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Hotspots beyond borders:
quantitative assessment of
Vulnerable Marine Ecosystems
on the Corner Rise seamounts
with implications for
conservation planning
Lara Maleen Beckmann 1,2*, Lova Eveborn 1,
Ellen Kenchington 3 and Rhian G. Waller 1,2

1Tjärnö Marine Laboratory, Department of Marine Sciences, University of Gothenburg,
Strömstad, Sweden, 2Gothenburg Global Biodiversity Centre, Gothenburg, Sweden, 3Department of
Fisheries and Oceans, Bedford Institute of Oceanography, Dartmouth, NS, Canada
The Corner Rise Seamounts (CRS), located in an area beyond national jurisdiction
(ABNJ), are recognized biodiversity hotspots protected from bottom-contact
�shing by the Northwest Atlantic Fisheries Organization (NAFO). These
seamounts are registered as an Other Effective Area-Based Conservation
Measure. The Western Central Atlantic Fisheries Commission (WECAFC) has
also recommended protection for the southern CRS. While Vulnerable Marine
Ecosystem (VME) indicators like corals and sponges are known to occur here, the
environmental drivers of their distribution and the status of structure-forming
VME habitats remain poorly characterized. We analyzed high-resolution
remotely-operated vehicle video from NOAA’s 2021 Okeanos Explorer
expedition across eight CRS (940-4,189 m depth). Coral and sponge
community composition was assessed using multivariate analysis, and VMEs
were identi�ed using internationally recognized spatial criteria. Community
structure was primarily driven by depth-related oceanographic gradients, with
secondary longitudinal zonation. Assemblages formed three distinct clusters on
the seamounts: (1) upper-mid bathyal sites (900-1,900 m) in�uenced by upper
intermediate North Atlantic waters; (2) lower bathyal sites (2,000-2,600 m)
associated with Labrador Sea Water; and (3) an abyssal site on Rockaway
Seamount (~4,100 m) under Denmark Strait Over�ow Water in�uence. Six
habitats down to 2,495 m depth met VME indicator density thresholds for
signi�cant concentrations. Our results demonstrate that depth and water mass
structure are key drivers of coral and sponge biogeography on the CRS. VME
identi�cation provides scienti�c support for maintaining existing NAFO and
WECAFC closures. With NAFO protections due for review in 2027, these
�ndings offer timely evidence to inform conservation and management
decisions for CRS and similar ABNJ seamount ecosystems.
KEYWORDS

cold-water corals, conservation, corner rise seamounts, deep-sea, marine sponges,
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Introduction

Seamounts are globally recognized biodiversity hotspots,
supporting fragile, slow-growing fauna, such as corals and sponges
that provide essential habitat for commercially important �sh species
(Stocks and Hart, 2007; Meyer et al., 2019; Stratmann et al., 2022; De
Clippele et al., 2025). Their structural complexity underpins ecosystem
functioning yet also makes them highly vulnerable to physical
disturbance with limited recovery potential (FAO, 2009). For this
reason, habitat-forming octocorals, black corals, and sponges are
listed as indicator taxa for Vulnerable Marine Ecosystems (VMEs) in
the Food and Agriculture Organization (FAO) guidelines (FAO, 2009).
Protecting seamounts is therefore desirable both for biodiversity
conservation and for ecosystem-based �sheries management.

Recognition of seamounts as VMEs has been re�ected in
international policy, as well as in the FAO guidelines for their
implementation (FAO, 2009). United Nations General Assembly
(UNGA) resolutions beginning with 59/25 (2005) and strengthened
by 61/105 (2007) called on States and Regional Fisheries Management
Organizations (RFMOs) to regulate bottom �sheries and prevent
signi�cant adverse impacts on VMEs, with seamounts singled out as
areas of particular concern. Regular reviews of implementation were
established through subsequent resolutions, and UNGA-convened
workshops have periodically assessed progress (e.g., in 2011, 2016,
and 2022), highlighting uneven implementation across regions and
emphasizing the need for updated science to inform future decisions.
Another review is scheduled for 2026.

