed area per transect). Different coloured ellipses outline the 95%
confidence intervals for the groupings based on A) stations and B) primary benthoscapes
with labels (1-3) for the three types of assemblages. Each point represents a transect, and
the number of images analyzed per transect were 32 - 65 for ROPOS and 25 - 37 for
Campod. Note: At least 3 data points are needed to draw ellipses with 95% confidence
intervals. For stations 6, 9, 17, 20, and 25 and benthoscape classes C1 and TZ1, there
were less than 3 transects, resulting in a warning. While the ordination is valid, “ellipses”
appeared as lines for groups with 2 transects or absent for station 17 with 1 transect, and
thus not a true 95% confidence intervals.
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Table 3.3 Permutational multivariate analysis of variance (PERMANOVA) using Bray—
Curtis dissimilarity and 999 permutations, examining the effect of primary benthoscape
class and station in the Laurentian Channel MPA.

daf Sums of Mean

Factor R’ P
squares  Squares
Benthoscape 5 13.18 2.64 52.17 0.53 0.001*
Station 9 8.19 0.91 18.01 0.33 0.001*
Residuals 67 3.39 0.05 - 0.14 -
Total 81 24.76 - - 1.00 -
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Table 3.4 Summary of SIMPER results, including the taxa that contributed at least 10% to the cumulative percentage of the difference
in Bray-Curtis dissimilarity between pairs of stations. Shown are number of comparisons for which each taxon contributed to
significant difference in paired station comparisons (total number pairwise comparisons: 105). Subsets of the 8 listed taxa ranked
within the top 4 in all pairwise station comparisons. envfit p value related to the taxonomic fit of the NMDS (Figure 3.6), where * is
highly significant at a=0.001.

Number of pairwise station

comparisons for which Comments on how taxon contributed envfit
Taxa . . . . p value
taxon contributed to at least to pairwise station comparisons (NMDS)
10% of difference
Higher abundances in assemblages in benthoscapes A2 and
Hexacorallia (SC.) spp. 34 TZ1(stations 4, 6, 14, or 25; excluding 2) and one in C2 (station 20) 0.001*
than in some combinations with the other stations except at 7.
Higher abundances at stations 3 and 17 than other stations excluding
Kophobelemnon spp. 25 7; also, in 16 than 5 and 13, and 17 than 3 and 2. 0.007
. . Higher abundances at stations 18 or 13 than other stations excludin
Actinauge cristata 22 2, %, 17; also in 3 than 5 and 16, and 9 than 5. : 0.001%
Higher abundances at stations 18, 24, or 5 than other stations
Edwardsia sp. 1 21 excluding 2, 3, 7, 17; also in 24 and 3 than 5, 5 than 14, and 13 than 0.001*
14 and 16.
Porifera (P.) sp. 21 14 Higher abundance at station 7 than all other stations. 0.001%*
Higher abundance at station 2 than other stations excluding 7 and 17;
Pennatula sp. 2 12 no other taxon had within assemblage differences for benthoscapes 0.001*
A2 and TZ1(stations 2, 4, 6, 14, & 25) and one in C2 (station 20).
Higher abundances at stations 16 and 9 than other stations (3,
Anthoptilum spp. 10 5,13,18, 20, and 24), excluding assemblages in benthoscapes A2, 0.001*
TZ1, and B1 (stations 2, 4, 6, 7, 14, & 25), and one in A1 (station 17).
Higher abundance at station 17 than stations 3, 9,13,16,18, and 24 (in
Anthomastinae (SF.) sp. 1 7 benthoscapes Al, C1, and C2), excluding assemblages in 0.176

benthoscapes A2, TZ1, and B1 (stations 2, 4, 6, 7, 14, & 25) and one
in C2 (station 20).
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Figure 3.7 Mantel correlogram based on a Brays-Curtis dissimilarity distance matrix and Euclidean distance matrix throughout the
Laurentian Channel MPA, calculated from 2976 images (ROPOS and Campod combined but excluding images with zero taxon
abundance). Median distance is used to represent each distance class index, which increases in increments of ~9.42 km. See appendix
for additional details and the Mantel correlogram performed at 5000-m fixed distances. Spatial range is ~10 km. Black points are
significant and white points not significant after the Holm correction, which accounts for multiple testing.



Overall, diversity was similar at distances less than ~10 km (based on Bray-Curtis
dissimilarity), but varied at distances > 10 km; thus, diversity was not spatially consistent
throughout the LC MPA. The first distance class in the Mantel correlogram showed
positive autocorrelation (~ 4.7 km, p = 0.001), but correlation alternated between positive
and negative values at the larger distance classes, indicating a repetitive pattern
throughout the study area with patches of similar diversity (Figure 3.7 & Table AlL.3). The
spatial range of this pattern occurred around the second distance class (9.42-18.84 km). A
similar pattern was found with the detrended version of the mantel correlogram and fixed
distance classes of 5000 m, with the latter narrowing in on the spatial range of the pattern

(5-10 km; Figure AL2).

3.5 Discussion

3.5.1 Assemblages in the LC MPA

We detected 3 types of assemblages in the LC MPA, based on NMDS and
composition (overall abundance and diversity), with eight key taxa contributing to most
differences. Higher abundances of Anthoptilum spp. and Kophobelemnon spp. were
associated with high diversity, whereas higher abundances of Pennatula sp. 2 were
associated with overall low diversity. These sea pens have different morphologies, but
functional traits of individual species have not been assessed. Sea pens provide biogenic
habitat and although known as nurseries for fish and having associated taxa on or in their
tissues (Baillon et al., 2012, 2014a), associations with epifaunal invertebrates need to be
further investigated. Overall, sea pens were proportionally only dominant at a few

stations. Fish were associated with cup corals and soft corals in Alaska (Heifetz, 2002),
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and with cerianthids in the Gulf of Maine (Auster et al., 2003). Within the LC MPA, fish
density was correlated to abundance of sea pens, cup corals, and a specific sea

anemone/cerianthid (our Cerianthidae (F.) sp. 1) (Boulard et al., 2023).

Based on our analyses, one type of assemblage (NMDS; assemblage 1) included
few dominant taxa and was detected at six stations (2, 4, 6, 14, 20, and 25), mostly at
shallower depths and dispersed along the eastern boundary of the MPA. In all cases,
overall diversity was low with Pennatula sp. 2 and/or Hexacorallia (SC.) spp. being
dominant. While this type of assemblage had a similar range in species richness as the
second type below, the Shannon diversity index differed due to variation in evenness.
Pennatula sp. 2 may be outcompeting other epifauna in areas with suitable conditions,
leading to high abundance but low diversity. In addition, Pennatula aculeata are likely
aperiodic spawners (Eckelbarger et al., 1998), possibly contributing to higher abundances
than other species that may spawn less frequently, such as Anthoptilum grandiflorum
which spawns annually (Baillon et al., 2014b). Although, Couillard et. al (2021) suggest
Pennatula aculeata may have female biennial spawning. Hexacorallia (SC.) spp. may
share a niche with Pennatula sp. 2, since the two taxa had an inverse trend in overall
abundance. Fine-scale spatial patterns also suggest a negative association between these
two corals with different local hotspots (de Mendonga & Metaxas, 2024). Abundance of
Pennatula sp. 2 was particularly high at one station (2), in the southern part of the MPA
and towards the mouth of the channel. Lacharité et al., (2020) also found Pennatula sp. in

the eastern and northern parts of the Laurentian Channel (depths 265-454 m).

The second type of assemblage (NMDS; assemblage 2) included a complex mix

of taxa with high overall diversity, and was detected at eight stations (3, 5, 9, 13, 16, 17,
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18, and 24) dispersed in the deeper part of the MPA towards the center of the channel,
including the station with the highest diversity (5) in the MPA. Within this type of
assemblage, patterns varied among taxa and stations. For example, Kophobelemnon spp.
was very abundant at two stations (3 and 17), and Anthoptilum spp. at two different
stations (9 and 16). Three additional taxa (Actinauge cristata, Edwardsia sp. 1, and
Anthomastinae (SF.) sp. 1) also accounted for differences within this second type of
assemblage and were more abundant in assemblage 2 than assemblage 1 (excluding

Anthomastinae (SF.) sp. 1).

The third type of assemblage (NMDS; assemblage 3) occurred at a single station
(7), closest to the shallow northeastern point of the MPA, and included several taxa that
were not detected in the other assemblages. This assemblage had the second highest
overall abundance and low diversity, but higher species richness than the other
assemblages (low evenness). Porifera (P.) sp. 21 was the numerically dominant taxon,
possibly competing with the other species. Sponges may also play an important
functional role, acting as biogenic habitat (Beazley et al., 2013; Maldonado et al., 2016;

McClintock et al., 2005).

Sampling designs with high spatial resolution and multiple transects are most
appropriate for characterizing assemblages with high diversity. In our study, some taxa in
the second assemblage were missed on specific transects and sometimes different image
spacings (7, 14, 21, and 28 m) led to different estimates of abundance. Fine-scale patterns
(e.g. local hotspots and variation in patch size) likely contributed to this issue (de
Mendonga & Metaxas, 2024). We recommend high resolution sampling designs with

multiple transects to avoid misrepresenting diversity and abundance of epifauna.
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3.5.2 Broad-scale Patterns and Potential Drivers

We detected some spatial structure in epifaunal diversity, reflecting a broader
pattern throughout the LC MPA. Similarity in community structure (i.e. composition and
diversity) appears to extend past the scale of individual stations, i.e. within ~10 km, with
some differences arising at greater distances. Stations that were ~10 km apart had similar
overall diversity. For example, two stations (5 and 16) at the center of the MPA had
similarly high diversity and two stations (6 and 25) close to the eastern MPA boundary
had similarly low diversity. Stations that were separated by greater distances were
dissimilar (e.g. Station 6 and 16, spaced at ~ 63 km). The observed spatial structure in
Bray-Curtis dissimilarity corresponded to this pattern. Ruiz-Pico et al. (2017) also
detected spatial structure in sea pen aggregations in the Bay of Biscay. The mantel
correlogram in our study alternated between negative and positive values, suggesting a
patchy pattern. Several stations harboured similar assemblage types, despite being >10
km apart, therefore supporting broad scale patchiness in community structure. Since fine-
scale spatial patterns can occur (de Mendonga & Metaxas, 2024), our multiple transect
design may have partially contributed to the observed patchiness. However, the study
area was large enough to have environmental drivers that caused biological differences,
as demonstrated by the benthoscape. Overall, broad-scale changes in community
structure were apparent across the LC MPA, which was likely the result of varying spatial

processes.
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3.5.2.1 Benthoscapes

Benthoscapes have been associated with patterns in epifaunal community
structure and biodiversity (Proudfoot et al., 2020; Wilson et al., 2021). In our study,
benthoscape classes were a significant factor explaining variation in community structure
within the LC MPA. The classes appear to reflect preferred conditions or different
habitats for assemblages, either directly related to geomorphology or indirectly as a proxy
for covarying factors. Assemblage 1 was associated with benthoscapes A2 and TZ1,
characterized as mid-depth with low relief, sparse scours, intermediate to very abundant
pockmarks, and muddy/gravelly sand to mixed surficial sediment (Lacharité et al.,
2020)”. Assemblage 2 was associated with deep benthoscapes (C1, C2, and A1)
characterized by relatively flat to low relief, sparse to very abundant scours and
pockmarks, and various types of surficial sediment (fine sediment, bioturbated mud, &
sandy mud with gravel traces) (Lacharité et al., 2020). We did not sample the deep
benthoscape TZ2, but Lacharité et al., (2020) suggest that it coincides with the presence
of Anthoptilum grandiflorum, which was more prominent in deep areas of the Laurentian
Channel, consistent with our results. Deep benthoscapes constitute a large portion of the
MPA (combined 66% of the layer) and reflect conditions that support high epifaunal
diversity (e.g. including assemblages with Anthoptilum spp. or Kophobelemnon spp).
Assemblage 3 was associated with the shallow benthoscape B1, which was very steep,
lacked scours, but had sparse pockmarks and coarser sediment (gravel/sandy gravel
surficial sediments) (Lacharité et al., 2020). Lacharité et al., (2020) described this region

as one with a diverse community (e.g. sponges including Stylocordyla sp., crinoids, sand

7 For details on the benthoscape classes see Table Al 1. Reprint of Table 41.1 in Lacharité et. al. (2020).
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dollars, sea cucumbers, coralline algae, and shell debris), in contrast to our findings of

overall low diversity.

3.5.2.2 Spatial Drivers

Different environmental factors likely contributed as spatial drivers of the
observed assemblage patterns, including depth, geological properties, physical and
chemical water properties, and food, some of which were possibly captured by the
benthoscape classes. One of the conservation priorities is to protect sea pens in the LC
MPA (DFO, 2019b). We recorded lower diversity and higher overall abundance of sea
pens in the eastern stations which were <400 m in depth (assemblage 1 and 3), and
higher diversity with lower abundance in western deeper stations > 400 m deep
(assemblage 2). Depth is an important driver in sea pen distributions (Ruiz-Pico et al.,
2017) and modeling and observations suggest Pennatula is often found at shallow depths
(Baker et al., 2012; Guijarro et al., 2016; Gullage et al., 2017; Langton et al., 1990).
Station 2 had higher mud (silt and clay) than sand (Miatta & Snelgrove, 2022), likely
contributing to high abundances of Pennatula sp. 2 as mud is a strong predictor of the
occurrence of several sea pens (Greathead et al., 2015). Lacharité et al., (2020) suggested
higher abundances of sea pen towards the center of the MPA where 5 benthoscapes and
thus varying sediment composition occur. In our study, relatively high abundances of
Kophobelemnon spp. near the center of the MPA may have resulted from recruitment to
preferred sediment composition (e.g. mud-sand, Baker et al. 2012) and/or other covarying
factors with these benthoscapes. In other studies in the LC MPA, several environmental
factors appeared to be similar in all areas where high abundances of Pennatula sp. 2

occurred, including the geological properties of slope, pockmarks and ice scour density,
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as well as point samples of bottom temperature, oxygen, salinity, and pH (de Mendonga
& Metaxas, 2024; Miatta & Snelgrove, 2022). However, differences in oxygen and/or
other biochemical properties such as nutrients may arise between the northern and
southern parts of the MPA over longer time scales due to ocean circulation. A warm deep
(> ~100-150 m, ~ 4-6 °C) water layer flows into the Laurentian channel toward the Gulf
of St. Lawrence (EI-Sabh, 1977; Hebert et al., 2023; Lauzier & Trites, 1958), with
oxygen declining from the mouth of the Laurentian channel towards the Gulf (Gilbert et
al., 2005). Chlorophyll a can be another strong predictor for sea pens (Gullage et al.,
2017), related to phytoplankton, a source of organic matter/food. Of the stations where
Pennatula sp. 2 was abundant, station 2 had the second highest quantity of food (i.e. high
TOM and TOC) and overall higher quality of food (i.e. high Chl a & TN, low C:N)

(Miatta & Snelgrove, 2022).

