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Abstract Fine-scale structural complexity created by reef-

building coral in shallow-water environments is influential

on biodiversity, species assemblage and functional trait

expression. Cold-water coral reefs are also hotspots of bio-

diversity, often attributed to the hard surface and structural

complexity provided by the coral. However, that complexity

has seldom been quantified on a centimetric scale in cold-

water coral reefs, unlike their shallow-water counterparts,

and has therefore never been linked in a similar way to the

reef inhabitant community. Structure from motion tech-

niques which create high-resolution 3D models of habitats

from sequences of photographs is being increasingly utilised,

in tandem with 3D spatial analysis to create useful 3D met-

rics, such as rugosity. Here, we demonstrate the use of ROV

video transect data for 3D reconstructions of cold-water

coral reefs at depths of nearly 1000 m in the Explorer Can-

yon, a tributary of Whittard Canyon, NE Atlantic. We con-

structed 40 3D models of approximately 25-m-length video

transects using Agisoft Photoscan software, resulting in sub-

centimetre resolution reconstructions. Digital elevation

models were utilised to derive rugosity metrics, and ortho-

mosaics were used for coral coverage assessment. We found

rugosity values comparable to shallow-water tropical coral

reef rugosity. Reef and nearby non-reef communities dif-

fered in assemblage composition, which was driven by depth

and rugosity. Species richness, epifauna abundance and fish

abundance increased with structural complexity, being

attributed to an increase in niches, food, shelter and alteration

of physical water movement. Biodiversity plateaued at

higher rugosity, illustrating the establishment of a specific

reef community supported by more than 30% coral cover.

The proportion of dead coral to live coral had limited influ-

ence on the community structure; instead, within-reef pat-

terns were explained by depth and rugosity, though our

results were confounded to a certain extent by multi-

collinearity. Fine-scale structural complexity appeared to be

integral to local-scale ecological patterns in cold-water coral

reef communities.

Keywords Cold-water coral � Structure from motion �
Reef community � Structural complexity � Habitat
threshold � Rugosity

Introduction

Some colonial Scleractinian cold-water corals, such as

Lophelia pertusa (recently synonymised to Desmophyllum

pertusum (Addamo et al. 2016)), Madrepora oculata and
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Solenosmillia variablis, are capable of forming complex

3D reef structures, ranging from patchy cover to massive

carbonate mounds (Wilson 1979; Wheeler et al. 2007).

Cold-water coral reefs are predominantly found on conti-

nental slopes, seamounts and in fjords, but increasing

evidence suggests submarine canyons also provide an

important habitat (Orejas et al. 2009; Huvenne et al. 2011;

De Mol et al. 2011; Lo Iacono et al. 2018). Due to their

complex terrain, submarine canyons may provide impor-

tant refugia for cold-water coral assemblages (Huvenne

et al. 2011) that are vulnerable to destructive fishing

practices elsewhere (Fossa et al. 2002; Davies et al. 2007;

Althaus et al. 2009; Huvenne et al. 2016a).

Reef-building cold-water corals are autogenic ecosys-

tem engineers according to the definition of Jones et al.

1994, and like shallow-water coral reefs, cold-water coral

reefs are considered to be hotspots for biodiversity. Cold-

water coral reefs support diverse habitat specific commu-

nities of epifauna and infauna (Jonsson et al. 2004; Mor-

tensen and Fosså 2006; Henry and Roberts 2007; Bourque

and Demopoulos 2018), with enhanced biodiversity and

benthic biomass compared to adjacent substrate (Van

Oevelen et al. 2009). For example, Shannon–Wiener

indices of taxa associated with cold-water coral reefs on the

Faroe shelves (North Atlantic) were approximately 5.5, a

value which is comparable with shallow-water reef biodi-

versity (Jensen and Frederiksen 1992). This biodiversity is

associated with sessile and vagile taxa alike (Jonsson et al.

2004). Living portions of the reef harbour fewer, more

specialised species (Mortensen and Fosså 2006; Cordes

et al. 2008), whilst the bare hard substrate of dead coral

skeleton is often cited as a primary driver of reef biodi-

versity (Henry and Roberts 2015). In addition, the struc-

tural complexity of the 3D framework provided by the

coral skeleton is also considered an important variable

contributing to cold-water coral reef assemblage and bio-

diversity (Jonsson et al. 2004; Cordes et al. 2008; Robert

et al. 2017).

Coral reef structural complexity influences marine bio-

diversity and community structure at multiple scales

(Friedlander and Parrish 1998; Gratwicke and Speight

2005; Wilson et al. 2007; Graham and Nash 2013;

Richardson et al. 2017). Broad-scale terrain rugosity has

been cited as a driver of deep-sea biodiversity (Robert et al.