The Northwest Atlantic Fisheries Organization (NAFO) has
responded to those UNGA resolutions by closing all seamounts to
bottom-contact �shing within its Regulatory Area that have
summits shallower than 4,000 m (NAFO, 2025; Article 17). Those
closures, �rst adopted for selected seamounts in 2007 and expanded
thereafter, are due for reassessment in 2027. NAFO has requested
updated scienti�c advice on both VME status and the impacts of
bottom �sheries (NAFO, 2024). The southern Corner Rise
Seamounts (CRS), which fall under the jurisdiction of the
Western Central Atlantic Fisheries Commission (WECAFC), were
similarly recognized as VMEs or likely VMEs in 2016, when States
were urged to apply protective measures consistent with UNGA
resolutions (WECAFC, 2016).

The New England-Corner Rise Seamount Chain is a line of
extinct submarine volcanoes that extend from the Mid-Atlantic
Ridge to the eastern continental margin of the United States. The
CRS, the eastern portion of the chain is separated from the New
England Seamounts (NES) by a 465 km gap. The boundary between
the NAFO and WECAFC areas runs directly through the CRS,
dividing the northern from the southern seamounts. The CRS host
distinct deep-sea ecosystems of high biodiversity value (Lapointe
et al., 2020a, b; Waller et al., 2021). Surveys have documented
multiple NAFO-recognized VME indicators, including large
gorgonians, deep-sea sponges, and stalked crinoids, down to
~4,000 m depth, with dense coral and sponge aggregations on at
least two seamounts (Waller et al., 2021).

Despite those advances, several knowledge gaps remain. The
environmental drivers of benthic community structure in the CRS
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have not been quanti�ed; systematic assessments of high-density
structure-forming habitats are lacking, and biogeographic
connectivity across the chain is unexplored. Historical
exploitation underscores the importance of �lling these gaps:
�shing by Soviet Union �eets during the 1970s and 1980s
depleted the resources, primarily alfonsino (Beryx splendes)
(Vinnichenko, 1997; Vinnichenko and Kakora, 2008), and left
lasting damage in the form of trawl scars (Waller et al., 2007).
Exploratory �shing by other nations has also occurred (Murillo
et al., 2008) and remains possible under NAFO’s “Exploratory
Bottom Fishing Activities” provisions (NAFO, 2025; Articles 18-
21) and the non-binding measures taken by WECAFC.

Using high-resolution video, we here (1) characterize coral and
sponge communities across eight of the CRS, (2) evaluate
environmental drivers of assemblage structure, and (3) identify high-
density structure-forming VME habitats using the FAO guidelines
(FAO, 2009) and density-based criteria. By establishing ecological
baselines and conservation priorities, our �ndings directly inform
regional RFMO/Advisory Body decision-making and contribute to
the broader framework of the emerging Agreement under the United
Nations Convention on the Law of the Sea on the Conservation and
Sustainable Use of Marine Biological Diversity of Areas Beyond
National Jurisdiction (BBNJ Agreement; United Nations, 2023).
Methods

Data collection

The “North Atlantic Stepping Stones: New England and Corner
Rise Seamount Expedition” (EX-21-04) took place aboard the
NOAA Ship Okeanos Explorer from 30 June to 29 July 2021.
Twenty dives were conducted by the Deep Discoverer (D2)
remotely operated vehicle (ROV), with nine dives made on eight
CRS seamounts (Figure 1; Table 1). The dives spanned depths from
940 to 4,189 m, the ROV being deployed to the deepest point of the
dive and ascended along non-linear transects. Detailed dive
summaries for sites protected by NAFO have been provided by
Waller et al. (2021).

The ROV was equipped with three high-de�nition Insite Paci�c
video cameras, including the primary Zeus Plus camera (tilt, 18×
optical zoom), a Canon R3 still camera with an RF 24 mm macro lens
for high-resolution imagery of organisms and habitat details, plus a
dual-laser scaling system projecting two parallel beams 10 cm apart for
size estimation. Lighting was provided by standard ROV-mounted
LED arrays. Video footage was recorded continuously. D2 was also
equipped with a SeaBird SBE-911 Plus CTD, with sensors recording
salinity, temperature, pressure and dissolved oxygen, which generated
data at a high sampling rate (24 Hz) (Cantwell et al, 2021). ROV
positions were logged continuously during each dive using the onboard
USBL system integrated with DVL and inertial navigation. The effective
spatial accuracy of logged track points along the transects was on the
order of 2–5 m, depending on ROV speed and maneuvering. ROV
track distances were calculated as cumulative three-dimensional
distances between smoothed spline-interpolated horizontal positions,
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plus vertical depth differences. Only continuous on-bottom transects
were included in subsequent analysis, except during two dives
(MacGregor Seamount, Dive 8; Yakutat Seamount Deep, Dive 10),
technical issues required brief ROV recovery from the bottom and
redeployment. Transect lengths given in Table 1 account for
those interruptions.
Video annotation and morphotypes
identi�cation