Direct (e.g., bycatch) or indirect (e.g., sediment plumes) impacts may have
reduced the past and current occurrence of vulnerable sessile species, such as sea pens.
Commercial fishing activities outside the eastern and southern boundaries of the MPA
and inside the MPA (Muntoni et al., 2019), may possibly impact the abundance of sea
pens in nearby areas or reduce diversity. One station within assemblage 1 was located just
outside the MPA boundaries (station 6) and had low diversity, suggesting that it may

continue to be directly impacted by anthropogenic activities.

3.6 Limitations

Sampling biases in our study could have led to differences in patterns in

abundance and diversity arising as a result of unequal sample sizes (images/transects for

78



ROPOS and Campod), tool-specific bias (de Mendonga & Metaxas, 2021), or small
sampling area. Both ROVs and drop cameras are appropriate for community structure;
however, an ROV can detect fine-scale patterns more accurately, as in de Mendonga &
Metaxas (2024), by continuous sampling leading to higher resolution, and high
maneuverability to perform standardized transect arrays. Further, species accumulation
curves indicated that an area of > 1000 m? is needed to capture the full diversity of each
station. Additionally, a lack of spatial and temporal resolution in both environmental and
biological data can prevent the detection and explanation of spatial trends related to the
assemblages, for example by missing variation at small spatial scales within each station
and having fewer distance classes between stations. Further, there are likely transition
areas between benthoscape classes, rather than sudden environmental changes/hard

boundaries.

3.7 Conclusion

Our study advances the knowledge of spatial patterns in the abundance,
composition and diversity of sea pen assemblages and their potential drivers. We found
that different assemblages were associated with different benthoscape classes (based on
depth and geomorphic features), which in turn may provide a potentially useful proxy for
different habitats. Other broad-scale drivers of epifaunal spatial patterns likely include
depth or covariates, circulation, sediment properties, and food. However, additional
environmental data at multiple spatial and temporal resolutions are needed to assess the

importance of these drivers. Overall, adequate characterization of broad-scale patterns,
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including diversity and abundance, are needed to address spatial ecology of deep-sea

communities, support monitoring efforts, and allow comparisons between areas.
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CHAPTER 4

FINE-SCALE SPATIAL PATTERNS OF DEEP-SEA EPIBENTHIC
FAUNA IN THE LAURENTIAN CHANNEL MARINE PROTECTED

AREAS

4.1 Abstract

Ecological processes at local to global scales impact spatial patterns in abundance and
distribution of megafauna. Fine-scale patterns have rarely been investigated through
explicitly spatial analytical methods in the deep sea and have been assumed random,
uniform, or similar to neighbouring areas. We used spatial statistics (Moran’s /, Gi*, and
local Moran’s /) to identify significant megafaunal patterns (0—100s of meters; 8 focal
taxa) in the Laurentian Channel Marine Protected Area, based on imagery from a
remotely operated vehicle, using 8 parallel transects at each of 7 stations. Our results
included 2 spatial scales, station level (0.256 km?) and paired transect level (0.004 km?).
We found local areas with significant aggregations (e.g., Pennatula sp. 2 and
Hexacorallia (SC.) spp.) and patches extending for ~7-27 m, and in one case for ~155 m.
Patchiness also existed between neighbouring images (<10 m apart). Patterns varied
among taxa within stations and for the same taxon among transect pairs. Station-level

patterns appear to be related to geological factors, such as BPI (bathymetric position

8 This article was published in Deep Sea Research Part I: Oceanographic Research Papers, 203, 104195,
de Mendonga, S. N., & Metaxas, A. Fine-scale spatial patterns of deep-sea epibenthic fauna in the
Laurentian Channel Marine Protected area. Copyright Elsevier (2024). DOI: 10.1016/j.dsr.2023.104195

Anna Metaxas supervised the development of the study design, analyses, and co-authored the manuscript.
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index), benthoscape, pockmarks, and slope. We propose that patterns at the transect level
were likely caused by biological factors, possibly related to reproduction due to local
currents and retention, or community interactions (e.g., competition). Fine-scale patterns
should be considered to ensure effective sampling designs when using fine-scale tools
(e.g., imagery), and for establishing accurate community metrics (e.g., abundance and
diversity). Our study is relevant to future ecological research, linking patterns to

processes, as well as monitoring and conservation in deep-sea ecosystems.

Key words: megafauna, spatial pattern, aggregation, distribution, fine-scale, patchiness

4.2 Introduction

Spatial patterns in species abundance and distribution can be a consequence of
evolutionary and ecological processes, such as speciation, succession, community
evolution, as well as species ranges and persistence (Levin, 1992). Consequently, spatial
patterns can provide insight into spatial processes that give rise to these patterns. Some
processes act on local scales, e.g., predation and competition, while others act on broader
spatial scales with increased variation, such as environmental stress (e.g., temperature),
dispersal, or productivity (Menge & Olson, 1990). Additionally, space itself can be a

proxy for unknown environmental variables (Levin, 1992; McArthur et al., 2010).

In the deep sea, a wide range of factors may regulate patterns in species
distributions, such as depth, substrate, and sediment composition (Hemery et al. 2018;
Ruiz-Pico et al., 2017), currents (Downie et al., 2021; Roberts et. al 2009; Tissot et al.,
2006), organic matter and nutrients (Miatta & Snelgrove, 2021), other water properties

such as flow rate, temperature, and salinity (Greathead et al., 2015), and anthropogenic
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stressors such as trawling, although vulnerability varies among species (Downie et al.,
2021; Pierdomenico et al., 2018). For example, the BEnthos Sensitivity Index to Trawling
Operations (BESITO) highlights how sensitivity to trawling can vary among species such
as in their flexibility or ability to burrow (Gonzalez-Irusta et al., 2018). Additionally,
climate change including ocean acidification, warming, productivity changes, and other
human-induced threats (e.g., oil and gas activities) also impact deep-sea communities and
their spatial distributions (as reviewed in Ramirez-Llodra et al., 2011). Overall, the
effects of these factors occur both at regional (e.g., 1000s km?) and global scales, but

their local fluctuations could also impact fine-scale patterns.

In the deep sea, although soft sediments are the dominant substrate type, our
knowledge of spatial patterns of epifauna in this habitat is limited and research has
mostly focused on broad-scale patterns (kms—1000s km?). Analyses may be regionally
aggregated, despite fine-scale data collection, for example using ROV imagery to
determine regional distributions (e.g. Baker et al., 2012; Krigsman et al., 2012; Taylor et
al., 2016). Spatial patterns in distribution have been assessed with imagery (e.g., using
sampling units of 2-50 m? or 1-4 km transects) and acoustics (e.g., 5-m and 50-m
resolution multibeam) often linking changes in communities or assemblages with depth
(individual studies spanning 100s—1000s m) and substrate (Baker et al., 2012; Griny6 et
al., 2018; Neves et al., 2014; Robert et al., 2015). Trawl data (e.g., 1.4—6 km per trawl)
have also been used to measure changes in community structure with depth (Gullage et
al., 2017; Terribile et al., 2016). Broad scale approaches that involve mapping (e.g. Neves
et al., 2014) have provided explicit spatial analyses and interpretations, and a deeper

understanding of particular patterns in efforts to address the underlying mechanisms.
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Fine-scale patterns (10s—100s of meters) in epifaunal distribution have been more
commonly explored using methods that are not explicitly spatial (i.e., analyses do not
include x and y co-ordinates for each sampling unit as a factor), such as examining local
changes in abundance, diversity, and/or patchiness within imagery transects. For
example, high diversity was detected using ROV transects ~1 km in length but analyzed
in 10-m segments, resulting from small-scale variation in habitat type (Baker et al.,
2012). Images captured 30 s apart from 150-300 m long transects by drop camera
showed a patchy distribution of brittle stars with local areas of high abundance (up to
2,800 individuals per image) (Piepenburg & Schmid, 1996). Corals (including Lophelia
pertusa and Madrepora oculata) were often found on local topographic high points
(sediment waves) and appeared more frequently on top of a coral mound (based on
images taken every 1s from ROV video and multibeam at 0.5-m resolution) (Dolan et al.,
2008). Although these studies describe patterns in epifaunal distribution on fine scales,
they do not use statistical approaches to quantify the spatial pattern. For example, Meyer
et al. (2023) describes patchiness in terms of mean and range but does not statistically

quantify local changes.

Spatial statistics provide a tool that can be used to identify how specific
communities, species, or individuals interact and perhaps utilize their environment on
multiple spatial scales. Since spatial processes can act on various scales (Dale & Fortin,
2014), a multi-scale approach is needed to quantify species patterns, the spatial processes
that cause these patterns, and the related consequences to community ecology. Simpler
local-scale models nested within more complex larger-scale models can be used to gain a

better understanding of these patterns (Menge & Olson, 1990). While used widely in
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terrestrial ecology (Getis and other stastistics; Ben-Said, 2021), epidemiology (Getis
statistics; Robinson, 2000), and in other fields and environments (modelling spatial
processes e.g. Kriging, Markov random fields, etc.; Hjort et al., 1994), similar approaches
have only been used in a few deep-sea studies to analyze high-resolution data for
megafauna (for deep-water corals see Conti et al., 2019; Price et al., 2021; Watters et al.,
2022; and for other megafauna Vad et al., 2020). More studies have examined patterns of
macrofauna and fish (e.g., Barnes & Hamylton, 2019; Boulard et al., 2023; Hamylton &
Barnes, 2018; Wigand et al., 2013). Fine-scale sampling tools (e.g., remotely operated
vehicles, cameras, autonomous underwater vehicles.) are necessary for targeted, high-
resolution, georeferenced replicated data, compared to historically exploratory methods
that may have lower positional accuracy (e.g., trawl) and cannot elucidate fine-scale
pattens (e.g., integrated across one tow) (de Mendonga & Metaxas, 2021). Studies that
consider spatial structure help understand ecological processes, as well a generate new

ecological hypotheses on underlying mechanisms (Dale & Fortin, 2014).

In this study, our overall goal is to quantitatively explore the spatial patterns (10s
of meters) in the distribution of deep-sea epifauna in a soft sedimented habitat using fine-
scale spatial statistics to objectively detect significant changes in abundance. We used a
novel approach, that includes a high-resolution sampling design combined with analyses
of both global and local spatial statistics, to provide insight into epifaunal spatial patterns
at two scales (station and transect level) in the Laurentian Channel Marine Protected Area
(MPA) and to develop hypotheses for their potential causes. The Laurentian Channel
(MPA) was designated partly with the objective to protect sea pen communities (DFO,

2019a), located in soft sediment habitat. In other studies, existing broad-scale patterns in
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biomass estimated from trawls were not supported by observed estimates of sea pen
abundance from imagery (de Mendonga & Metaxas, 2021). The identification of fine-
scale patterns can increase the accuracy of community metrics (e.g., abundance and
diversity) and improve sampling designs. Furthermore, monitoring often involves
assessing ecosystem changes over time, and should optimize sampling designs to
accurately detect and quantify communities with non-random patterns. Thus, our study
has application to both ecological research as well as effective monitoring frameworks

for conservation.

4.3 Methods

4.3.1 Study Area

The Laurentian Channel Marine Protected Area (LC MPA) is located in a deep
glacial trough to the southwest of Newfoundland, Canada (DFO 2019a). The LC MPA is
11,580 km? (DFO 2019a), has a depth range of 51 to 497 m, and has predominantly fine
to mixed sediments (mud, sand, and gravel) with some underlying geomorphic features,
such as iceberg scours and circular depressions, such as pockmarks or iceberg pits

(Lacharité et al., 2020, Fader, 1991).

4.3.2 Data Collection and Image Analysis

We collected video at seven stations (2, 3, 4, 5, 13, 14, and 16) in the LC MPA
with a downward-facing Insite Pacific Zeus-Plus HD camera (1,920 x 1,080 pixels)

mounted on the remotely operated vehicle (ROV) ROPOS (www.ropos.com) on 9-17

September 2017 (Figure 4.1). At each station, we ran 8§ 400-m parallel transects spaced at
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alternating distances of 10 m and 200 m (i.e., four pairs: AB, CD, EF, GH; spatial extent,
including area between transects: 0.256 km?) (Figure 4.1). Based on previously collected
data such as biomass from DFO trawls, abundance from imagery, and a benthoscape
classification by Lacharite et al. (2020), we selected representative stations. We avoided
sampling across benthoscape classes to represent single habitats at each station (except at
station 4), as these may have transition zones rather than sharp boundaries (Lacharité et
al., 2020). High-definition video and navigation metadata (using the first record per
second e.g., depth, altitude above seafloor, latitude, longitude) were synchronized with
the software application Ocean Floor Observation Protocol (OFOP 3.3.8c, Huetten &

Greinert, 2008; Scientific Abyss Mapping Services, 2009).

Using OFOP, we extracted images every 1.5 m and selected every 4" image with
a target image spacing of ~ 6 m. We ensured that image quality allowed an unobstructed
view of the seabed and fauna. If areas of the image with low quality (e.g., sediment
plumes, blurry sections) covered < 50% of the total area, they were cropped and the
image used; otherwise, the next image in sequence was used instead (Table 4.1). Fauna
greater than 2 cm in the largest dimension were identified to morphotaxon using a
reference guide based on World Register of Marine Species (WoRMS) and enumerated
(using laser points separated by 10 cm for scale in ImageJ; Appendix Table AIL1)
(Abramoff et al., 2004). The area of each image was measured and used to calculate

abundance (m2). Mean area per image ranged from 0.73 + 0.009 m? to 2.40 £ 0.63 m?.
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Figure 4.1 Map of stations in the Laurentian Channel MPA. Inset map (top) shows the
broader area of the Northwest Atlantic near Canada. Inset map (left) is an example of the
four paired transect array (eight transects total) at station 2: 10-m spacing between paired
transects (AB, CD, EF, and GH) and transect pairs spaced at 200 m. Transect arrays were
similar at other stations but with varying rotation. Depth (20-m resolution grid
unpublished) provided by Lacharité et. al., (2020); Word Ocean Base (Esri, Garmin,
GEBCO, NOAA, NDGC, and other contributors).
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Table 4.1 Summary of transect metadata for the 7 stations in LC MPA, including number of images, area of images, depth, altitude
relative to seafloor, start point, end point, distance between images, and total length for each transect (eight transects per station A, B,

C, D, E, F, G, and H; for a total of 56 transects). Altitude refers to the height of the altimeter attached to the ROV relative to the

seabed. Total length is the sum of distances between individual images, rather than a straight line from the start to end positions.