2015) and cold-water coral distribution (Lo Iacono et al.

2018). However, measuring fine-scale complexity of deep-

sea habitats at a similar scale to that in shallow-water coral

reef research is problematic owing to the difficulty of

sampling at depth. Yet, based on qualitative observations, it

is generally accepted that deep-sea benthic fish benefit

from fine-scale structural complexity (Roberts et al. 2005;

Söffker et al. 2011; Purser et al., 2013). Invertebrates also

benefit from structural complexity, for example, Stevenson

et al. (2015) inferred the 3D structure created by cold-water

coral was utilised by Cidaris cidaris in order to escape

predation. At these fine scales, it is thought that the pro-

vision of a physically heterogeneous habitat offers multiple

niches that organisms can utilise for shelter and/or feeding

(Graham and Nash 2013). Structural complexity can alter

hydrodynamic properties such as current velocity, shear

and turbulence, subsequently providing additional micro-

habitats (Buhl-Mortensen et al. 2010), influencing larval

entrainment (De Clippele et al. 2018), larvae retention

(Boxshall 2000; Harii and Kayanne 2002), suspension

feeder feeding efficiency (Purser et al. 2010; Orejas et al.

2016) and infauna diversity (Bourque and Demopoulos

2018).

Multibeam echosounders (MBES) mounted on remotely

operated vehicles (ROVs) can acquire sub-metre resolution

bathymetry of cold-water coral reefs (Huvenne et al. 2011;

Foubert et al. 2011; De Clippele et al. 2017; Lim et al.

2018). Yet, despite these novel techniques, a general lack

of complexity measurements of cold-water coral reef

framework (centimetric resolution) represents a knowledge

gap which can be mitigated through the use of novel image

analysis techniques. Structure from motion (SfM), a form

of 3D photogrammetry, is becoming more prevalent in

marine imaging research in order to derive terrain variables

such as coral reef rugosity (Leon et al. 2015; Storlazzi et al.

2016). This technique opens opportunities for the extrac-

tion of a plethora of fine-scale terrain variables that may

contribute to the understanding of functioning of deep-sea

habitats, such as cold-water coral assemblages (Robert

et al. 2017). However, relatively few SfM surveys have

been carried out in deep-sea habitats due to the difficulty of

acquiring controlled images at depth with additional

implications of strong currents and water column turbidity

often associated with cold-water coral reef locations

(Mienis et al. 2007; Davies et al. 2009; Duineveld et al.

2012). Unmanned underwater vehicles (ROVs, autono-

mous underwater vehicles and towed platforms), however,

can collect suitable images and data to implement SfM

techniques (Johnson-Roberson et al. 2010; Robert et al.

2017; Purser et al. 2018).

Cold-water coral reefs are vulnerable to bottom contact

fishing activities, and are thus classified as a ‘Vulnerable

Marine Ecosystem (VME)’ (United Nations General

Assembly Resolution 61/105), of which structural com-

plexity is a defining characteristic (FAO, 2009). Yet the

assignment threshold of VME status to cold-water coral

reefs based on imagery is ambiguous, in part due to the

lack of prerequisite information about the density at which

a group of separate colonies alter the environment enough

to form a habitat with distinct communities. Coral coverage

values of more than 15 or 60% to detect a distinct coral reef

or ‘coral framework’ habitat have been used in previous
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studies (Rowden et al. 2017, Vertino et al. 2010), but no

quantified consensus exists. This may be due to a lack of

precise coral coverage and the associated structural com-

plexity information required to identify a distinct habitat

and VME threshold. As well as destructive fishing prac-

tices mechanically reducing the reef structure, shallowing

aragonite saturation horizon (Turley et al. 2007) geo-

chemically degrades living and dead portions of the reef

3D structure (Hennige et al. 2015). These anthropogenic

impacts would reduce the structural complexity with

repercussions for the associated fauna and VME status,

further highlighting a need to quantify reef characteristics

on a framework scale.

In this study, we provide rugosity metrics from 3D

reconstructions of cold-water coral reefs using SfM with

video data collected from an ROV. We aim to (1) quantify

the structural complexity introduced by cold-water coral

reef patches (2) identify the role of structural complexity in

driving biodiversity and assemblage composition (3) use

fine-scale information to identify the threshold of coral

cover and structural complexity required to form a distinct

cold-water coral reef habitat and provide evidence for

VME characteristics.

Methodology

Study area

Explorer Canyon is a tributary of the Whittard Canyon

system in the North-East Atlantic (Fig. 1). The canyon lies

within the British exclusive economic zone (EEZ) and

forms part of The Canyons Marine Conservation Zone

(MCZ) (Ministerial order 2013) which was designated

based on the occurrence of deep-sea bed and cold-water

coral reef habitats in accordance with the UK Marine and

Coastal Access Act (2009). The canyon system is subject to

energetic internal wave activity (Vlasenko et al. 2014; Hall

et al. 2017; Aslam et al. 2018), upwelling (Porter et al.