Subsequent to the expedition, all video records from the nine
dives were examined and annotated following methods presented
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by Beckmann et al. (2025). In brief: Visually different types of coral
and sponge specimens or colonies were assigned unique
morphotype codes and their numbers in each frame (to a
maximum of 50). Encrusting taxa, small taxa of less than 50 mm
size and specimens insuf�ciently resolved in the imagery were
excluded. Annotations were performed using Ocean Networks
Canada’s SeaTube platform (SeaTube Pro: Ocean Networks
Canada v. 3.0). Each recorded morphotype was documented with
still images and a written description following the CATAMI
classi�cation scheme (Althaus et al., 2015). Taxonomic
assignments to the lowest possible level were made through
reference to relevant literature (Best et al., 2010; Lapointe et al,
2020a; 2022; Kenchington et al., 2015; Preez et al., 2015; Quattrini
FIGURE 1

Map of dive locations with their mean depths indicated. Seabed shallower than 2,000 m is shaded in grey. The NAFO closed area is shown in blue;
the WECAFC recommended closure is shown in pink. Inset shows the Corner Rise Seamounts (CRS) relative to the New England Seamounts (NES)
and the coast of North America.
TABLE 1 Summary of dive metadata for each dive.

Dive ID Dive name Latitude
[Start/End]

Longitude
[Start/End] Depth range min-max [m] Transect length [m]

3 Hopscotch 33.6762/33.6763 -52.9951/-52.9915 2375 - 2641 534

4 Dumbbell 34.3916/34.3905 -51.7751/-51.7713 2256 - 2414 579

5 Rockaway Seamount 35.8169/35.8190 -52.3076/-52.3056 4113 - 4189 328

6 Castle Rock 36.3009/36.3008 -51.3474/-51.3515 2084 - 2332 553

7 Corner Rise 1 35.8879/35.8888 -51.5215/-51.5203 2430 - 2587 354

8 MacGregor Seamount 35.0526/35.0557 -48.9707/-48.9767 940 - 1274 428

9 Yakutat Seamount Shallow 35.1810/35.1778 -48.1167/-48.1172 1194 - 1368 560

10 Yakutat Seamount Deep 35.2653/35.2620 -48.0026/-48.0011 1699 - 1984 504

11 Caloosahatchee 34.6503/34.6517 -49.6510/-49.6547 1203 - 1250 574
Coordinate and depth ranges re�ect the on-bottom portions of each dive.
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et al., 2015; Ramiro-Sa�nchez et al., 2019; Sampaio et al., 2019;
Watling et al., 2022; Watling and France, 2021; Wilborn et al., 2021;
Wing and Barnard, 2004), and online sources. A full list of
morphotypes and an identi�cation guide are provided in
Supplementary File 1.
Environmental data and substrate
classi�cation

For each annotation record of an individual, the associated depth,
temperature, salinity and dissolved oxygen concentration data were
extracted with SeaTube. Faulty salinity and oxygen measurements,
caused by a sensor malfunction at Rockaway Seamount and identi�able
as extreme outliers, were removed prior to analysis. Depth pro�les of
temperature, salinity and oxygen concentration through the entire
water column were created from data collected during the ROV’s
descent on the Rockaway Seamount (the deepest dive site; Table 1).
Substrate was classi�ed by visual examination of video segments
corresponding to each annotation, following CATAMI substrate
categories (Althaus et al., 2015). Representative images for each
substrate class are provided in Supplementary File 2.
Detection of high-density coral and
sponge habitats

Sponge aggregations and coral gardens were identi�ed by
plotting annotation counts over time through each dive and
verifying peak densities against video imagery. Start and end
times of the ROV’s passage through each visible, continuous
high-density patch were recorded. Within each patch, the two
ROV track points furthest apart in 3D space were identi�ed and
the Euclidian distance between them calculated. Patches with a
calculated length of at least 25 m were retained for analysis – that
dimension being in approximate accord with the 25 m� minimum
area threshold set by OSPAR for its identi�cation of coral gardens
(OSPAR Commission, 2010). The video records were further
examined to determine whether the densities and species
composition of corals and sponges within each analyzed patch
could be considered as structure-forming VME habitats (sensu
FAO, 2009).