Total Mean .SD of

4 of area of Mean SD Mgan SD Stgrt St.art Egd Epd distance  distance Total

Transect Images  images Depth  Depth  Altitude Altitude Longitude Latitude Longitude  Latitude bptween between length
(m?) (m) (m) (m) (m) (DD) (DD) (DD) (DD) images images (m)
(m) (m)

2A 62 141.90 348.15  0.68 1.23 0.33 -56.67042  45.53298  -56.66594 45.53123 6.57 1.28 401.00
2B 54 120.49 348.74  0.70 1.04 0.28 -56.66649 4553134  -56.67034  45.53284 6.51 0.94 345.27
2C 63 124.87 349.82  0.52 0.92 0.17 -56.66719  45.52954  -56.67163 45.53128 6.42 0.51 398.30
2D 64 132.88 349.79  0.50 1.06 0.25 -56.67175 45.53124  -56.66736  45.52950 6.29 1.50 396.48
2E 62 117.86 35125  0.75 0.83 0.10 -56.66848  45.52790  -56.67281 45.52957 6.36 0.55 387.67
2F 58 133.72  351.23  0.83 1.20 0.36 -56.67298  45.52954  -56.66854  45.52782 6.98 3.69 397.74
2G 62 11494 353,58 0.76 0.88 0.13 -56.66980 45.52625 -56.67415 45.52796 6.38 0.53 389.21
2H 61 146.52  353.77  0.95 1.22 0.38 -56.67426  45.52791  -56.66982  45.52615 6.65 2.54 398.84
3A 65 9331 44592 035 0.99 0.16 -57.37146 4594323  -57.36749 45.94554 6.29 0.60 402.31
3B 64 91.01 44578  0.35 0.94 0.13 -57.36737 4594548  -57.37137 45.94314 6.44 1.67 405.46
3C 63 83.22 44580 0.83 1.07 0.31 -57.36950 4594191 -57.36556  45.94421 6.45 0.98 399.73
3D 56 83.01 44584 0.79 1.00 0.29 -57.36550 4594412  -57.36943  45.94183 7.23 5.41 397.59
3E 65 10436 44587 042 1.04 0.20 -57.36767 45.94066 -57.36371 45.94294 6.28 0.80 401.65
3F 58 8791  446.09 0.42 0.90 0.09 -57.36378  45.94281  -57.36759  45.94060 6.77 2.08 386.14
3G 65 97.56 44629  0.51 1.00 0.16 -57.36586 4593942  -57.36183  45.94169 6.31 0.36 404.15
3H 63 99.49  446.35 0.56 0.97 0.15 -57.36181 4594158 -57.36573  45.93933 6.36 1.06 394.21
4A 64 11431 333.00 0.68 1.15 0.20 -57.24532  46.09556  -57.24032  46.09642 6.33 0.20 398.56
4B 60 85.64  333.09 0.74 1.16 0.24 -57.24038  46.09634 -57.24540 46.09548 6.78 2.91 400.25
4C 65 11534 335.66  0.81 1.10 0.23 -57.24472  46.09372  -57.23965  46.09460 6.33 0.41 405.13
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Table 4.1 (Continued)

Total Mean .SD of

4 of area of Mean SD M.ean SD Stgrt St.art Eqd Epd distance  distance Total

Transect Images  images Depth  Depth  Altitude Altitude Longitude Latitude Longitude  Latitude between between length
(m?) (m) (m) (m) (m) (DD) (DD) (DD) (DD) images images (m)
(m) (m)

4D 64 117.80 33585 1.04 0.96 0.13 -57.23962  46.09453  -57.24472  46.09366 6.47 1.14 407.41
4E 63 75.12  337.10 143 1.19 0.34 -57.24401  46.09189 -57.23896  46.09279 6.53 1.19 404.61
4F 65 87.58  337.18 1.52 1.17 0.30 -57.23889  46.09270  -57.24398  46.09180 6.38 0.65 408.03
4G 65 135.63  337.67 1.20 1.19 0.28 -57.24332  46.09007 -57.23826  46.09094 6.33 0.23 405.31
4H 65 131.11  337.66 1.21 1.10 0.29 -57.23823  46.09085 -57.24329  46.09000 6.35 0.71 406.23
SA 55 109.94  438.52  0.63 0.93 0.10 -57.52767 46.21098 -57.53005 46.21384 6.83 3.68 368.56
5B 40 74.74  438.08  0.56 1.34 0.40 -57.53016  46.21380 -57.52765 46.21069 10.19 11.57 397.31
5C 63 97.18 44047 0.22 0.91 0.02 -57.52980 46.20974 -57.53241 46.21284 6.43 1.24 398.63
5D 44 70.66  440.37  0.37 1.36 0.35 -57.53240  46.21263  -57.52996  46.20969 8.80 11.07 378.37
5E 62 101.60  439.78  0.41 1.13 0.34 -57.53216  46.20877 -57.53468 46.21186 6.51 243 397.03
SF 38 40.49 44024 0.22 1.07 0.22 -57.53492  46.21189 -57.53246  46.20894 10.24 8.48 378.88
5G 46 5931  440.03 0.23 1.00 0.18 -57.53446  46.20778 -57.53702 46.21084 8.75 17.39 393.88
SH 32 38.74  439.83  0.32 1.14 0.27 -57.53648  46.20998  -57.53464 46.20777 9.21 7.14 285.39
13A 63 87.86  433.64 0.64 1.12 0.24 -57.20464 45.86164 -57.20946  45.86288 6.49 2.56 402.59
13B 63 91.18 43380 0.77 1.19 0.28 -57.20943 4586296 -57.20461 45.86173 6.45 1.51 399.62
13C 61 76.80 43323  0.81 0.97 0.23 -57.20366  45.86334 -57.20842  45.86462 6.62 3.02 397.02
13D 64 5523 43259  0.72 1.00 0.15 -57.20839 45806472 -57.20366 45.86345 6.26 0.87 394.57
13E 64 90.54  431.19  0.38 0.96 0.13 -57.20262  45.86504 -57.20744  45.86627 6.35 0.86 399.94
13F 39 5626 43139  0.27 0.98 0.19 -57.20746  45.86639  -57.20309  45.86527 9.52 20.20 361.90
13G 33 45.03 43092 0.35 0.89 0.02 -57.20325 45.86719 -57.20609 45.86789 7.31 5.52 234.05
13H 56 71.72 43094 0.42 1.01 0.21 -57.20649  45.86808 -57.20167 45.86687 7.24 432 398.42
14A 65 60.78  343.18  1.60 0.98 0.18 -56.85260  45.73767  -56.84814  45.73952 6.33 0.23 405.17
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Table 4.1 (Continued)

Total Mean .SD of

4 of area of Mean SD M.ean SD Stgrt St.art Eqd Epd distance  distance = Total

Transect Images  images Depth  Depth  Altitude Altitude Longitude Latitude Longitude  Latitude between between length
(m?) (m) (m) (m) (m) (DD) (DD) (DD) (DD) images images (m)
(m) (m)

14B 63 6538 34295 1.51 1.03 0.20 -56.84811 45.73941  -56.85237 45.73765 6.25 0.51 387.52
14C 64 71.84 34334  1.77 1.24 0.34 -56.85119  45.73603  -56.84671 45.73790 6.47 1.58 407.73
14D 65 99.25  343.35  1.65 1.22 0.35 -56.84662  45.73781  -56.85112  45.73595 6.37 0.44 407.68
14E 62 70.21 34396 1.52 1.24 0.31 -56.84999  45.73446  -56.84569  45.73629 6.42 0.98 391.75
14F 60 59.02 34435 147 1.12 0.29 -56.84565 45.73619  -56.84986  45.73438 6.53 1.32 385.14
14G 54 90.52 34432 141 1.36 0.36 -56.84874  45.73287 -56.84440 45.73473 7.47 4.01 396.16
14H 62 99.94 34451 130 0.97 0.18 -56.84443 4573462  -56.84864  45.73281 6.31 0.64 384.88
16A 63 87.30 44426 1.09 1.03 0.21 -57.51709  46.14507 -57.51707 46.14150 6.41 2.07 397.52
16B 61 85.63 44436 1.10 1.03 0.17 -57.51721  46.14165 -57.51719  46.14506 6.36 1.45 381.48
16C 48 42.89 44458  0.67 1.12 0.24 -57.51976  46.14507 -57.51979 46.14146 8.56 8.19 402.35
16D 61 55.17 44453  0.65 0.99 0.15 -57.51994  46.14146  -57.51992  46.14504 6.64 1.70 398.45
16E 46 4794 44441 090 1.41 0.32 -57.52253  46.14507 -57.52252 46.14146 8.92 6.42 401.28
16F 62 4528 44495 1.00 0.97 0.08 -57.52267 46.14147  -57.52267 46.14507 6.55 1.31 399.65
16G 58 52.18 44577 1.71 1.41 0.29 -57.52525  46.14505  -57.52526  46.14148 6.97 3.48 397.18
16H 58 48.28  446.13  1.66 0.96 0.13 -57.52538  46.14146  -57.52539  46.14504 6.99 3.10 398.44




In total, we measured numerical abundance (counts) for 63 taxa and percent cover
for 4 taxa. The less abundant taxa (i.e., present on < 4 transects at any one station) were
either aggregated to form groups of higher abundance (e.g., Anthozoa (C.) spp.) or
excluded (i.e., too few counts) from the analyses. We also excluded highly mobile or
pelagic invertebrates (e.g., Elpidiidae (F.) spp., some malacostracans, Cephalopoda,

Scyphozoa), because our sampling methods were not appropriate for their enumeration.

We used physical and geological environmental data to provide context for the
interpretation of faunal spatial patterns. From the ROV mounted instruments, water
properties included temperature, salinity (conductivity), oxygen and pH collected every
0.25 s with a CTD (Sea-Bird SBE 19plus V2), and depth measured with a sensor
[Paroscientific Digiquartz (§B7000-I), accuracy of 0.01%]. For CTD data, we averaged at
intervals of seconds, and then related to each image by date and time stamp, to provide a
range in values for each station (Appendix Table AII.2). We also used previously
collected/analyzed data on geomorphic features such as benthoscapes, pockmark density,
iceberg scour density, and bathymetry from the Laurentian Channel (Lacharité et al.,
2020). Lacharité et al. (2020) classified the region into different benthoscapes at a 50-m
grid resolution, derived from object-based image analysis using multibeam echosounder
data from 2010-2013 (i.e., bathymetry, slope, and density (km%; surrounding each grid
cell) of iceberg scours and pockmarks/iceberg pits (see Table 41.1 in Lacharité et al.,
2020). However, we also obtained 20-m bathymetry from Lacharité et al., (2020) and

calculated slope in ArcGIS at a finer scale.
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Table 4.2 Summary data for the 20 taxon-station combinations selected for the analyses, based on being present in more than 10% of
images on at least one transect pair. Mean abundance and standard deviation are calculated across all images on that transect pair. The
shown statistics are calculated only from the transect pairs with the largest percentage of images with presence, although the taxa were
present on all eight transects (except Pennatuloidea (SF.) sp. 9 which was present on only five transects at station 2). Neighbourhood
distances were used in station-level Gi* and Local Moran / (including all eight transects), based either on incremental spatial
autocorrelation or k-neighbour averaging [for # neighbours]; * indicates significant station-level patterns.

€6

Neighbourhood
. Transect 4 of # images % images Mean Stgnflard distances (m), Relevant
Station . Taxon . with with abundance deviation of were .
Pair 1mages 2 . Figures
presence  presence (m™) abundance  applicable [for
# neighbours]
2 CD Pennatula sp. 2 127 124 98 4.00 2.06 27 * 4.2,4.5, All.14
2 AB Pennatuloidea (SF.)sp. 9 116 18 16 0.12 0.32 15 * AlL3, AIlL11
2 AB Hexacorallia (SC.) spp. 116 69 59 0.81 1.04 39 * 4'13A’HA{IdI’
3 AB Edwardsia sp. 1 128 40 31 0.05 0.17 44 AlL9
3 AB Anthozoa (C.) spp. 128 16 13 0.18 0.34 44 [for 24] -
3 EF Actinauge cristata 119 34 29 0.14 0.32 44 [for 24] -
3 EF Anthoptilum spp. 119 15 13 0.09 0.28 44 * AllL4
3 GH Kophobelemnon spp. 128 60 47 0.43 0.55 44 [for 24] -
4 GH Pennatula sp. 2 130 86 66 0.59 0.62 46 [for 25] * 4'5’1'161’1‘311'2’
4 GH Hexacorallia (SC.) spp. 130 89 68 0.69 0.64 46 [for 25] -
5 AB Edwardsia sp. 1 95 12 13 0.07 0.20 47 [for 19] * AILS
5 EF Anthozoa (C.) spp. 100 15 15 0.12 0.30 23 * 4.4
13 AB Edwardsia sp. 1 126 26 21 0.18 0.39 46 [for 22] -
13 AB Anthozoa (C.) spp. 126 17 13 0.11 0.28 46 [for 22] -
13 AB Actinauge cristata 126 46 37 0.35 0.57 46 [for 22] -
14 CD Pennatula sp. 2 129 70 54 0.57 0.65 45 [for 24] -
14 CD Hexacorallia (SC.) spp. 129 68 53 0.61 0.76 45 [for 24] -
16 AB Anthozoa (C.) spp. 124 15 12 0.11 0.31 27 * AllLL6
16 AB Anthoptilum spp. 124 33 27 0.21 0.37 38 * AIL7
16 AB Kophobelemnon spp. 124 17 14 0.11 0.28 16 * AlL8
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Table 4.3 Main objectives of the spatial statistics at the two scales of spatial analysis.

Definition of neighbourhood

Distance band for

Spatial pattern tested relative to the null hypothesis of complete

neighbourhood (m) spatial randomness (CSR)
Scale of
Analysis Local
Global Local Mo-r an 7 Global Moran / Global Moran / Local Moran / Gi*
Moran / and Gi* Moran / .
and Gi*
Peak
1ncrementa1. Local changes in
autocorrelation spatial Local chanees € sum
. At least 1 OR Overall spatial P .y oca cnanges - su
Station- . . ) o autocorrelation of neighbourhood
neighbouring if not found, 8-15 15-58 autocorrelation .
level . . . . image compared compared to sum
image k-neighbour entire station . . .
. to its neighbours of station
averaging for .
19-25 across the station
neighbours
Local ch i
. . ocd’ changes i Local changes °
Fixed distance spatial ¢
Equally of 10-m Overall spatial autocorrelation ° sum o
Transect- . . . . neighbourhood
spaced approximate distance 10 autocorrelation image compared
level . . . . . . compared to sum
distance bins spacing of class/lag each transect pair  to its neighbours
. of each transect
1mages across each .
. pair
transect pair
Notes:

? Overall spatial autocorrelation similarity (+) or dissimilarity (-) in neighbouring abundance values, incorporates mean.

® Local changes in spatial autocorrelation similarity (HH or LL) or dissimilarity (HL or LH outliers) in neighbouring abundance values
(per image).

¢ Local changes in aggregation of like abundance values.



4.3.3 Data Analysis

We recorded 18 different taxa at the 7 stations, for a total of 89 taxon-station
combinations. Among these, we retained only those combinations for which the taxon
was present in at least 10% of all images analyzed in at least one transect pair in that
station, resulting in a total of 20 combinations (Table 4.2). For each taxon-station
combination, we performed spatial statistics at two different scales, station level and

transect level (Table 4.3).