2016) and provides suitable habitats for cold-water coral

(Huvenne et al. 2011; Robert et al. 2017). Davies et al.

(2014) located reef-building scleractinians on a spur mid-

way up the Explorer Canyon branch at 795–940 m depth.

Video survey and data preparation

The data for this study were collected during a survey as

part of the Expedition JC125 aboard the RRS James Cook

(Huvenne et al. 2016b). The ROV Isis was used to conduct

a video transect starting from the thalweg of the canyon

and ascending along the Explorer Canyon slope and scarp

(Fig. 1). One frame per second was extracted from a high-

definition obliquely angled camera (HDSCI) mounted on

the ROV, using Quicktime 7 Pro (Apple Inc.). The transect

was divided into 25-m sections or sub-transects, estimated

from the horizontal distance travelled based on the

Sonardyne ultra-short baseline (USBL) positioning system

and the corresponding images were extracted for 3D

reconstruction. Sections of 25 m were chosen as recon-

structions along a single line tended to accumulate posi-

tioning error with increasing distance, and thus, longer sub-

transects became unreliable. Secondly, shorter sections

might not have encompassed enough area for robust faunal

counts of low density organisms such as fish. Finally, 25-m

transects have also been used in shallow-water coral reef

rugosity research (Friedlander and Parrish 1998), thus

aiding comparison with previous work.

The sloping and complex topography of the canyon

prevented true nadir camera angle although the slightly

angled ROV camera against the slope was determined to be

favourable for 3D reconstructions during preliminary

analysis. Whilst having the camera orthogonal to the sub-

ject is not a prerequisite for reconstructions, it is beneficial

to ensure as much of the terrain is captured accurately as

possible (Kwasnitschka et al. 2013). The images were

manually assessed for lapses in quality and removed where

necessary. De-interlacing of the frames was performed in

Adobe Photoshop CS6.

Reconstruction

The images were imported into Agisoft Photoscan Pro-

fessional (v. 1.3.4.5067). The final step before processing

involved masking the images to remove parts of the ROV

equipment that were captured in the frame or black back-

ground beyond the light, improving image distortion

residuals significantly. Optical aberrations caused by the

water/glass interface were not calibrated due to lack of

available information. However, Young et al. (2017) found

that non-calibrated cameras produced accurate and precise

reconstructions to a centimetric scale, suggesting Agisoft

Photoscan performs adequately with non-calibrated cam-

eras and distorted images. Each frame was paired with its

USBL position for georeferencing (performed in R version

3.3.2), and lasers spaced 10 cm apart were used as a ref-

erence scale at multiple flat locations within each

reconstruction.

The workflow was carried out as specified by Agisoft

Photoscan Professional, using a 16 core, 64 GB High

Performance Computing (IRIDIS) node with two NVIDIA

K20 graphics processors. High-quality alignment via gen-

eric pre-selection was chosen. High-quality dense clouds

were created and optimised for scale and georeferenced,

then reprocessed, followed by manual editing to remove

outliers and noise. The models were screened visually for

distortions and large georeferencing errors. The outputs
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were exported as digital elevation models (DEM) at a

standard 5 mm pixel size for terrain analysis and ortho-

mosaics at the highest resolution (predominantly\ 2 mm

per pixel) to quantify coral coverage. Where gaps in the

DEM were caused by tall coral colonies obstructing the

camera view, these were addressed through interpolation

(as used by Leon et al. 2015).

Biodiversity

The ‘SCORPIO’ camera mounted on Isis recorded video

footage in high definition which was used to count the

organisms present using OFOP (Ocean Floor Observation

Protocol) software. The SCORPIO camera was utilised as

it was installed in a static position with fixed zoom for a

consistent standardised analysis which was within the field

of view of the HDSCI video footage. Organisms were

recorded as morphospecies and then identified to the lowest

possible taxonomic resolution. All species within the time

frames of the image sequences used for reconstructions

were binned to the respective sub-transect and standardised

to sub-transect lengths (individuals per metre). Fish counts

(for fish abundance only) were obtained from the HDSCI

camera due to its wider field of view, providing a larger

area for fish observations and all species were concatenated

as few were observed (Purser et al. 2013). Species richness,

Shannon–Wiener index, total abundance and fish abun-

dance were used for univariate data analysis. Reef-building
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Fig. 1 a Geographical location, global bathymetry (GEBCO), with

the Eastern Whittard Canyon outlined. b Eastern Whittard Canyon

with the Marine Conservation Zone boundary (dashed rectangle) and

study site outlined (c). c Spur in the Explorer Canyon (North part of

MCZ). Black lines denote approximate 3D reconstructed sub-

transects. d Example image sequences. e 3D reconstruction of a reef

transect. f Digital elevation model of the coral reef
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species were not included in community assemblage

analysis due to their role as an independent variable in this

study.