Within each high-density patch, ten evenly spaced timestamps
were generated between the determined start and end times. Video
segments at these timestamps were reviewed and still frames
extracted if they showed sharp focus, continuous patch coverage
and ideally visible laser points. Between 7 and 10 frames from each
patch were determined suitable for analysis.

Using Fiji (ImageJ 2.14.0), the scales of the extracted frames were
determined from the 10 cm laser spacing; when lasers points were not
visible, average frame widths from frames where they could be seen
and taken with the camera at similar elevation and angle, were used.
The still frame areas approximated 10 m� (– 10%). Within each
frame, all visible individuals of each morphotype were marked and
counted using the “Cell Counter” plugin of the software. Substrate
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class and seabed slope (classed as �at, slope, or wall) were recorded.
The counts were rendered as estimated densities (individuals or
colonies per m�) of each morphotype, though those are
approximations as a result of the uncertainties in the seabed areas
covered within each frame. The mean densities of each morphotype
within each habitat patch were estimated by averaging the values for
each frame. A slope-corrected sea�oor area was calculated for each
coral garden by creating a polygon from GPS points outlining the
garden and computing its planar area in a local UTM projection. The
average slope was estimated by �tting a plane to the depth values
within the garden, and the planar area was divided by the cosine of
this slope to obtain the slope-corrected surface area. These areas
represent the approximate sea�oor enclosed by the ROV tracks and
may include some portions that were not directly observed.

To illustrate assemblage differences between identi�ed coral or
sponge patches and areas outside the habitat patches, the list of
morphotypes was divided into those only recorded in the patches,
those only recorded outside, and those present in both. For that
purpose, the presence of morphotypes in the habitat patches was
taken from the analysis of the selected frames, whereas records from
outside were drawn from the video annotation.
Statistical analyses of assemblage
composition and environmental drivers

All statistical analyses were conducted in R (version 4.4.1; R Core
Team, 2023). Data manipulation and visualization was performed
using tidyverse (Wickham et al., 2019) and ggplot2 (Wickham, 2016).
Data exploration and code followed Beckmann et al. (2025). The
datasets and R scripts used in this study are publicly available via
GitHub (https://github.com/lara-maleen/Corner_Rise) and archived
in Zenodo (Beckmann et al., 2026).
Data preparation

Morphotype densities were calculated for each dive by dividing
the counts in the video annotations by the total transect length. The
morphotype abundance matrix was Hellinger-transformed to reduce
dominance effects while preserving ecological relationships. Pearson
correlation coef�cients were calculated between all environmental
variables using pairwise complete observations. Variables with
�R�>0.7 were considered strongly correlated, while those with �R�
between 0.3 and 0.7 were further evaluated using correlation plots.
Environmental variables were standardized to z-scores for ordination
and clustering analyses.

To examine depth-related habitat specialization of morphotypes,
we calculated the depth range for each morphotype. Morphotypes with
a broad depth range (>1,000 m) were classi�ed as “generalists,” while
those restricted to narrower depth ranges were considered “specialists.”

Species accumulation curves (SACs) were calculated for each
dive and for the habitat patches. Abundances of morphotypes from
annotated video and the analyzed frames were used as input. Curves
were generated using the iNEXT package (Hsieh et al., 2025).
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Diversity analyses

Pair-wise assemblage differences among dives were evaluated
using Bray-Curtis dissimilarity computed from morphotype
abundance data. Relationships between Bray-Curtis dissimilarity
and both geographic distance and depth differences were assessed
using Mantel tests and Pearson’s correlation coef�cients (9,999
permutations). Beta diversity was further partitioned into turnover
(b_SIM) and nestedness (b_SNE) components across sites using the
betapart package (Baselga and Orme, 2012). Signi�cance was assessed
with permutation tests (999 permutations).
Cluster analysis

Unweighted pair group method with arithmetic mean
(UPGMA) clustering was applied to the Hellinger-transformed
morphotype abundance matrix using Chord distance. Clusters
with approximately unbiased (AU) p-values � 0.95 from
multiscale bootstrap resampling (10,000 replicates) were
considered statistically signi�cant. The optimal number of clusters
was determined using average silhouette width analysis with the
cluster package (function silhouette) (Maechler et al., 2025).
Environmental variables were clustered similarly using Euclidean
distance on standardized data.
Multivariate ordinations