We used several different statistics to quantify spatial patterns. Local and global
Moran’s [ are related statistics, and both examine spatial autocorrelation and deviations
from the mean value (i.e., abundance) over the entire sampled area (Anselin, 1995; Dale
& Fortin, 2014; Esri, 2022a). For local Moran’s /, each observation is compared to, but
not included in its neighbourhood. The deviation of the observation from mean
abundance is used to assess local changes in spatial autocorrelation (see details and
equations in Anselin, 1995). Positive values of the statistic result from an observation and
its neighbours being similarly larger or similarly smaller than the mean abundance for the
station (or transect pair). This defines local Moran clusters of similar abundance values:
value of observation high and value of the neighbourhood also high (High-High; HH) or
low observation-low neighbourhood (Low-Low; LL). Negative values of the statistic
identify situations where an observation and its neighbourhood have dissimilar
abundances relative to the mean, one being larger and the other smaller, resulting in local
Moran outliers. The calculation of global Moran incorporates the sum of all local
Moran’s /, aggregating spatial autocorrelation over the entire sampled area into a single

value and can miss local changes (Anselin, 1995; Dale & Fortin, 2014; Esri, 2022a).
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The Getis-Ord statistic (Gi*) also describes local patterns in spatial association;
however, in contrast to local Moran’s /, Gi* includes the value (i.e., abundance) of each
observation in the sum of its neighbourhood, which is then compared to the global sum of
all observations in the sampled area (Esri, 2022b&c; Getis & Ord, 1992; Ord & Getis,
1995). Therefore, an image with zero or low abundance may be included in a hotspot if
there are observations of high abundance in its neighbourhood. Overall, Gi* detects the
local pockets of similar abundance values, with hotspots for high values and coldspots for

low values.

These statistics describe different spatial patterns. Local Moran’s I detects
whether an observation is similar or dissimilar to its neighbourhood allowing the
identification of clusters and outliers. Gi* describes whether the moving local mean is
different from the global mean allowing the identification of hotspots and coldspots.
Neither statistic can differentiate between cases where there is an absence of spatial
structure and where the local average equals the global average (Dale & Fortin, 2014)

(i.e., not significantly different from random or “random locations” in our study).

For the station-level analysis, we calculated Global Moran’s 7 across all eight
transects at each station using ArcGIS Pro (Esri, 2020b). Firstly, for each taxon retained
for that station, a fixed neighbourhood distance was selected, ranging from ~8 to 15 m, to
ensure at least one neighbour for each image (Esri, 2022d). For the transect-level
analysis, we calculated Global Moran’s 7 at 10-m distance bins (as spatial lags) and
generated spatial correlograms for each pair of transects separately, using the ncf R
package (R Core Team, 2021, Bjornstad, 2020, Wickham et al., 2019; fidyverse). The first

10-m distance bin reflects the approximate distance between images. To resolve the
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challenges with multiple testing, we truncated spatial correlograms to include the first 2/3
of the maximum distance between the farthest images at each station, and calculated the
Bonferroni progressive correction for each distance lag, where a = 0.05/distance class

(e.g., for distance class 2, a = 0.05/2 = 0.025) (Fletcher & Fortin, 2018).

We investigated local spatial patterns, by calculating Gi* and local Moran’s / both
at the station level and the transect level in ArcGIS Pro. To examine station-level
patterns, we calculated these statistics across all eight transects at each station. Using the
optimized hotspot tool (Esri, 2022¢), the software first assessed the validity of each
image, ensured there was variation in the dataset, and removed locational outliers
(determined by their large distance from other images). The most appropriate
neighborhood distance was selected by first determining the highest peak in incremental
spatial autocorrelation, which corresponds to the scale of the prominent spatial pattern.
This distance may be species-specific, limiting interpretation to individual taxa. The
statistic is calculated based on the selected neighbourhood distance. Subsequently, FDR
(False Discovery Rate) correction is used to adjust the significance for multiple testing
and dependence in the data due to spatial autocorrelation (Esri, 2022¢). The FDR
procedure involves ranking all probability values to select an adjusted critical value based
on the estimated proportion of incorrectly rejected null hypotheses (false significance).
The FDR critical value is generally less than the unadjusted value (e.g., a=0.05) but
greater than the overly strict Bonferroni adjusted value (for details and equations see
Benjamini & Hochberg, 1995; Caldas de Castro & Singer, 2006). When the
neighborhood size could not be determined using incremental spatial autocorrelation, the

software selected a fixed distance based on K-neighbour averaging. To examine transect-
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level patterns, we calculated Gi* and local Moran’s / on each transect pair, spaced at 10

m, after reassessment of valid images and locational outliers, and FDR correction.

In addition to the benthoscape layer, we used layers of geological data to interpret
significant station-level patterns (output of Gi*), including pockmark/pit density, ice
scour density, and slope. We extracted the geological data at each image location using
ArcGIS Pro and R and we explored the patterns in environmental variables with Gi*
hotspot/coldspot classification (includes all Gi* hotspots and all coldspots 90%+
significance level). Additionally, to examine fine-scale benthic features, we identified
local areas of high (i.e., crests) and low (i.e., troughs) topographic points using a
bathymetric position index (BPI) layer calculated using the 20-m bathymetry raster in
Benthic Terrain Modeler (BTM) 3.0. BTM performed a comparison across the
bathymetry layer, using a neighbourhood with an inner radius of 1 raster grid cell (20 m)
and outer radius 25 cells (scalefactor 500 m = 25 outer radius cells x bathymetry
resolution 20 m) to calculate the BPI for each 20-m grid cell (Lundblad et al., 2006;

Walbridge et al., 2018) [similar to Topographic Position Index (TPI) in other studies].

4.4 Results

4.4.1 Spatial Structure at the Level of Station (0.256 km?)

Of the 20 most prominent taxon-station combinations (present in more than 10%
of images on any transect pair), 10 exhibited station-level patterns including significant
Gi* hotspots and sometimes significant local Moran clusters and outliers (Table 4.2 and
Figures 4.2A&C, 4.3A&C, 4A for examples). Many of these taxon-station combinations

also showed significant positive spatial autocorrelation at the station level (Global
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Moran’s I of 0.07 to 0.88 for ~8—15 m neighbourhood distance; Appendix Figure AIl.1—
AIL.8 & Table AIl.3), indicating spatial structure at this scale. In some cases, the global
statistic did not detect spatial autocorrelation, and local spatial statistics were required to
detect spatial structure. Ten taxon-station combinations did not show a structure
significantly different from random at the station level (Table 4.2 and Appendix Figure
AIL9). Overall, the presence of fine-scale spatial structure at the station level implies that
summary statistics (i.e., overall mean abundance) may not be representative due to
significant taxon aggregations in some areas; thus, local changes in spatial patterns

should be considered.

4.4.2 Spatial Structure at the Level of Transect (0.004 km?)

Overall, the outcomes of the analyses at the transect level were variable and,
generally, there was little spatial structure at this scale (e.g., Figures 4.2B&D, 4.3B&D,
4.4B&D). Hotspots were sporadic and smaller than at the station-level, but there were
some local Moran outliers on certain transects. Pennatuloidea (SF.) sp. 9 at station 2 had a
unique transect-level pattern, with hotspots of abundance only on a single transect pair,
yet limited presence elsewhere (Appendix Figure AIl.3). Therefore, it was uncommon to
find transect-level areas of significantly higher abundance than the mean (hotspots), and
those that were present covered a small area along a transect pair. Local Moran outliers
(HL or LH) indicated patchiness at the image scale (area per image was up to ~3 m?),
where abundance differed significantly between neighbouring images at ~10 m; those
images with higher abundance were present throughout a transect pair. The relatively

little spatial structure at the transect level compared to the station level, implies that
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transect-level summary statistics (e.g., mean abundance by transect pair) are reasonably

representative.

‘ s B - ® Cold Spot - 99% Confidence
A % - ®  Cold Spot - 85% Confidence
Cold Spot - 90% Confidence
@ Not Significant

Hot Spot - 90% Confidence
® Hot Spot - 95% Confidence
% ® Hot Spot - 99% Confidence

@ High-High Cluster
® High-Low Outlier
o ® |Low-High Outlier
Low-Low Cluster

e Not Significant

0 0.15 0.3 0.6 Kilometers
I T T T T Y |

Figure 4.2 Local spatial statistical output for Pennatula sp. 2 at Station 2 in the LC MPA;
A&C: station-level patterns using neighbourhood of ~27 m including all 8 transects in
calculations; B&D: transect-level patterns using 10-m neighbourhood distance for each
transect pair (AB, CD, EF, GH) separately. A&B are results from Gi* hotspot analysis
using upper legend; C&D are results from local Moran’s 7 analysis using lower legend.
Gi* hotspots and coldspots are shown based on significance level (after FDR correction
the critical value may be a < 0.1 for 90%, a < 0.05 for 95%, a < 0.01 for 99%). For local
Moran’s /, a positive statistic results in clusters of similar abundance values: value of
observation high and value of the neighbourhood also high (High-High; HH) or low
observation-low neighbourhood (Low-Low; LL), whereas negative values of the statistic
result from an observation and its neighbourhood having dissimilar abundances, thus
outliers, high observation-low neighbourhood (High-Low; HL) or low observation-high
neighbourhood (Low-High; LH).
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Figure 4.3 Gi* hotspot analysis in the LC MPA; A&B Hexacorallia (SC.) spp. at Station
2, C&D Pennatula sp. 2 at Station 4. A) Station-level at ~39 m neighbourhood distance
and C) Station-level at ~46 m neighbourhood distance with 25 neighbours, including all 8
transects in calculations; B&D Transect-level 10 m neighbourhood distance for each
transect pair (AB, CD, EF, GH) separately (see explanation of legend in Figure 4.2
caption).
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Figure 4.4 Local spatial statistical output for Anthozoa (C.) spp. at Station 5 in the LC
MPA; A&C: station-level patterns using neighbourhood of ~23 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s / analysis using

lower legend (see explanation of legend in Figure 4.2 caption).

4.4.3 Significant Taxonomic Aggregations: Hotspots

Three taxon-station combinations showed significant aggregations over large

areas at the station level (large Gi* hotspots at different neighbourhood distances 2747

m), but also areas of significantly lower abundance (Gi* coldspots) (Figures 4.2, 4.3,

Table 4.2, and Appendix Figure AIl.1-All.2). Pennatula sp. 2 and Hexacorallia (SC.)

spp. at station 2 exhibited hotspots/clustering on transects in the northern section of the



station (transects AB & CD) and a coldspot in the southern section (GH), although at
opposite ends of the transects (Figures 4.2A & 4.3A). Pennatula sp. 2 at station 4 showed
higher abundance in the western section of the station (AB and EF hotspots; HH cluster
at EF) and lower abundance in the northeast part (AB and CD coldspots and LL clusters)

(Figure 4.3C).

4.4.4 Size and Location of Hotspots

Overall, our results indicated that hotspots (areas of significantly higher
abundance than the mean) varied in size and location for the different taxon-station
combinations. Of the 10 taxon-station combinations with station-level patterns, three
taxon-station showed large hotspots with some coldspots (Figures 4.2A, 4.3A&C), while
seven others showed smaller hotspots without significant coldspots (neighbourhood
distances ranged from ~15-47m) (Table 4.2). There was variation in the size and location
of hotspots for Pennatula sp. 2, Hexacorallia (SC.) spp., and Pennatuloidea (SF.) sp. 9 at

station 2 (Figures 4.2A, 4.3A, and Appendix Figure AIl.1 and AIL.3).

There was minimal overlap among taxa in the location of hotspots and coldspots.
For example, at station 2, overlapping hotspots were detected for 3 taxa (Hexacorallia
(SC.) spp. at 39 m, Pennatula sp. 2 at 27 m, and Pennatuloidea (SF.) sp. 9 at 15 m); all 3
taxa overlapped for 3 image locations and 2 taxa for 32 locations. However, most hotspot
and coldspot areas did not overlap (90 hotspot and 41 out of 42 coldspot locations). At
station 16, 2 of the 3 taxa (Anthozoa (C.) spp. at 27 m, Anthoptilum spp. at 38 m, and
Kophobelemnon spp. at 16 m) overlapped in 4 image locations. There were no

overlapping hotspot/coldspot areas at stations 3, 4 and 5.
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4.4.5 Relationship of Environmental Variables and Spatial Structure

Most environmental variables (depth, oxygen, salinity, temperature, and pH)
varied little within each station (Appendix Table AIl.2). However, some geological
variables showed variation within a station that may be ecologically meaningful, such as
pockmark density, ice scour density, and slope. At station 2, hotspots of Pennatula sp. 2
occurred in steeper areas with slightly more pockmarks than at the coldspots (Figure
4.5A), while those of Hexacorallia (SC.) spp. were in flatter areas than the coldspots with

similar pockmark density (see Appendix Figure AII.10-AIlL.11 for other examples).

Overall, larger hotspots were detected at station 2 and 4 than the other stations.
Based on the benthoscape classification, one benthoscape class (A2) was present
throughout station 2, but there were two benthoscapes (A2 and TZ1) at station 4
(Appendix Figure AIl.12). The A2 benthoscape was associated with an overall higher
mean pockmark density (> 5 km™) than TZ1 (1-2 km™) (Table 41.1 in Lacharité et al.,
2020). Based on overlay of the benthoscape layer, most hotspots of Pennatula sp. 2 at
station 4 occurred in A2 and coldspots in TZ1; however, local pockmark density was
lower (~2.5 km) in the A2 than in TZ1 (~5 km™; Figure 4.5B). Despite occurring in the
same benthoscape (A2) at station 2, Pennatula sp. 2 hotspot areas had higher pockmark
density (over 6 km™) than the coldspot areas (~5 km2). Hotspots for most taxon-station
combinations were not related to bathymetry position index (BPI), possibly because of
the orientation of transects, except for Pennatula sp. 2 at station 4, where hotspots were

in areas of high points/crests compared to the coldspots (Figure 4.6).
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Figure 4.5 Boxplots showing environmental variables (slope based on 20 m bathymetry,
pockmark and ice scour density) at each of station-level Gi* hotspots, coldspots, and
random locations for Pennatula sp. 2 at A) station 2 and B) station 4. Median with inter-
quartile range (2575 percentile), whiskers show the smallest and largest values within
1.5 times the inter-quartile range). For station 2 neighbourhood distance was ~27 m with
n=74 images in hotspots, n=41 in coldspots, n=371 in random locations. For station 4,
neighbourhood distance was 46 m (K-neighbour averaging for 25 neighbours) with n=44

images in hotspots (including 11 with zero-abundance), n=32 in coldspots, n=435 in
random.

4.4.6 Patterns of Patch Size Among Taxa and Transect Pairs

We determined patch size for some taxon-station combinations, when the first 10-
m distance class of the spatial correlograms was significantly positive at the transect level
(Table 4.4, and Appendix Figure AIl.13 & Table AIl.4 for example spatial correlogram)
and patch size varied by taxon and transect pair. For example, patch size for Pennatula
sp. 2 at station 2 was ~16—19 m on some transects (AB and CD), but ~7 m on others (EF

and GH), whereas at station 4 patch size was ~7 m (EF) or ~10 m (GH) (Table 4.4). For
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Hexacorallia (SC.) spp. at station 2, patch size of ~19 m (AB) and 155 m (CD) were
identified. We could not determine patch size when the first distance was not significantly
autocorrelated or was negatively autocorrelated, as this may result from an insufficient
image size or sampling design to detect the pattern. Alternatively, significant negative
autocorrelation at 10 m (e.g., Pennatuloidea (SF.) sp. 9 at station 2, transect pair EF) was

uncommon in our study but could also imply spatial heterogeneity/dispersion (Appendix

Table All.4 & AILS).
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Figure 4.6 Bathymetry position index showing fine-scale features, with inner radius 1
cells and outer radius 25, scale factor 500 m, at station 4 with Pennatula sp. 2 station-
level hotspots and coldspots overlaid (46 m fixed distance for 25 neighbours), with
pockmark/pit center location (unknown size) and absence of ice scours. Based on
geomorphic features and 20 m bathymetry from Lacharité et al., (2020).
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Table 4.4 Summary results from spatial correlograms performed separately for each
taxon-station combination and transect pair. Only showing those with significant positive
spatial autocorrelation for the first distance class (mean distance presented in meters),
associated Global Moran 7 and probability values using a=0.05. Patch size, also known as
spatial range, is the distance of the interpolated x-intercept from the spatial correlograms
using the ncf r package.