Rugosity

The DEMs were imported into ArcMAP 10.5 and analysed

using the Benthic Terrain Modeller tool (BTM; Wright

et al. 2005). As the transect traversed a canyon slope,

vector ruggedness measure (VRM) from the BTM was

utilised as a measure of rugosity as this method decoupled

ruggedness from slope angle (Sappington et al. 2007). To

asses any measurement scale-dependent relationships,

VRM was calculated at different neighbourhood scales

(1.5, 3.5, 5.5, 7.5, 9.5, 11.5, 13.5, 15.5, 17.5 and 19.5 cm),

to investigate a full range of scales from individual polyps

to colony scales. The mean ruggedness index value for

each reconstruction was calculated to identify any scale-

dependent relationships.

A standard quantitative survey of shallow-water coral

reef structural complexity is traditionally carried out using

a chain laid out over the reef, and assessing the ratio of

chain length/horizontal length to produce a rugosity index

ratio (Graham and Nash 2013). Rugosity index ratio values

were calculated along a line through the middle of each

sub-transect (for the full length), using the following for-

mula in order to replicate the chain rugosity method:

Rugosity index ratio ¼ 3 D line length

2 D line length

The structural complexity measure that had the strongest

relationship with coral cover and biodiversity was used in

subsequent biodiversity and community assemblage

analysis.

Substrate classification

A custom ImageJ macro-code was used to randomly plot

250 points across each orthomosaic to assess percentage

coral coverage and substrate type. Six classes of substrate

were identified: (1) mixed sediment, (2) mudstone, (3) hard

rock, (4) dead coral framework, (5) live coral and (6) litter.

Mixed sediment consisted of fine and mobile material such

as sand, silt and loose mud, with some areas of coarser

sand, empty shells and small coral fragments. Mudstone

and consolidated muds were considered separate from

mixed sediment and hard rock due to a firmer surface

compared to mixed sediment, but its propensity to erosion

over time (Carter et al. 2018), and the presence of burrows.

Fine layers of mixed sediment overlying flat parts of

mudstone were considered mudstone due to the local

hydrodynamics leading to sporadic sediment cover.

This type of coverage quantification was undertaken to

(1) recognise a value of coral cover that may induce a reef

community or influence biodiversity with the potential to

identify a VME discrimination point and (2) utilise dead

coral cover percentage as an abiotic factor for analyses of

within-reef communities to discriminate between rugosity

and hard substrate provision as a driving factor and (3) gain

a broad overview of the substrate composition at each sub-

transect.

Statistics

Linear regression analysis and Pearson correlation were

used to identify a relationship between coral cover and

rugosity metrics (VRM and rugosity index ratio). Data

exploration on biodiversity metrics was undertaken fol-

lowing the guidelines of Zuur et al. (2007, 2009). We

utilised generalised additive models (GAM) to investigate

the relationship between the environmental variables

(depth, VRM) and univariate biodiversity metrics (species

richness, Shannon index (H0), total abundance and fish

abundance). Collinearity was tested for by pairs plots and

variance inflator factor (VIF). Depth and rugosity were not

correlated, but substrate type (in terms of percentage cover)

was found to strongly correlate ([ 0.7 Pearson correlation;

VIF[ 10) with depth and rugosity and was therefore not

included in the analysis. Normality was tested for by

Shapiro–Wilk test, total and fish abundance were
p

and
ffi

3
p

transformed to meet normality assumptions for use of a

Gaussian family distribution. VRM and depth indepen-

dently and combined were considered in the model build-

ing process and were assessed with corrected Akaike’s

information criterion value (AICc). Variance of the fitted

residuals was inspected to ensure homogeneity. Vari-

ograms of the final models were explored to identify any

evidence for spatial autocorrelation. Models were built

using the package ‘mgcv’ in R (R core team 2012).

Multivariate analysis was carried out in PRIMER V6

with the PERMANOVA ? extension, on communities

across all sub-transects and sub-transects with notable coral

cover ([ 15% based on Rowden et al. 2017), to identify the

drivers and the threshold where assemblage composition

forms a distinct reef-associated community. Bray–Curtis

similarity matrices of the communities were created afterp
transformation of the data. Group average clustering was

undertaken in order to explore community similarities

between transects and statistically tested by analysis of

similarity (ANOSIM). Depth, rugosity and dead/live coral

ratio were normalised, and Euclidean distance was used to

create environmental similarity matrices. The relationship

between each variable and the assemblage was investigated

using a distance-based linear model (DISTLM). The
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DISTLM results were coupled with a distance-based

redundancy analysis (dbRDA) to visualise the multidi-

mensional spatial relationship. DISTLM tests each variable

nominally which are then combined to create a multivariate

structure. Final model choice was based on a stepwise

AICc criteria method and BEST selection procedure.