Mean of
. Transect Distance Global Probability P?tCh
Station . Taxon Moran Size*
Pair Class value
I (m)
(m)
3 EF Edwardsia sp. 1 6.93 0.16 0.01 24.53
5 EF Edwardsia sp. 1 6.52 0.19 0.03 7.62
13 AB Anthozoa (C.) spp. 6.97 0.19 0.03 8.63
16 CD Anthozoa (C.) spp. 6.36 0.23 0.02 7.61
3 GH Actinauge cristata 6.90 0.20 0.01 20.13
2 AB Pennatula sp. 2 6.50 0.44 0.01 18.77
2 CD Pennatula sp. 2 6.80 0.32 0.01 16.43
2 EF Pennatula sp. 2 6.74 0.38 0.01 7.17
2 GH Pennatula sp. 2 6.46 0.50 0.01 6.68
3 EF Pennatula sp. 2 6.93 0.37 0.01 7.15
4 GH Pennatula sp. 2 7.28 0.15 0.03 9.84
2 AB Hexacorallia (SC.) spp. 6.50 0.44 0.01 18.93
2 CD Hexacorallia (SC.) spp. 6.80 0.26 0.01 155.05

Note: * Patch size ~10 m, can be interpreted as a patch that includes immediate
neighbouring images; if > 10 m, patch extends farther.

4.5 Discussion

We examined fine-scale spatial changes in abundance for 8 focal benthic taxa at 7
stations across the LC MPA, at the broader scale of station and the finer scale of paired
transects. At the scale of station (spatial extent, including area between transects: 0.256
km?), 6 taxon-station combinations showed significant positive autocorrelation at
neighbourhood distances of meters to 10s of meters. In some cases, local spatial statistics

were required to detect spatial structure and reveal significantly higher abundance than
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the mean abundance for the area (aggregations) or higher than the local neighbourhood
(spatial outliers). For each taxon-station, these aggregations may correspond to important
spatial processes that have occurred at the selected optimal scale of analysis. At the scale
of paired transects (spatial extent, including area between transects: 0.004 km?), we only
identified a few small aggregations with patchiness between some neighbouring images
occurring at 1-10 m distances. Some patches of benthic taxa extended ~7-27 m, and in
one case ~155 m, but patch sizes were variable among taxa within stations and for the
same taxon among transect pairs. Overall, there was significant fine-scale spatial
structure for several but not all benthic taxa in the LC MPA, and these different patterns
were likely caused by underlying spatial processes. Significant station-level hotspots and
coldspots had overall little overlap among taxa. In addition, patterns were not directly

comparable between taxa due to different neighbourhood distances.

Using the local Moran / and Gi* statistics, we identified significant local spatial
patterns in deep-water coral communities, based on changes in abundance and fine-scale
aggregations (0—10s of meters), at multiple sampling stations across a large region of the
LC MPA (1000s of km?). Hotspots and coldspots have also been identified for sponges
and live deep-water corals, mainly L. pertusa and M. oculata using the Gi* statistic, on a
coral mound in the Porcupine Seabight, NE Atlantic (~ 40 x 60 m spatial extent) at a
similar scale as ours (0—10s of meters) (Conti et al., 2019). On the same coral mound,
point pattern analysis revealed non-random distributions for corals (Price et al., 2021).
Off the continental shelf of California, Gi* hotspots and coldspots were identified for
some sea pens and other deep-water corals, at much larger neighbourhood distances of

1000s of meters and over a larger spatial extent, a depth range of 24-863 m (Watters et
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al., 2022). Additionally, contagious (aggregated) sea pen distributions have been
identified for Pennatula aculeata in the Gulf of Maine, for image sizes of 7, 3, and 1.24
m? (Langton et al., 1990). However, local spatial patterns may be species-specific or vary

by location and depth.

4.5.1 Potential Causes for Spatial Structure

The local hotspots and coldspots of different sizes may be attributable to
differences in suitable habitat for a particular taxon. For example, Hexacorallia (SC.) spp.
and Pennatula sp. 2 were present throughout station 2 with hotspots concentrated in the
northern part and coldspots in the southern part of the station, and on opposite ends of the
transect pairs. Therefore, we inferred that spatial processes likely varied throughout the
station. A combination of environmental, biological, and anthropogenic factors may have

caused these patterns.

4.5.1.1 Environmental Factors

Although environmental data for the LC MPA were scarce, there was some
evidence that geological factors, such as BPI, benthoscape, pockmarks and slope, were
related to the ecological spatial patterns. We propose that the faunal spatial patterns we
observed at the station level (0.256 km?) were likely caused by environmental factors. At
station 4, the coldspots of Pennatula sp. 2 appeared associated with lower BPI
(scalefactor 500 m) and higher pockmark density (km™). In contrast, on the Scottish west
coast, distributions of three species of sea pen were not related to BPI (unspecified
scalefactor, > 200 m due to resolution) (Greathead et al. 2015). However, in Alaska, the

presence of the sea pen Ptilosarcus gurneyi was related to greater TPI (scalefactor
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unknown, > 100 m due to bathymetry) (Sigler et al., 2023). BPI/TPI was retained as an
important variable in model distributions of sea pens in Norway (unknown scalefactor;
Ross et al., 2021), and various corals in Northeast Pacific region of Canada (1000 m,

5000 m, 10000 m, and 20000 m; Chu et al., 2019). The occurrence of other corals and
megafauna have also been correlated with BPI/TPI at different scales in other deep-sea
environments, suggesting that local processes and geology may lead to different scale-
dependant patterns (e.g. Georgian et al., 2021; Pearman et al., 2022). More research on

BPI at various scales is needed to understand its potential influence on spatial patterns.

In our study, most stations included a single benthoscape class and thus similar
geological characteristics throughout. However, at station 4 there were two benthoscape
classes that may explain the spatial patterns of Pennatula sp. 2, possibly because of fine-
scale geological variations in pockmark density, slope, or other unknown factors.
Pockmarks are craters created by gas/fluid currently or historically escaping from the
sediments, they can act as sediment traps (Fader, 1991; Lacharité et al., 2020; Ramos et
al., 2020; Webb et al., 2009) and have been associated with epibenthic megafauna, such
as sea pens, cerianthids, annelids (Somoza et al., 2021; Sumida et al., 2004; Webb et al.,

2009).

Other features that occur at the center of pockmarks (coarser sediment, presence
of carbonate precipitates, and possibly altered currents) may provide a refuge for benthic
taxa from predators and fishing gear (Webb et al., 2009). For example, at station 2,
hotspots of Pennatula sp. 2 appeared to be located near the center of two pockmarks/pits
(which can be difficult to distinguish), but there were no pockmark/pit centers in the

immediate area of the hotspots of Hexacorallia (SC.) spp. The distributions of other deep-
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water corals on the continental slope off Nova Scotia (Bryan & Metaxas, 2006) were
related to slope. In our study, despite the small range in slope, it appeared to impact
Pennatula sp. 2 at station 2. Lastly, ice scours varied at some stations, but their effect in
the LC MPA is uncertain. Increased epifaunal density has been associated with coarse
sediment at the edges of ice scour features (Jones et al., 2007). Other environmental
variables not accounted for in this study may also contribute to the spatial patterns we
observed in the LC MPA, but environmental data on similarly fine scales are not

available to our knowledge.

In our study, substrate might explain the observed spatial patterns for Hexacorallia
(SC.) spp. and Pennatula sp. 2 at station 2. In Hudson canyon (NW Atlantic), sponges,
zoanthids and cup corals were associated with coarse-grained sediments, and sea pens
with deep muddy areas (Pierdomenico et al., 2017). Sea pen presence in the LCA MPA
was associated with enhanced ammonium efflux likely the result of bioturbation, with
stations 14, 13, and 2 having the highest quantities of food (total organic matter/carbon)

(Miatta & Snelgrove, 2021, 2022).

4.5.1.2 Biological Factors

Biological factors, such as those related to reproduction (spawning, settlement,
and self-recruitment), may have also caused some of the observed spatial patterns, such
as the hotspots and coldspots for Pennatula sp. 2 at stations 2 and 4. It is possible that the
local hotspots for some coral taxa in the LC MPA are a consequence of gregarious
settlement. Aggregations of P. aculeata may reflect optimal spacing to combine non-

competitive feeding based on local currents, density required for effective spawning and
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fertilization in the water column, and optimal hydrodynamic and sediment characteristics
for settlement (Langton et al., 1990). In turn, coldspots could be the result of competition
among benthic taxa for food resources, possibly explaining the spatial pattern of the
hotspots and coldspots of Hexacorallia (SC.) spp. and Pennatula sp. 2 at station 2. We
propose that the patterns we observed at the transect level were likely caused by
biological factors, but due to the nested scales, biological factors could have also

impacted patterns at the station level.

4.5.1.3 Implications for Monitoring

Our study identified sources of small-scale variability that should be considered
during monitoring of biodiversity. Spatial heterogeneity is likely to increase with the size
of the area to be monitored, underpinned by different local ecological processes occurring
on fine scales. Collection of baseline data and monitoring should ensure that those local
scale processes can be captured. For example, positive and negative impacts of protection
in different regions of an MPA can lead to an averaged net effect of zero change and

misrepresent the conservation outcome.

To effectively capture spatial patterns, processes, and species of interest on most
spatial scales, a standardized sampling design is necessary. For example, we showed that
several parallel transects were required to detect local hotspots. In addition, a larger
number of images with different spatial lags (~ 6-m spacing target with transects 10 or
200 m apart) allowed us to determine patch size for some taxa-stations, but not all.
Therefore, fine-scale case studies are useful to refine a sampling design appropriate for a

particular species of interest.
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4.5.2 Limitations

Sampling design, including sample size (number of images), sampling unit size
(image dimensions), and their arrangement throughout the study area, can impact the
power of spatial statistics and the detection of significant spatial patterns (Dale & Fortin,
2014). Therefore, a rejected null hypothesis (e.g., Global Moran’s / being not
significantly different from random) could result from a sampling design that is
inappropriate for detecting the underlying pattern, rather than actually representing a
random pattern. Since the space between images and transects was not analyzed, we
assumed that the neighbouring area had a similar pattern (i.e., hotspots likely extend
between images), which was reasonable given the small distance interval of ~10 m. In
addition, these spatial statistics were not directly comparable across taxa within or
between stations, as they were computed with different fixed distances. However, these
neighbourhood distances were selected as they reflect prominent spatial processes for
specific taxon, providing some insight into their ecology. Our results lacked significant
Moran’s [ values at multiple spatial lags, therefore prevented further interpretation of
patterns using the shape of the correlograms, such as gradients and repetition in patches
(Dale & Fortin, 2014). Overall, limitations were a result of challenges with sampling and
performing analyses across a large study area, due to the trade-off between a large spatial
extent and high spatial resolution. In addition, the environmental data provided a single
snapshot in time and while adequate for providing context, a monthly-sampled long-term
time series would be more representative of the conditions and fluctuations relevant to

ecological processes (e.g., seasonal changes in food sources).
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4.5.3 Conclusion and Significance

Using global and local spatial statistics, we quantify significant fine-scale spatial
patterns for benthic taxa in the Laurentian Channel MPA at different resolutions. To our
knowledge, ours is one of the first objective assessments of fine scale epifaunal patterns
in the deep sea. Few studies performed similar fine-scale spatial analyses of epifauna
(Conti et al., 2019; Price et al., 2021; Watters et al., 2022), limiting our ability to interpret
and generalize patterns attributed to the processes that occur at fine-scales. While
presence and summary statistics (e.g., relative or mean abundance) are valuable, our
approach assessed significant clustering and changes in abundance using statistical
inference and estimating confidence levels. Additional environmental data, at similarly
fine scales, could allow for further interpretation and insight into the ecology and biology

of these taxa.

Our research has implications for developing appropriate sampling designs for
deep-sea ecology and conservation research at similarly fine scales. Broader scale
analyses (e.g., using trawl data) assume uniform or random fine-scale distribution
patterns and are thus biased, leading to inaccuracies in abundance (e.g. Chimienti et. al
2018b; de Mendonga & Metaxas, 2021). Misinterpretation of fine-scale patterns can
result in ineffective sampling, failure to detect the species of interest, and inability to
establish accurate metrics for assessing temporal changes in deep-sea communities. Fine-
scale spatial analyses can reveal the ecological processes, such as species associations,
predation, and competition that give rise to observed spatial patterns. Studies such as ours
illustrate the need for further research at different scales of analysis and spatial extents to

expand our understanding of deep-sea communities.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR DEVELOPING A

MONITORING FRAMEWORK IN THE DEEP SEA

Our understanding of ecology in the deep sea, including community structure,
spatial patterns, and environmental factors for epibenthic megafauna (invertebrates > 2
cm) is generally lacking. This thesis contributed towards: understanding sampling bias
for different sampling tools (ROV, drop camera, and trawl); the impact of spatial scale
and resolution on ecological indicators (i.e. diversity, numerical abundance, and
environmental drivers); applying methods for quantifying patch size and other spatial
patterns at large and fine scales; and a discussion of spatial drivers (environmental or
biological factors) that may have generated these patterns. Overall, I characterized and
interpreted the ecology of macro-epibenthic assemblages in the Laurentian Channel
Marine Protected Area, with implications on effective sampling designs to support

research and monitoring in deep-sea ecosystems.

Appropriate sampling tools and resolution are needed for accurate measures of
abundance and diversity, and reliable spatial comparisons. I compared three commonly
used tools (ROV, drop camera and trawl) for sampling epibenthic megafauna and
highlighted their benefits (e.g. efficiency to capture megafauna) and trade-offs (e.g.
sampling time) (Chapter 2). The ROV had the least disturbance, highest positioning
accuracy, and continuous sampling that is ideal for quantifying spatial structure and for

species association analyses. However, taxon-specific bias occurred at one station (LC5),
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where the drop-camera captured higher abundance for two taxa (Edwardsia sp. 1 and
Pennatula sp. 2) and higher diversity with lower sampling effort than the ROV. I
quantified community structure and large-scale spatial patterns using imagery from an
ROV and a drop camera (Chapter 3), which were more efficient at capturing
invertebrates than trawls (Chapter 2). I found that increased sampling effort (i.e. over
1000 m?) is needed to fully estimate diversity (Chapter 3). A standardized high
resolution transect array, obtained with the highly maneuverable ROV, enabled me to
examine 3 nested spatial scales [levels: station (~ 0.256 km?), paired transects (~ 0.004
km?), and image (mean area of 0.73 £ 0.009 m? to 2.40 + 0.63 m?)] to quantify fine-scale
aggregations and patchiness with local and global spatial statistics (i.e. global/local
Moran / and Gi*) (Chapter 4). I also assessed sampling resolution bias using ROV data
with adjusted spacing between images (7, 14, 21, and 28 m) (Chapter 3). I revealed
changes in composition (i.e. species richness and abundance) with different sampling
resolutions, which were particularly important for diverse assemblages with overall lower
abundance. Therefore, sampling designs with higher spatial resolution (e.g. multiple

transects and images closer together) are better for representing diverse assemblages.

To gain insight into ecological processes, I quantified spatial patterns in diversity
and abundance on large (100s m — 100s km) and fine (0 —100s m) scales. Imagery and
trawl captured counter-intuitive epifaunal patterns (i.e. opposed the assumption that
higher biomass equates to higher numerical abundance), where one station (LC2) had
high numerical abundance and low biomass of sea pens, while the other (LC5) had low
numerical abundance and high biomass (Chapter 2). Large-scale spatial analyses (100s

m — 100s km) revealed a patchy community structure in the LC MPA, exhibiting
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similarities within 10 km but potential differences at greater distances (Chapter 3). Three
types of assemblages were documented: (1) dominated by the corals Pennatula sp. 2
and/or Hexacorallia (SC.) spp. in shallow eastern benthoscape classes (A2 and TZ1) with
high abundance and low diversity; (2) a diverse mix of taxa (e.g. sea pens and sea
anemones/cerianthids) in deeper (> 400 m) western benthoscapes (A1, C1, and C2), with
low abundance and high diversity; and (3) a unique sponge dominated assemblage
(benthoscape class B1). At fine-scales (0—100s m), local station-level
hotspots/aggregations occurred (e.g., Pennatula sp. 2 and Hexacorallia (SC.) spp.) with
variable patch sizes at the transect level (~7-27 m, and in one case ~155 m), and for some
taxa at the image level (<10 m) (Chapter 4). Overall, fine-scale patterns were taxon-
specific and sometimes varied for the same taxon on different transects. Therefore,
sampling designs should consider spatial patterns to ensure that species of interest are

captured.

Environmental and biological factors provided ecological context for megafaunal
spatial patterns. In Chapter 2, differences in epifaunal patterns (biomass and numerical
abundance) were likely related to biological factors such as size and morphology of
individuals/taxa. For example, small sizes were underestimated with trawls and larger sea
pen species showing high biomass despite low abundance. Spatial scales of potentially
important drivers were identified for assemblage patterns at the regional level (10 km;
Chapter 3) and taxon-specific patterns at the station level (neighborhood sizes 15-58 m;
Chapter 4). Overall, regional community structure included three main types of
assemblages associated with benthoscape classes (Chapter 3), a potential proxy for

geological features (i.e. pockmarks and ice scours) and/or covariates (i.e. depth, slope,
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circulation, sediment composition, food, or other factors). Eight taxa contributed to
differences between and within each type of assemblage (Top 3: Hexacorallia (SC.) spp.,
Kophobelemnon spp., and Actinauge cristata), and thus are potential indicator taxa.
These included several sea pens that likely have a functional role, and specific sea pens
(i.e. Anthoptilum spp. and Kophobelemnon spp.) were associated with more diverse
communities than others (i.e. Pennatula sp. 2). Future research on species associations
may help gain insight into the taxonomic relationships at different stations. Some
environmental (e.g. BPI, benthoscape, slope, and pockmarks) and biological factors (e.g.
reproduction and species associations) likely contributed to local hotspots/coldspots, with
biological factors likely important for patchiness at the transect and image scales
(Chapter 4). To further investigate spatial drivers, environmental and biological data are

needed at the scales relevant to significant spatial patterns.

In this thesis, I demonstrated a novel approach to spatial analysis in deep-sea
ecosystems. Significant spatial structure was quantified at large (100s m — 100s km) and
fine (0 — 100s m) scales from high resolution imagery. Spatial patterns and associated
environmental or biological drivers gave insight into ecology, including baseline
distributions and community structure, relevant to assessing the effectiveness of MPAs. 1
found that community measures of abundance and diversity were sensitive to tool-
specific bias and sampling resolution (i.e. sample size, number of transects, and spacing).
Appropriate sampling designs that consider spatial patterns will lead to improved
representation of deep-sea epibenthic megafauna (e.g. composition, diversity, and

abundance), facilitating comparisons over time and between regions. From this thesis,
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several recommendations have emerged for sampling designs in deep-sea ecosystems,

supporting ecological research and future monitoring efforts.

5.1 Recommendations

Due to spatial structure at different scales (0 — 100s m and 100s m —100s km),
sampling designs should consider sampling bias, representativity, and replication for
accurate community measurements and robust statistics. For the LC MPA specifically,
Fisheries and Oceans Canada (DFO) have proposed several different tools and ecological
indicators for monitoring (DFO, 2015; Neves et al., 2021). However, sampling bias and
protocols need to be assessed before a particular tool or indicator is applied (e.g. Neves et
al., 2023 and in this thesis). Sensitivity analyses must be performed for each tool due to
tool-specific bias. For example, trawls are a routinely used tool for monitoring but can
have substantial sampling bias, counter-intuitive patterns, and are highly destructive,
possibly negatively impacting populations and confounding results. ROVs and drop
cameras are both recommended for characterizing epibenthic megafauna, capturing
multiple parameters, such as abundance, species richness, diversity, relative size, species
associations, and patch size/spatial distribution patterns. However, offsetting sampling
areas within a station/zone when sampling in consecutive years would help avoid bias
caused by any tool (i.e. destruction). Size-frequency distributions and biomass can help
assess population dynamics and recovery potential, but are challenging to obtain from
imagery, due to taxon behaviours (contraction, retraction, and orientation) and lack of an
appropriate 3D scale. However, studies on biometric relationships (e.g. counting polyp

leaves; Chimienti et al., 2019) and 3D reconstructions (e.g. photogrammetry; de Oliveira
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et al., 2021) may resolve part of this issue and aid in the assessment of size and
recruitment. Standardized designs with high positional accuracy and georeferencing can
be performed with highly maneuverable and continuous sampling tools (e.g. ROV videos
compared to discrete sampling with Campod images), enabling high quality data (e.g.
sample replacement while maintaining high resolution) and analyses on fine-scale spatial

patterns and species associations.

To be representative of taxa and assemblages, sampling designs should ensure
adequate sample size and effort (e.g. number of stations, transects, and images), stratified
by habitats and scaled by area (i.e. more stations for larger habitats were assemblage
patterns likely have spatial variations). Depth-stratified designs may not be
representative, as deeper assemblages (> 400 m) have variable community structure,
while shallow assemblages have variable abundance. Benthoscape classes could be useful
for planning future sampling locations, as a proxy for different habitat types/co-variates,
to ensure that the full diversity of habitats and assemblages are monitored. When using
reference sites outside an MPA, comparable areas (e.g. similar benthoscape/habitat) are
needed for each type of assemblage. In addition, due to taxon-specific patterns, some
spatial analyses (e.g. patchiness and community structure) may need to be performed for
individual taxa to be meaningful, rather than for entire functional groups (e.g. all sea pens

or all corals).

I used a high-resolution, systematic, cluster design with multiple spatial lags,
which is recommended to detect unknown spatial patterns and processes at different
scales (Legendre & Fortin, 1989). For macro-epifaunal assemblages in the LC MPA

specifically, I recommend spacing between images be ~ 7 m with station and transect
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replicates per habitat, i.e. a few stations with > 2 transects spaced at 400 m, which would
likely detect local aggregations. In addition, sample sizes of more than 1000 m? (per
site/station) are suggested to capture abundance and diversity of megafauna. Due to
spatial structure, stations should be spaced at least 10 km apart to capture the range of
assemblages, but replicates (i.e. multiple transects) <10 km apart are required to avoid
skewing estimates of abundance, diversity, and patchiness. Monitoring in subsequent
years, should also be < 10 km from the targeted assemblage. Overall, sampling resolution
and spatial lags should capture all targeted indicators/parameters and allow for sample
replacement or subsampling. Further, designs with multiple spatial lags can be utilized
for a wide range of analyses, for example some lags can be applied for spatial analyses
that require spatial autocorrelation and subsampled for statistics that require

independence.

Monitoring recovery or changes in epibenthic megafauna may take a long time
(e.g. > 5-10 years for sea pens) (DFO, 2017b; Neves et al., 2015). However,
preliminary/interim studies (e.g. statistical power analysis and spatial statistics) should be
used to optimize monitoring sampling designs (i.e. tool, resolution, sample size,
replicates, and spatial extent) that are appropriate to perform the desired analyses, and
thus assess conservation objectives with confidence. The spatial statistics applied in this
thesis may be performed with variables other than abundance and at various scales
including the MPA network-level. Monitoring frameworks for individual MPAs could
aim to incorporate multi-scale sampling designs and comprehensive data collection (i.e. a
range of indicators) that may be scaled-up (e.g. by benthoscapes) to help design/assess

the anticipated MPA networks.
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APPENDIX I: CHAPTER 3 (REGIONAL DIVERSITY AND SPATIAL
PATTERNS OF EPIBENTHIC COMMUNITIES IN THE LAURENTIAN

CHANNEL MARINE PROTECTED AREA)
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Figure Al.1 Hierarchical clustering dendrogram for all 82 transects (ROPOS and
Campod), using the complete linkage method and based on total abundance of each taxon
per transect (m%; summed counts by 63 taxa, divided by summed area per transect). All
Campod transect labels include “CON”. Unique colours used for each station.
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Figure AI.2 Mantel correlogram based on a Brays-Curtis dissimilarity distance matrix and Euclidean distance matrix throughout the
Laurentian Channel MPA, includes 2976 images (ROPOS and Campod combined but excluding images with zero taxon abundance).
Computed using the Spearman’s r, 999 permutations, with the cutoff option to limit the distance classes to include all points, and the
Holm method for dealing with multiple testing problems. For each distance class index in meters, the median distance value is used to
represent distance classes increments of ~5 km (e.g., distance class 1 includes distances 0-5 km, distance class 2 includes 5-10 km,
etc.). Spatial range is ~10 km.
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Figure AL.3 Overall abundance and composition of aggregated taxa, excluding the three
most abundant taxa Pennatula sp. 2, Porifera (P.) sp. 21, and Hexacorallia (SC.) spp. that
skew scale (see Figure 3), throughout the 15 Laurentian Channel MPA stations for A)
ROPOS and B) Campod. Total abundance calculated for each station as summed taxon
counts divided by summed area analyzed.
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Figure Al.4 Non-metric multi-dimensional scaling (NMDS) for Assemblage 2, with stress
of 0.171, Bray-Curtis dissimilarity, using total abundance of each taxon per transect (m;
summed counts, divided by summed area per transect). Different coloured ellipses outline
the 95% confidence intervals for the groupings based on primary benthoscapes. See
Figure 6, for all three assemblages. Note: Despite the overlap in confidence intervals,
PERMANOVA was significant for both the benthoscape and station factors. At least 3
data points are needed to draw ellipses with 95% confidence intervals. For benthoscape
class C1, there were 2 transects, resulting in a warning. While the ordination is valid, the
“ellipse” appeared as a line (blue).
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Table AI.1 Characteristics of benthoscape classes derived in the Laurentian Channel in
the area surrounding the Area of Interest for the establishment of a Marine Protected

Area.9
Surface area (km?%; | # Infauna Pockmarks/
Class | % of study area samples | Depth® | Slope” | Scours® pits® Surficial sediment
Al 3178 (23%) 14 Deep Flat Sparse Very Fine sediment
abundant (predominantly
mud)
A2 1564 (11%) 7 Mid- Low [Sparse Very Mixed sediment
depth [relief abundant (presence of gravel)
B1 66 (0.5%) 0 Shallow | Very [Absent Sparse Gravel/Sandy Gravel
steep
B2 745 (5%) 2 Shallow [ Steep | Absent Sparse Muddy/gravelly Sand
c1 1274 (9%) 2 Deep Low | Very Sparse Bioturbated mud
relief |abundant
c2 4654 (34%) 7 Deep Low |Abundant|Sparse Sandy mud (gravel
relief traces)
TZ1 1595 (12%) 7 Mid- Low |Sparse Intermediate | Mixed sediment
depth | relief (presence of gravel)
TZ2 589 (4%) S Deep Flat Sparse Intermediate | Fine sediment
(predominantly
mud)

For each characteristic, distinct groupings reflect average values in each class.
“Shallow (<200 m); Mid-depth (200—400 m); Deep ( =400 m).
bFlat (<<0.5 degree); Low relief (0.5—1 degree); Steep ( > 1 degree); Very steep ( > 3 degree).
“Absent (close to 0 km™?); Sparse (<1 km~?); Abundant/Very abundant ( > 2 km™?).

dSparse (<<1 km™?); Intermediate (1—2 km~?); Very abundant ( > 5 km™?).

? Reprinted from Seafloor Geomorphology as Benthic Habitat, Lacharité, M., Brown, C. J., Normandeau, A., and
Todd, B. J, Geomorphic features and benthos in a deep glacial trough in Atlantic Canada, Pages No. 691-704,
Copyright (2020), with permission from Elsevier. [Table 41.1, caption, and notes]
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Table AI.2 Summary of transect metadata in the Laurentian Channel MPA, including number, area, depth, altitude relative to seafloor or each
image, as well as the start and end points (total of 82 transects: 8 transects per ROPOS station A, B, C, D, E, F, G, and H, 1-3 transects per
Campod station). Altitude refers to the height of the altimeter attached to the ROV relative to the seabed.