Results

Image acquisition

A total of 40 reconstructions were produced utilising 8964

images and each sub-transect consisted on average of 224

(± 13 SE) images (Table 1). The number of images

depended on the speed of the ROV, ranging from

approximately 0.06–0.24 ms-1, which was an appropriate

speed to utilise stills from video without blur or excessive

image overlap. Mean georeference error was 1.53 m

(± 0.07 m SE), which is within error estimates of USBL

navigation (1% of depth), and is relative to geographical

location rather than within-model error (range 0.7–3 mm).

Continuous sampling along the entire ROV video transect

was not always possible due to variations in ROV height

inhibiting the camera view and monotone substrate that led

to issues with camera positioning in the reconstructions.

The mean reconstruction length was 26.8 m (± 0.6 m SE).

As point to point USBL positioning was used to identify

the 25 m sub-transect lengths, true transect lengths were

often longer than 25 m (as much as 40 m) due to an

oscillating ROV path. In contrast, sub-transect A9 was only

18 m long but was retained for analysis to extend the range

of rugosity measures as the coral cover was the highest.

Sub-transect length had no effect on standardised species

assemblages or species richness counts (considered as a

variable in a BEST test and GAM, see supplement).

Substrate classification

Deeper sub-transects (A-F, I-N) were characterised by

mudstone with sporadically interspersed pockets of mixed

sediment (2–37% cover) (Fig. 2). Sub-transects G and H

were dominated by mixed sediment ([ 70% cover) whilst

sub-transect O was the deepest where coral framework was

observed (1071 m), but consisted of all dead framework.

The regular occurrence of coral started at sub-transect U

and continued until A9 at depths between 770 and 935 m.

Coral cover ranged from 0 to 75% and mixed sediment

usually covered most of the rest of the coral sub-transects.

At shallower depths, mixed sediments were the dominant

substrate (Fig. 2). Hard substrate (rock) and litter cover

(n = 22; fishing gear and plastic sheets mostly) was

negligible.

Coral rugosity

VRM increased as neighbourhood size increased in an

asymptotic curve (see supplement). Strong linear correla-

tion with coral counts and % cover was observed at

neighbourhood sizes of 9.5 9 9.5 cm and above (Pearson

correlation plateaued at around 0.95). Beyond a neigh-

bourhood size of 9.5 9 9.5 cm, analytical gains were

negligible and thus 9.5 9 9.5 cm pixel size was used for

further analysis. Rugosity index ratio and VRM were

strongly correlated (r = 0.92, p\ 0.05). VRM was visibly

linked with coral colonies within each sub-transect

whereby individual colonies observed in the orthomosaics

(Fig. 3a) correlated with pixels indicating high VRM at all

scales shown in Fig. 3. VRM and rugosity index were

positively influenced by coral coverage (R2 = 0.914,

p\ 0.001; R2 = 0.847, p\ 0.001, respectively). VRM was

chosen for the remaining analysis due to the slightly

stronger relationship with coral cover than the rugosity

index ratio (Fig. 4). In addition, VRM considers the full

coverage of reconstruction.

Biodiversity

A total of 17,731 individual organisms (including coral

colonies of which there were 5,145 observations) from 54

morphospecies were observed within the 40 sub-transect

samples. Madrepora oculata (3541 colonies) and Lophelia

pertusa (1572 colonies) were the two most prevalent reef-

building scleractinians; only 32 colonies of Solenosmilia

variabilis were observed.

VRM and depth influenced species richness, total

abundance, Shannon–Wiener index (H’) and fish abun-

dance (Fig. 5, Table 2). Species richness increased with

VRM, until about 0.07 VRM, when the increase plateaued

(Fig. 5). The values of H’ increased with VRM before

decreasing after VRM of 0.05 (Fig. 5). Total epifauna

abundance and fish abundance positively correlated with

VRM (Fig. 5). Lepidion eques represented more than 50%

of the fish observed and of the 70 L. eques observed, 54

were found within a few centimetres of coral structures, six

near a non-reef structure (such as mudstone outcrops and

ledges) and 10 were observed on flat structureless sub-

strate. Depth was significant for H0 and total abundance,

appearing to mirror the general substrate patterns seen in

Fig. 2. Spatial autocorrelation was not present in our

dataset (see supplement), likely due to the inclusion of the

depth variable that is intrinsically linked with latitude.

dbRDA plots revealed a partitioning between reef

([ 30% coral framework cover) and non-reef communities

(mixed sediment and mudrock habitats) (Fig. 6a). Distinct

clustering of mixed sediment and rock mud sub-transects

was observed but the assemblages still showed 30%
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similarity (Fig. 6), and sub-transects O and A11 commu-

nities were more akin to non-reef assemblages despite the

presence of (mostly dead) coral structure (28 and 17%

coral cover, respectively), supported by ANOSIM results

(R = 0.612; p = 0.001). VRM accounted for 24% of the

community structure, whilst depth accounted for 12% of

the variation (Table 3, Fig. 6a).

There was little to no clustering of sub-transects with

coral cover assemblages (Fig. 6b). The DistLM found that

depth and VRM accounted for 42% of the assemblage

Table 1 Metadata of each sub-transect

Sub-

transects

Total aligned

images

Length

(m)

Transect

time

Number of dense

cloud points

Georeference

error (m)

Scale

error (m)

DEM res (mm

per pixel)

Ortho (mm

per pixel)

Mean

depth (m)

A 286 25.7 04:45 9,659,465 1.22 n/a 2.7 1.4 - 1071

B 188 25 03:07 8,912,853 1.32 0.012 2.8 1.4 - 1065

C 287 26.9 04:46 10,894,879 1.87 0.010 2.4 1.2 - 1059

D 215 24.6 03:34 9,529,201 1.80 0.012 2.7 1.3 - 1054

E 307 25.6 05:06 10,350,493 2.21 0.015 3.2 1.6 - 1042

F 129 24.3 02:08 9,501,754 1.60 0.012 2.6 1.3 - 1033

G 152 26.9 02:31 10,134,821 1.43 0.015 2.9 1.5 - 1032

H 137 20 02:16 6,196,412 1.99 0.022 2.8 1.4 - 1027

I 243 26.6 04:02 11,079,272 1.38 0.029 3.0 1.5 - 1016

J 183 28.4 03:02 12,349,339 1.30 0.009 2.3 1.2 - 1007

K 174 29.2 02:53 13,307,670 1.36 0.013 2.3 1.1 - 1001

L 134 26.8 02:13 9,407,083 1.59 0.016 2.6 1.3 - 998

M 163 26 02:42 11,714,816 1.75 0.017 2.3 1.1 - 997

N 174 28.1 02:53 12,617,473 1.21 0.010 2.3 1.2 - 993

O 208 27.3 03:27 14,021,270 1.48 0.013 2.4 1.2 - 985

Q 274 22 04:33 11,236,523 1.93 0.023 2.3 1.2 - 969

R 211 25.5 03:30 12,467,613 1.44 0.015 2.1 1.1 - 964

S 161 23.8 02:40 11,317,261 1.14 0.012 2.2 1.1 - 955

T 137 26.9 02:16 9,764,789 1.30 0.013 2.4 1.2 - 945

U 230 29 03:49 13,893,585 1.56 0.013 2.3 1.2 - 935

V 114 22.3 01:53 8,261,666 2.46 0.023 2.2 1.1 - 928

W 152 23.7 02:31 10,299,492 1.53 0.016 2.6 1.3 - 924

X 120 20.9 01:59 9,887,563 2.55 0.029 2.1 1.0 - 915

Y 215 30.3 03:34 13,884,492 1.44 0.013 2.4 1.2 - 910

Z 237 29.2 03:56 10,961,846 1.68 0.017 2.8 1.4 - 898

A1 194 36.4 03:13 12,896,286 1.25 0.014 2.8 1.4 - 895

A2 292 40.4 04:51 14,474,140 1.29 0.018 3.6 1.8 - 868

A3 446 30.6 07:25 11,653,657 1.63 0.011 3.5 1.8 - 852

A4 194 30.4 03:13 12,254,328 0.93 n/a 3.2 1.6 - 839

A5 274 20.7 04:33 14,974,612 2.80 0.033 1.5 0.8 - 818

A6 344 32 05:14 20,569,788 1.20 0.013 1.9 1.0 - 810

A7 329 28.6 05:28 18,821,126 0.77 0.013 2.3 1.2 - 795

A8 455 23.2 07:34 13,659,740 1.74 0.022 2.3 1.2 - 780

A9 180 17.6 02:59 8,434,800 0.64 0.001 3.5 1.8 - 770

A10 317 27.1 05:16 13,649,729 1.21 0.012 2.4 1.2 - 767

A11 237 27 03:56 11,298,246 1.41 0.007 2.8 1.4 - 756

A12 223 25.5 03:42 8,461,635 1.04 0.008 2.7 1.4 - 753

A13 125 22.7 02:04 11,625,973 1.73 0.017 2.0 1.0 - 726

A14 317 23.8 05:16 10,488,154 1.39 0.020 2.2 1.1 - 648

A15 206 22.9 03:25 9,965,094 1.60 0.022 2.1 1.0 - 646
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variation; depth was the strongest driving factor (26%)

with VRM playing a lesser role (15%) (Table 3, Fig. 6b).