Total

Mean

Mean

Standard

Number sum of  Mean Stagdgrd altitude Stal.ldg.lrd analyzed deviation Stgrt St.art Egd En d
Transect of Images area Depth Deviation above deV} ation area per area per Longl.tude Latlt}l de Long%tude Latlt.ude
Analyzed  analyzed (m) of Depth seafloor altitude image image (Decimal  (Decimal  (Decimal  (Decimal
(m?) (m) (m) (m) (m?) (m?) Degrees)  Degrees) Degrees)  Degrees)
ROPOS
2A 62 141.9 348.15 0.68 1.23 0.33 2.29 0.56 -56.67042 45.53298  -56.66594 45.53123
2B 54 120.49 348.74 0.70 1.04 0.28 2.23 0.55 -56.66649 45.53134 -56.67034 45.53284
2C 63 124.87 349.82 0.52 0.92 0.17 1.98 0.28 -56.66719 45.52954 -56.67163 45.53128
2D 64 132.88 349.79 0.50 1.06 0.25 2.08 0.50 -56.67175 45.53124 -56.66736  45.52950
2E 62 117.86  351.25 0.75 0.83 0.10 1.90 0.16 -56.66848  45.52790 -56.67281 45.52957
2F 58 133.72 351.23 0.83 1.20 0.36 2.31 0.55 -56.67298 45.52954  -56.66854 45.52782
2G 62 11494  353.58 0.76 0.88 0.13 1.85 0.17 -56.66980 45.52625 -56.67415 45.52796
2H 61 146.52 353.77 0.95 1.22 0.38 2.40 0.63 -56.67426 45.52791 -56.66982 45.52615
3A 65 93.31 445.92 0.35 0.99 0.16 1.44 0.20 -57.37146 45.94323 -57.36749 45.94554
3B 64 91.01 445.78 0.35 0.94 0.13 1.42 0.18 -57.36737 45.94548 -57.37137 45.94314
3C 63 83.22 445.80 0.83 1.07 0.31 1.32 0.21 25736950 45.94191 -57.36556 45.94421
3D 56 83.01 445.84 0.79 1.00 0.29 1.48 0.25 -57.36550 45.94412 -57.36943 45.94183
3E 65 104.36  445.87 0.42 1.04 0.20 1.61 0.25 5736767 45.94066 -57.36371 45.94294
3F 58 87.91 446.09 0.42 0.90 0.09 1.52 0.11 -57.36378 45.94281 -57.36759  45.94060
3G 65 97.56 446.29 0.51 1.00 0.16 1.50 0.22 25736586 45.93942 -57.36183 45.94169
3H 63 99.49 446.35 0.56 0.97 0.15 1.58 0.20 5736181 45.94158 -57.36573  45.93933
4A 64 114.31 333.00 0.68 1.15 0.20 1.79 0.29 -57.24532  46.09556 -57.24032 46.09642
4B 60 85.64 333.09 0.74 1.16 0.24 1.43 0.33 -57.24038 46.09634 -57.24540 46.09548
4C 65 115.34 335.66 0.81 1.10 0.23 1.77 0.28 5724472 46.09372 -57.23965 46.09460
4D 64 117.8 335.85 1.04 0.96 0.13 1.84 0.27 -57.23962  46.09453 -57.24472  46.09366
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Table Al.2 (Continued)

Number szr(;taolf Mean Stagda}rd all\:[ifjge Stat}dgrd ari\a/lllilazned (?:/Iilz:lt?(r)(ril Stgrt St.art Egd E.nd

Transect of Images area Depth Deviation above deV.l ation area per area per Long!tude Latlt.ude Longqude Latlt.ude
Analyzed  analyzed (m) of Depth seafloor altitude image image (Decimal  (Decimal  (Decimal  (Decimal

(m?) (m) (m) (m) (m?) (m?) Degrees)  Degrees)  Degrees)  Degrees)
4E 63 75.12 337.10 1.43 1.19 0.34 1.19 0.30 -57.24401 46.09189 -57.238906 46.09279
4F 65 87.58 337.18 1.52 1.17 0.30 1.35 0.34 -57.23889  46.09270 -57.24398  46.09180
4G 65 135.63 337.67 1.20 1.19 0.28 2.09 0.41 5724332  46.09007 -57.23826 46.09094
4H 65 131.11 337.66 1.21 1.10 0.29 2.02 0.41 5723823  46.09085 -57.24329  46.09000
5A 55 109.94 438.52 0.63 0.93 0.10 2.00 0.28 57.52767 4621098 -57.53005 46.21384
5B 40 74.74 438.08 0.56 1.34 0.40 1.87 0.44 -57.53016 46.21380 -57.52765 46.21069
5C 63 97.18 440.47 0.22 0.91 0.02 1.54 0.17 -57.52980 46.20974 -57.53241 46.21284
5D 44 70.66 440.37 0.37 1.36 0.35 1.61 0.42 57.53240 4621263 -57.52996 46.20969
5E 62 101.6 439.78 0.41 1.13 0.34 1.64 0.45 -57.53216 46.20877 -57.53468 46.21186
5F 38 40.49 440.24 0.22 1.07 0.22 1.07 0.24 57.53492 4621189 -57.53246 46.20894
5G 46 59.31 440.03 0.23 1.00 0.18 1.29 0.28 -57.53446 4620778 -57.53702 46.21084
SH 32 38.74 439.83 0.32 1.14 0.27 1.21 0.28 57.53648 46.20998 -57.53464 46.20777
13A 63 87.86 433.64 0.64 1.12 0.24 1.39 0.31 5720464 4586164 -57.20946 45.86288
13B 63 91.18 433.80 0.77 1.19 0.28 1.45 0.34 5720943 4586296 -57.20461 45.86173
13C 61 76.8 433.23 0.81 0.97 0.23 1.26 0.22 5720366 45.86334 -57.20842 45.86462
13D 64 55.23 432.59 0.72 1.00 0.15 0.86 0.18 5720839 4586472 -57.20366 45.86345
13E 64 90.54 431.19 0.38 0.96 0.13 1.41 0.27 5720262 45.86504 -57.20744 45.86627
13F 39 56.26 431.39 0.27 0.98 0.19 1.44 0.23 5720746 45.86639 -57.20309 45.86527
13G 33 45.03 430.92 0.35 0.89 0.02 1.36 0.13 5720325 45.86719 -57.20609 45.86789
13H 56 71.72 430.94 0.42 1.01 0.21 1.28 0.28 5720649 45.86808 -57.20167 45.86687
14A 65 60.78 343.18 1.60 0.98 0.18 0.94 0.16 -56.85260 45.73767 -56.84814 45.73952
14B 63 65.38 342.95 1.51 1.03 0.20 1.04 0.24 _56.84811 45.73941 -56.85237 45.73765
14C 64 71.84 343.34 1.77 1.24 0.34 1.12 0.37 -56.85119 45.73603 -56.84671 45.73790
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Table Al.2 (Continued)

Number szrilti)lf Mean Stangrd all\‘:li(t?s:ile Stapdgrd ari\e/lllilazlzzd (?:/Iilz:lt?(r)(ril Stgrt S'Fart Egd E.nd
Transect of arca Depth Deviation above deV}atlon arca per  arca per Longyfude Latlt.ude Long¥tude Latlt}lde
Images of Depth altitude . . (Decimal  (Decimal (Decimal (Decimal
Analyzed analyzzed (m) (m) seafloor (m) 1ma2ge 1ma§ge Degrees) Degrees) Degrees) Degrees)
(m?) (m) (m?) (m?)
14D 65 99.25 343.35 1.65 1.22 0.35 1.53 0.47 -56.84662 45.73781 -56.85112 45.73595
14E 62 70.21 343.96 1.52 1.24 0.31 1.13 0.31 -56.84999 45.73446 -56.84569 45.73629
14F 60 59.02 344.35 1.47 1.12 0.29 0.98 0.22 -56.84565 45.73619 -56.84986 45.73438
14G 54 90.52 344 .32 1.41 1.36 0.36 1.68 0.31 -56.84874 45.73287 -56.84440 45.73473
14H 62 99.94 344.51 1.30 0.97 0.18 1.61 0.22 -56.84443 45.73462 -56.84864 45.73281
16A 63 87.3 44426 1.09 1.03 0.21 1.39 0.16 -57.51709 46.14507 -57.51707 46.14150
16B 61 85.63 444.36 1.10 1.03 0.17 1.40 0.19 -57.51721 46.14165 -57.51719 46.14506
16C 48 42.89 444 .58 0.67 1.12 0.24 0.89 0.15 -57.51976 46.14507 -57.51979 46.14146
16D 61 55.17 444.53 0.65 0.99 0.15 0.90 0.14 -57.51994 46.14146 -57.51992 46.14504
16E 46 47.94 444 41 0.90 1.41 0.32 1.04 0.18 -57.52253  46.14507 -57.52252 46.14146
16F 62 45.28 444.95 1.00 0.97 0.08 0.73 0.09 -57.52267 46.14147 -57.52267 46.14507
16G 58 52.18 445.77 1.71 1.41 0.29 0.90 0.14 -57.52525 46.14505 -57.52526 46.14148
16H 58 48.28 446.13 1.66 0.96 0.13 0.83 0.12 -57.52538 46.14146 -57.52539 46.14504
Campod
LC2A_CONI16 29 55.8 340.43 1.37 1.81 0.58 1.92 0.82 -56.65879 45.53846 -56.66221 45.53608
LC2B _CONI17 32 73.39 341.69 1.95 1.72 0.53 2.29 1.08 -56.65979 45.53925 -56.66370 45.53701
LC2C_CONI18 36 70.33 342.82 1.39 1.61 0.52 1.95 0.87 -56.66184 45.54047 -56.66548 45.53813
LC5A CON46 31 59.93 439.79 0.84 1.76 0.40 1.93 0.65 -57.52393 46.22137 -57.52665 46.21836
LC5B_CON47 31* 71.64 439.09 1.01 1.63 0.33 2.31 0.67 -57.52566 4622215 -57.52842 4621914
LC5C_CON48 28 58.21 440.50 1.22 1.41 0.30 2.08 0.56 -57.52809 46.22326 -57.53082 46.22028
LC6A _CONSO0 26 73.28 319.09 0.56 1.64 0.30 2.82 0.83 -57.68201 46.69580 -57.68422 46.69888
LC6B_CONSI1 33 93.48 318.42 0.42 1.61 0.28 2.83 1.00 -57.67905 46.69616 -57.68142 46.69933

Note: * Metadata were missing for some images, mean and standard deviation for depth and altitude calculated for N=18 images.
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Table Al.2 (Continued)

Number szr(;taolf Mean Stagda}rd all\:[ifjge Stapdgrd ari\e/lllilazlzzd S&tjflilgt?(r)?l Stgrt St.art Eqd E.nd
Transect of arca Depth Deviation above deV}atlon arcaper  arca per Long!tude Latlt.ude Long1.tude Latlt}lde
Images of Depth altitude . . (Decimal  (Decimal (Decimal (Decimal
Analyzed analyzzed (m) (m) seafloor (m) 1ma2ge 1ma§ge Degrees) Degrees) Degrees) Degrees)

(m%) (m) (m%) (m?)

LC7A_CON100 31 105.32  219.06 15.84 1.74 0.31 3.40 1.01 -58.04335 46.98517 -58.04728 46.98286
LC7B_CON101 27 75.83 21648 15.09 1.51 0.31 2.81 0.98 -58.04514 46.98686 -58.04842 46.98413
LC7C CON102 32 89.87  227.18 16.52 1.72 0.34 2.81 0.99 -58.05041 46.98499 -58.04681 46.98749
LC9A CON98 30 69.28 42143 1.95 1.56 0.26 2.31 0.74 -58.63610 46.86871 -58.63129 46.87015
LC9B CON99 25 60.38  422.33 1.35 1.51 0.20 242 0.64 -58.63477 46.86764 -58.63001 46.86890
LC14A CON34 33 72.02  353.81 0.95 1.78 0.38 2.18 0.71 -56.85527 45.73157 -56.85808 45.72862
LC14B_CON35 30 5537  355.06 1.18 1.74 0.47 1.85 0.78 -56.85777 45.73252 -56.86049 45.72951
LC17A_CON49 29 61.16 46747 0.82 1.61 0.32 2.11 0.84 -57.73437 46.28095 -57.73533 46.27748
LC18A CON31 32 73.16  406.02 0.97 1.61 0.42 2.29 0.79 -56.94063 45.60503 -56.94396 45.60232
LC18B CON32 31 68.19  405.18 0.60 1.57 0.35 2.20 0.76 -56.94261 45.60623 -56.94576 45.60338
LC18C_CON33 30 62.48  404.54 0.57 1.56 0.29 2.08 0.52 -56.94450 45.60740 -56.94761 45.60451
LC20A _CON14 31 81.91 388.23 1.05 2.44 0.83 2.64 0.81 -56.68143 4535706 -56.68485 45.35460
LC20B_CONI15 27 71.87  388.18 1.30 2.21 0.89 2.66 0.75 -56.68826 45.35706 -56.68560 45.35966
LC24A CONS&2 30 63.47  454.49 0.35 1.46 0.25 2.12 0.57 -57.92200 46.63570 -57.92454 46.63882
LC24B_CONS83 37 80.68  453.27 0.43 1.43 0.28 2.18 0.72 -57.91986 46.63652 -57.92238 46.63965
LC24C CONg4 29 59.17  452.67 0.47 1.45 0.31 2.04 0.68 -57.91764 46.63742 -57.92009 46.64052
LC25A CONG62 28 65.63  332.61 1.23 1.51 0.34 2.34 0.86 -57.63362 46.63062 -57.63701 46.62792
LC25B CON63 32 94.19  332.72 1.18 1.62 0.21 2.94 0.76 -57.63561 46.63201 -57.63893 46.62931




Table AL.3 Detailed results for the Mantel correlogram. The median distance value is
given for each distance class, and each class represents increments of ~9.42 km. In total,
we used 2976 non-zero images. The R function mantel.correlog uses Sturges equation to
select break points and to cut off distance classes that do not include all points, here
distance classes 13-24. Spearman’s R method was used to calculate Mantel correlation
values with 999 permutations, and p values were adjusted for multiple testing using the
holm method. Distance classes 1 — 12 had > 39000 pairs of images, included in the
analysis.

Distance Class Index Mantel value P values
Class (m) (using spearman's r) (qorrected
using holm)
1 4709.47 0.33 0.001
2 14126.23 -0.01 0.079
3 23542.99 -0.03 0.003
4 32959.75 -0.06 0.004
5 42376.50 -0.11 0.005
6 51793.26 0.06 0.006
7 61210.02 -0.03 0.007
8 70626.78 -0.15 0.008
9 80043.53 0.17 0.009
10 89460.29 -0.01 0.014
11 98877.05 -0.13 0.011
12 108293.81 -0.01 0.012
13 117710.56 - -
14 127127.32 - -
15 136544.08 - -
16 145960.84 - -
17 155377.59 - -
18 164794.35 - -
19 174211.11 - -
20 183627.87 - -
21 193044.62 - -
22 202461.38 - -
23 211878.14 - -
24 221294.90 - -
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APPENDIX II: CHAPTER 4 (FINE-SCALE SPATIAL PATTERNS OF
DEEP-SEA EPIBENTHIC FAUNA IN THE LAURENTIAN CHANNEL

MARINE PROTECTED AREA)’
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Figure AIIL.1 Local spatial statistical output for Hexacorallia (SC.) spp. at station 2 in the
LC MPA; A&C: station-level patterns using neighbourhood of ~39 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s 7 analysis using
lower legend (see explanation of legend in Figure 4.2 caption).'!

10 Part of supplementary file for the article published in Deep Sea Research Part I: Oceanographic
Research Papers, 203, 104195. de Mendonga, S. N., & Metaxas, A. Fine-scale spatial patterns of deep-sea
epibenthic fauna in the Laurentian Channel Marine Protected area. Copyright Elsevier (2024).

DOI: 10.1016/j.dsr.2023.104195

' Excerpt from Figure 4.2 caption: “For local Moran’s /, a positive statistic results in clusters of similar
abundance values: value of observation high and value of the neighbourhood also high (High-High; HH) or
low observation-low neighbourhood (Low-Low; LL), whereas negative values of the statistic result from an
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Figure AIL.2 Local spatial statistical output for Pennatula sp. 2 at station 4 in the LC
MPA; A&C: station-level patterns using neighbourhood of ~46 m neighbourhood
distance with 25 neighbours including all 8 transects in calculations; B&D: transect-level
patterns using 10 m neighbourhood distance for each transect pair (AB, CD, EF, GH)
separately. A&B are results from Gi* hotspot analysis using upper legend; C&D are
results from local Moran’s / analysis using lower legend (see explanation of legend in

Figure 4.2 caption).

observation and its neighbourhood having dissimilar abundances, thus outliers, high observation-low
neighbourhood (High-Low; HL) or low observation-high neighbourhood (Low-High; LH).”