The inclusion of dead/live coral ratio increased the vari-

ance explained to 46% (Table 4), though marginal tests

deemed it non-significant, possibly due to small sample

size.

Discussion

A strong linear relationship between coral cover and terrain

complexity was evident, providing a strong quantitative

relationship for the first time. The range of rugosity index

values observed (up to 1.6) is comparable to global shal-

low-water coral reef rugosity index values (Graham and

Nash 2013). In shallow-water coral reefs, scale-dependent

rugosity (Richardson et al. 2017; Knudby et al. 2007), is a

result of high coral morphology diversity (Burns et al.,

2015) and intra-species morphological plasticity (Todd

2008). We did not observe comparable scale-dependent

patterns as Explorer reef had relatively limited reef mor-

phology diversity, though cauliflower-like structures found

at other localities (e.g. De Clippele et al. 2018), or reefs

with greater vertical relief may provide contrasting rugos-

ity patterns.

Fine-scale structural complexity influenced biodiversity

and benthic fauna abundance. However, due to a high level

of collinearity we could not assess whether reef-induced

complexity enhanced biodiversity or if provision of hard

substrate and coral cover were the main driving factors.

Yet, the reef structures observed in this study have a rel-

atively low vertical profile, with very few colonies reach-

ing[ 50 cm tall. Thus, we suggest that reefs with greater

vertical relief would display a wider rugosity range, in

which case coral coverage percentage estimates become

limited as an explanatory variable. Within the rugosity

values observed, our data suggest that VRM influences

species richness strongly to a certain point (approximately

0.07 VRM or 1.2 rugosity index equating to approximately

25–30% coral cover), after which the structural complexity

played a more limited role in promoting species richness.

The strong positive relationship between species richness

and rugosity at low rugosity values (indicating low coral

cover) indicates sensitivity to fine-scale terrain complexity

for deep-sea organisms. The increasing relationship

between organism abundances and rugosity suggests reef

structural complexity continued to influence inhabitant

density beyond our measured VRM range. In addition to

shelter provision and hydrodynamic regime diversity,

increased rugosity is mathematically indicative of greater

surface area and thus settling availability for sessile spe-

cies. Due to the strong collinearity it is likely that rugosity

represented the combined effect of reef rugosity and hard

substrate availability, whilst depth was a proxy for many

other explanatory variables (such as temperature and sub-

strate type in this study).

Fish–coral association studies have shown the relation-

ship is site and species specific on a broader scale (Biber

et al. 2014), but our study shows more specifically that fish

(notably Lepidion eques and Helicolenus dactylopterus; see

supplement) utilised areas of reef-driven complexity. This

is consistent with shallow-water reef research that identi-

fied a strong relationship between fish density and struc-

tural complexity (Graham and Nash 2013). Enhanced

potential prey within the reef, likely at least in part influ-

enced by rugosity as suggested by the high abundance of
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epifauna observed, could contribute to the positive fish–

rugosity relationship. However, we typically observed most

L. eques swimming and H. dactylopterus resting within

centimetres of coral colonies indicating their behaviour

was linked to the physical structure, likely for shelter and

reproduction (Costello et al. 2005; Husebø et al. 2002;

Henry et al. 2013; Corbera et al. 2019).

Community assemblages in sub-transects with coral

cover were driven by depth and rugosity with limited

influence from the proportion of live/dead coral frame-

work. Whilst we suggest some species such as mobile

invertebrates are likely to benefit from structural com-

plexity (Stevenson et al. 2015) independent of live/dead

coral ratio, certainly for some sessile species such as
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Table 2 Univariate biodiversity GAM results. Statistically significant (p\ 0.05) in bold

Distribution family VRM p value Depth p value R2 adjusted Deviance explained (%) Factors included

Species richness Poisson < 0.001 0.0589 0.887 91.2 VRM ? Depth

H’ Gaussian < 0.05 < 0.001 0.711 77.2 VRM ?Depth

Total abundance (cuberoot) Gaussian < 0.001 < 0.001 0.799 83.9 VRM ? Depth

Fish abundance (sqrt) Gaussian < 0.001 0.398 44.1 VRM
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Actinaria spp. the hard substrate provided by the dead coral

framework seemed essential to their existence. However,

the composition of coral framework was dominated by

dead coral skeleton (49–100% dead), providing no distinct

live coral dominated habitat and associated assemblages

for comparison. This is consistent with Mortensen et al.

(1995) who identified little difference between living and

dead coral zone megafauna diversity from comparable

10 m video transects, citing the availability of dead coral

framework within living reefs on the Norwegian shelf,

though the threshold for living reef classification was

minimal at 10% live coral cover. Conversely, De Clippele

et al. (2018) noted abundances of sponge species (mega-

fauna) differed depending on the proportion of live coral

cover from video data, exemplifying that proportion of

dead coral cover can influence some groups, though few

sponges were observed at Explorer Canyon to enable

testing of this association. Furthermore, Lessard-Pilon et al.

(2010), observed that live/dead coral ratio influenced the

trophic level of inhabitants suggesting a community

structure difference. However, this was compared between

different reef sites suggesting different inter- and intra-reef

specific relationships or that local rugosity was an

unquantified underlying contributing factor. This ambigu-

ity highlights the need for further research to establish if

this relationship is ecosystem wide and whether a larger

live/dead coral ratio range may be required to further dis-

criminate the influence of dead vs live coral and structural

complexity. Overall, within reef-influenced sub-transects,

assemblage heterogeneity was present and was influenced

by structural complexity and depth (and its dependents).

The techniques presented provide a novel method to

quantify the role of cold-water coral in enhancing biodi-

versity in the deep sea on a scale of metres. Areas of high

rugosity and coral cover harboured distinct communities

with increased diversity, and it appeared relatively little

coral cover is required to influence the community. The

cluster analysis grouped sub-transects A11 and O (17 and

28% coral cover, respectively) distinctly from coral com-

munities, suggesting coral cover between 28% (sub-tran-

sect O) and 36% (sub-transects U and A8) is representative

of a threshold at which coral reef communities become

established and distinct. Coral cover of approximately 30%
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Table 3 Sequential test results from distance-based linear model. All

habitat community refers to Fig. 6a, and within-reef community refers

to Fig. 6b

Variable Pseudo-F p Prop Cumulative

All habitat communities

VRM 11.994 \ 0.001 0.240 0.240

Depth 7.106 \ 0.001 0.122 0.362

Coral reef community

Depth 5.471 \ 0.01 0.267 0.267

VRM 3.693 \ 0.01 0.153 0.420

Table 4 Best model solutions for explaining community structure of

transects with reef patches (Fig. 6b)

AICc R2 RSS Selections

121.35 0.420 13,496 Depth ? VRM

122.34 0.267 17,056 Depth

123.48 0.465 12,457 Depth ? VRM ? % dead coral
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may represent the point at which a group of coral colonies

form a distinct habitat, at least on a scale of 10 s of metres,

and support classification as a VME from imagery in

Explorer Canyon. Species richness also plateaued at about

30% coral cover (0.07VRM) further supporting the sug-

gestion that this proportion of coral represents the point at

which a stable habitat is formed. This is also consistent

with the position of the sub-transect in the reef, whereby

distinct communities were found in the densest part of the

reef at intermediate depths, with reef edges and low coral

cover areas not harbouring highly distinct communities.

The implications for VME assignment are that in the

absence of a large reef, it is unlikely that single colonies or

very low coral coverage will support a distinct reef

assemblage, thus may not fulfil the requirements for

assignment. Nonetheless, if environmental conditions per-

sist, a substantial reef may develop, meaning such areas

could be considered prospective reef VME which should be

taken into consideration for conservation. Furthermore,

although the associated assemblages were not distinct, low

coral coverage and associated rugosity still positively

influenced univariate indices, and thus could still be con-

sidered biodiversity hotspots. Due to these results being

based on a single reef over one time period, further

research and wider application of our methods is recom-

mended. Furthermore, these results are specific to the

Explorer Canyon reef, and it is unknown how well these

results would translate to different cold-water coral reefs.

Our results demonstrate how we can utilise SfM to

identify fine-scale ecological drivers and quantify cold-

water coral structural complexity. Furthermore, the ortho-

mosaics produced can be useful to create high-resolution

substrate and habitat maps over larger areas (Lim et al.

2017; Conti et al. 2019), and the 3D models used to

measure coral growth rates (Bennecke et al. 2016). This

demonstrates the effectiveness of this methodology to

monitor reef structures that are vulnerable to anthropogenic

impacts such as fishing and shoaling aragonite saturation

(Jackson et al. 2014).

To conclude, our results suggest fine-scale rugosity has

an important role in community dynamics, which should be

considered when interpreting broader-scale ecological

information as ecological patterns relate to different vari-

ables at different scales, requiring multi-scale investiga-

tion. We present proof of concept that SfM can provide

novel information on localised influential abiotic variables

and show that reef diversity and assemblage composition is

driven by intricate fine-scale drivers beyond presence and

absence of coral, furthering our knowledge of cold-water

coral reef ecology.
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