151



Al ~ C B )
“» @ ® Cold Spot - 99% Confidence
A - Lo ® Cold Spot - 95% Confidence
. Cold Spot - 90% Confidence
Not Significant
& Hot Spot - 90% Confidence
® Hot Spot - 95% Confidence
N ® Hot Spot - 99% Confidence
C D S
-
-t High-High Cluster
® High-Low Outlier
2 ® |ow-High Outlier
s, Low-Low Cluster
N Not Significant
0 015 0.3 0.6 Kilometers

Figure AIL.3 Local spatial statistical output for Pennatuloidea (SF.) sp. 9 at station 2 in the
LC MPA; A&C: station-level patterns using neighbourhood of ~15 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s / analysis using
lower legend (see explanation of legend in Figure 4.2 caption).
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Figure AIl.4 Local spatial statistical output for Anthoptilum spp. at station 3 in the LC
MPA; A&C: station-level patterns using neighbourhood of ~44 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s / analysis using

lower legend (see explanation of legend in Figure 4.2 caption).
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Figure AILS5 Local spatial statistical output for Edwardsia sp. 1 at station 5 in the LC
MPA; A&C: station-level patterns using neighbourhood of ~47 m neighbourhood
distance with 19 neighbours including all 8 transects in calculations; B&D: transect-level
patterns using 10 m neighbourhood distance for each transect pair (AB, CD, EF, GH)
separately. A&B are results from Gi* hotspot analysis using upper legend; C&D are
results from local Moran’s [ analysis using lower legend (see explanation of legend in

Figure 4.2 caption).

154



®

>

> X Ll
xce
sgcCCcCC
®

0 0.130.25 0.5 Kilometers
I T T T Y I

Cold Spot - 99% Confidence
Cold Spot - 95% Confidence
Cold Spot - 90% Confidence
Not Significant

Hot Spot - 90% Confidence
Hot Spot - 95% Confidence
Hot Spot - 99% Confidence

High-High Cluster
High-Low Qutlier

Low-High Outlier

Low-Low Cluster

Not Significant

Figure AIIL.6 Local spatial statistical output for Anthozoa (C.) spp. at station 16 in the LC
MPA; A&C: station-level patterns using neighbourhood of ~27 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s / analysis using

lower legend (see explanation of legend in Figure 4.2 caption).
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Figure AIL.7 Local spatial statistical output for Anthoptilum spp. at station 16 in the LC
MPA; A&C: station-level patterns using neighbourhood of ~38 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s / analysis using

lower legend (see explanation of legend in Figure 4.2 caption).

156



® Cold Spot - 99% Confidence

A ® Cold Spot - 95% Confidence
Cold Spot - 90% Confidence
Not Significant
¢ Hot Spot - 90% Confidence
& & .
® Hot Spot - 95% Confidence

® Hot Spot - 99% Confidence

C D
o’ [ - 0’ ° & High-High Cluster
¢ 1 J v ) 3 ¢ | e High-Low Outlier
¢ 4 3 ] 9 4 ¢ 3| e Low-High Outlier
» E ) 1 4
1 & i-; 4 b ° ‘-; Low-Low Cluster
¢ ] Not Significant

0 013025 0.5 Kilometers
I T T I I I

Figure AIL.8 Local spatial statistical output for Kophobelemnon spp. at station 16 in the
LC MPA; A&C: station-level patterns using neighbourhood of ~16 m including all 8
transects in calculations; B&D: transect-level patterns using 10 m neighbourhood
distance for each transect pair (AB, CD, EF, GH) separately. A&B are results from Gi*
hotspot analysis using upper legend; C&D are results from local Moran’s / analysis using
lower legend (see explanation of legend in Figure 4.2 caption).
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Figure AIL.9 Example of station-level pattern that is not significantly different than
random (A&C) but has some transect-level pattern (B&D). Local spatial statistical output
for Edwardsia sp. 1 at Station 3 in the LC MPA; A&C: station-level patterns using
neighbourhood of ~44 m including all 8 transects in calculations; B&D: transect-level
patterns using 10 m neighbourhood distance for each transect pair (AB, CD, EF, GH)
separately. A&B are results from Gi* hotspot analysis using upper legend; C&D are
results from local Moran’s / analysis using lower legend (see explanation of legend in
Figure 4.2 caption). Note: Nine other taxa-stations were random at the station level, but
those figures are not included in this appendix.
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Figure AIL.10 Boxplots of environmental variables for station 2 Hexacorallia (SC.) spp.
station-level Gi* hotspots, coldspots, and random locations, ~39m neighbourhood.
Hotspots n=63 (including 17 with zero-abundance), coldspots n=2, random n= 421.
Based on geomorphic features and 20 m bathymetry provided by Lacharité et al., (2020).
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Figure AIIL.11 Boxplots of environmental variables for station 2 Pennatuloidea (SF.) sp. 9
station-level Gi* hotspots and random locations, ~15m neighbourhood. Hotspots n=26
(including 16 with zero-abundance), coldspots n=0, random n=460. Note: Not showing
the environmental boxplots for 6 other taxa-stations with small station-level hotspots
(less than 12 images in their hotspots) and no coldspots, therefore the small sample size
makes associations with environmental variables indeterminate. Based on geomorphic
features and 20 m bathymetry provided by Lacharité et al., (2020).
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Figure AIl.12 Two different benthoscapes present at station 4, with Pennatula sp. 2
station-level hotspots and coldspots overlaid (46 m fixed distance for 25 neighbours) and
a single pockmark/pit center location (unknown size). Benthoscape classes layer and
geomorphic features provided by Lacharité et al., (2020).
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Figure AIl.13 Example of spatial correlograms performed for taxa in the Laurentian
Channel Marine Protected Area (LC MPA) using Moran’s /, for Pennatula sp. 2 on
transect pair CD at station 2. Open circles are not significant, filled circles are significant,
using alpha 0.05, and red boxes are still significant after progressive Bonferroni
correction (Dale & Fortin, 2014).

161



L Gi_Bin
® Cold Spot - 99% Confidence

® Cold Spot - 95% Confidence
Cold Spot - 90% Confidence
*  Not Significant

% Hot Spot - 90% Confidence
® Hot Spot - 95% Confidence
@® Hot Spot - 99% Confidence
Value
56
i b 237
. Pockmarks

=== Jceberg Scours

0 0.15 0.3 0.6 Kilometers
| | ] | | I I 1 |

Figure AIl.14 Bathymetry position index showing fine-scale features, with inner radius 1
cells and outer radius 25, scale factor 500 m, at station 2 with Pennatula sp. 2 station-
level hotspots and coldspots overlaid (27 m neighbourhood distance), with pockmark/pit
center locations (unknown size) but without ice scours. Based on geomorphic features
and 20 m bathymetry provided by Lacharité et al., (2020).
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Table AIIL.1 Morphospecies groupings renamed from de Mendonga & Metaxas (2021).

Taxa from Publication
2021

Taxa Renamed

Comment

Gersemia sp. 1
Pteraster sp. 1
Actiniaria (O.) sp. 23
Actiniaria (O.) spp.
Actinoscyphia spp.

Scleractinia (O.) spp.

Unidentified sp. 216*

Pennatulacea (O.) sp. 5
Pennatulacea (O.) spp.

Cerianthidae (F.) spp.

Malacalcyonacea (O.) spp.
Asteroidea (C.) sp. 20
Edwardsia sp. 1
Anthozoa (C.) spp.

Actinauge cristata

Hexacorallia (SC.) spp.

Pennatuloidea (SF.) sp. 9

Pennatuloidea (SF.) sp. 5
Pennatuloidea (SF.) spp.
Cerianthidae (F.) sp. 1

Precaution: may contain several genera with similar morphology
Precaution: may be another genus

Reidentified: has short and long rows of tentacles

Precaution: some individuals may be cerianthids rather than anemones

Reidentified

Precaution: small size and orientation can make it difficult to identify
with complete certainty, while some could be small anemones, most are
high likely cup corals (undetermined genus).

A sea pen, possibly Funiculina sp. or Virgularia sp., but image quality
obscured view of polyps (small and colour similar to sediment).

Taxonomy changed
Taxonomy changed

Renamed
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Table AIIL.2 Range of environmental variables at each station in the LC MPA, minimum to maximum values.

Pockmark Ice scour

Station D((:E;h ?rﬁi%ﬁl)l S(éll)hs%t)y Tern(ge(rja)lture pH density density Sl((zg)e
(#/km?) (#/km?)
2 347-357 3.11-4.24 35-35.01 6.22-6.42 7.9-793 1.27-7.64 0-0 0.09-2.94
3 445450 3.99-4.16 34.99-35 5.94-6.04 7.92-7.94 0-0 1.06-3.44 0.1-2.45
4 331-342 2.2-399 31.29-35.02 6.51-6.93 7.92-7.93 1.27-6.37 0-0.15 0.05-2.88
5 427441 3.83-3.99 34.99-3499  5.78-5.98 7.88-7.93 0-2.55 1.13-3.11 0.17-2.28
13 430436 4.06-4.16 34.99-35 5.92-6.08 7.92-7.95 0-1.27 0-2.43 0.13-2.86
14 340-347 2.384.62 35.01-35.02  6.52-6.64 7.9-7.93 0-5.09 0-0 0.17-3.08
16 442-449 3.96-4.07 35-35 6.01-6.04 7.94-7.95 0-0 2.79-4.02 0.16-4.97




Table AIL.3 All taxon-station combinations (present on >10% on any transect pair) with
significant positive autocorrelation using Global Moran / at the station-level (0=0.05);
distance threshold default ArcGIS Pro ensures that each feature had at least one
neighbour.

Global p Distance

Station Taxa Moran threshold
Value
I (m)
2 Pennatula sp. 2 0.50 0.00 8.32
2 Pennatuloidea (SF.) sp. 9 0.21 0.00 8.32
2 Hexacorallia (SC.) spp. 0.38 0.00 8.32
3 Pennatula sp. 2* 0.24 0.00 11.51
4  Pennatula sp. 2 0.09 0.01 11.47
16 Anthozoa (C.) spp. 0.08 0.02 12.17
16 Kophobelemnon spp. 0.07 0.04 12.17

Note: Global Moran / less than 0.2, are considered weaker patterns but still significant.
* Not one of the 20 focal taxon-station combinations.

Table AIl.4 Summary of spatial correlograms, including significant positive or negative
autocorrelation using Global Moran 7 on the transect level for all distance classes (10 m
bins) and excluding significant positive autocorrelation in the first distance (see Table
AlL3). Progressive Bonferroni adjusted significance level where a= 0.05/distance class.
Spatial range is the distance of the interpolated x-intercept using the ncf'r package where
Global Moran / is 0 and there is the absence of spatial autocorrelation. It can be
interpreted as patch size if it is the first distance class in significantly positive
autocorrelation. For additional results for taxon-station combinations not included in the
focal taxa see Table AILS.

Mean of Global . Spatial
Station  Pair Taxon Distance Moran Probability Range
Class It value (m)
(m)
13 CD Anthozoa (C.) spp. 34.92 0.11 0.01 8.43
16 EF Anthozoa (C.) spp. 24.84 0.19 0.01 8.83
16 EF Anthoptilum spp. 14.79 0.14 0.02 50.26
2 CD Pennatula sp. 2 15.25 0.10 0.01 16.43
4 EF Pennatula sp. 2 15.32 0.12 0.01 26.30
2 CD Pennatuloidea (SF.) sp. 9 15.25 -0.01 0.02 -
2 GH Pennatuloidea (SF.) sp. 9 15.09 -0.01 0.02 -
2 EF Pennatuloidea (SF.) sp. 9 6.74 -0.02 0.03 -
2 CD Hexacorallia (SC.) spp. 24.93 0.14 0.01 155.05
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Table AIL.5 Additional results for taxon-station combinations not included in the focal
taxa (extension of Table AIl.4). Spatial correlograms performed separately for each
taxon-station combination and transect pair. Shown are for taxon-station combinations
with significant positive spatial autocorrelation for the first distance class (mean distance
presented in meters), associated Global Moran 7 and probability values using a=0.05.
Patch size, also known as spatial range, is the distance of the interpolated x-intercept from
the spatial correlograms using the ncfr package. Note: * Patch size ~10 m, can be
interpreted as a patch that includes immediate neighbouring images; if > 10 m, patch
extends farther.

. Transect Mean of Global  Probability P?tCh
Station . Taxon Distance Size*
Pair Moran | value

Class (m) (m)

3 CD Actiniaria (O.) sp. 1 15.09 -0.01 0.02 -

3 GH Actiniaria (O.) sp. 1 6.90 -0.02 0.02 -

2 AB Anthozoa (C.) spp. 15.55 0.10 0.02 -

2 GH Anthozoa (C.) spp. 6.46 -0.02 0.02 -

4 AB Anthozoa (C.) spp. 25.24 0.14 0.01 -

4 GH Anthoptilum spp. 7.28 -0.01 0.02 -

5 CD Anthoptilum spp. 14.99 0.15 0.02 -

2 AB Asteroidea (C.) sp. 4 6.50 -0.02 0.02 -

3 CD Asteroidea (C.) sp. 4 15.09 -0.01 0.02 -

3 CD Asteroidea (C.) sp. 4 6.51 -0.01 0.04 -
13 AB Asteroidea (C.) sp. 4 6.97 -0.03 0.02 -

2 GH Asteroidea (C.) spp. 6.46 -0.03 0.03 -

4 GH Asteroidea (C.) spp. 7.28 -0.01 0.02 -

5 EF Asteroidea (C.) spp. 6.52 -0.03 0.02 -
16 GH Cerianthidae (F.) sp. 1 7.17 0.21 0.02 27.41
16 GH Cerianthidae (F.) sp. 1 15.14 0.16 0.01 27.41
16 GH Cerianthidae (F.) sp. 1 25.11 0.22 0.01 27.41
16 AB Edwardsia sp. 1 7.13 -0.07 0.04 -

2 AB Flabellum alabastrum 15.55 -0.02 0.02 -

2 AB Kophobelemnon spp. 15.55 -0.01 0.02 -

5 EF Kophobelemnon spp. 24.84 0.26 0.01 -

5 AB Kophobelemnon spp. 6.43 -0.02 0.02 -

4 GH Ophiuroidea (C.) spp. 15.10 0.00 0.02 -

4 GH Pennatuloidea (SF.) sp. 5 7.28 -0.01 0.02 -

5 CD Pennatuloidea (SF.) sp. 9 14.99 -0.01 0.02 -

2 AB Protoptilum sp. 1 15.55 -0.01 0.02 -

2 CD Protoptilum sp. 1 6.80 -0.02 0.03 -

3 CD Protoptilum sp. 1 15.09 -0.01 0.02 -

4 CD Protoptilum sp. 1 7.40 -0.01 0.02 -

4 EF Protoptilum sp. 1 6.83 -0.02 0.02 -

3 EF Hexacorallia (SC.) spp. 6.93 -0.02 0.02 -

5 GH Hexacorallia (SC.) spp. 6.23 0.01 0.03 10.85
16 GH Hexacorallia (SC.) spp. 7.17 0.24 0.02 8.21
16 GH Hexacorallia (SC.) spp. 34.98 0.19 0.01 8.21
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