Non-metric multidimensional scaling (nMDS) of the Bray-
Curtis dissimilarity matrices 1) between dives and 2) between
habitat patches and areas outside of the patches, was performed
with two dimensions (k=2, trymax=100). Distance-based
redundancy analysis (dbRDA) of the Bray-Curtis dissimilarities
was performed with the capscale function in the vegan package
(Oksanen et al., 2025). Environmental collinearity was again
assessed via variance in�ation factors (VIF) using the vifstep
function in the usdm package (threshold: VIF<5) (Naimi et al.,
2014) which resulted in three �nal predictors (depth, latitude,
longitude). The signi�cance of the dbRDA model was tested using
permutation ANOVA (999 unrestricted permutations). Site scores
from the dbRDA ordination were clustered via k-means
partitioning (k=3, 25 random starts) to enable comparison with
the UPGMA clusters.
Indicator morphotypes and contribution
analyses

Morphotypes signi�cantly associated with each cluster were
identi�ed with the indicspecies package (De Ca�ceres and Legendre,
2009) and designated as indicators. The Indicator Value (IndVal)
statistic combining speci�city and �delity was calculated, with
signi�cance assessed by 999 permutations and p-value threshold
of 0.05.
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Bray-Curtis dissimilarities between clusters were examined with
Similarity Percentage (SIMPER) analysis, using the vegan package.
Species with signi�cant contributions (p < 0.05, 999 permutations)
were identi�ed as key drivers of community differentiation
between clusters.
Results

During 41 hours of video footage, observations of 2,240 corals, in
60 morphotypes, and 2,415 sponges, in 52 morphotypes, were
recorded. Nine coral morphotypes, comprising 1,030 of the
observations, were identi�ed to species. Most sponge morphotypes
were only assigned to Porifera and none could be fully identi�ed, as
that would have required collection and dissection of specimens.
Seventeen morphotypes were singletons, each only recorded once,
while there were multiple observations of 34 others but only at a
single site each.

The most abundant morphotype (n = 900) was CAO39,
identi�ed as Calyptrophora cf. clinata, followed by P07 (n = 362;
Porifera). Among coral families, Primnoidae was the most
abundant (n = 958), followed by the Keratoisididae (n = 651). For
sponges, most individuals were recorded only as Porifera, but the
most frequently assigned families were the Farreidae (n = 394) and
Euplectellidae (n = 330).

Patterns of taxa associated with depth were evident across
several families (Supplementary File 3). For instance, Plexauridae,
Aphrocallistidae, Madreporidae, Antipathidae, Pheronematidae
and Paramuriceidae were only observed between 1,000 and 1,700
m. In contrast, Cladopathidae and Hyalonematidae were exclusively
observed at the deepest site (4,189 m). Depth-generalist families
included Keratoisididae, Schizopathidae, Euplectellidae and
Euretidae, which were observed across all depths. While
hexactinellids occurred throughout the depth range, demosponges
were only observed to a depth of approximately 2,500 m. The
highest coral density was observed at 1,215 m on the
Caloosahatchee Seamount, while sponge density peaked at 947 m
on MacGregor Seamount. The combined densities across dives
peaked at around 1,200 m for corals, and 2,400 m for
sponges (Figure 2B).

Species accumulation curves (SACs) calculated for each dive
indicate that most dives did not reach asymptotes, suggesting that
the full morphotype richness was not captured (Supplementary File
4). Consequently, observed richness values were not compared.
Environmental characteristics

Water-column temperatures decreased monotonically from the
surface (Figure 3C), hence bottom temperature was highest, 5.16°C,
at the Caloosahatchee dive site and lowest on Rockaway Seamount
at 2.24°C There was a pronounced minimum in dissolved oxygen
concentration at mid-depths. The lowest value recorded at the
seabed was 7.79mg/L on Caloosahatchee Seamount, while the
highest was 8.34 mg/L at the MacGregor site.
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Bedrock was the dominant substrate at most sites, varying from
100% at Corner Rise 1, 98% at Hopscotch and 91% at Dumbbell,
through 80% (and 17% gravel) at the shallow site on Yakutat
Seamount, 77% (and 8% gravel) at Rockaway, to 50% bedrock
(and 46% outcrop) at the deep site on Yakutat. Caloosahatchee
Seamount showed a more even mix, with 48% bedrock and 41%
gravel, while MacGregor Seamount exhibited the most
heterogeneous terrain with 54% gravel, 27% bedrock and 19%
outcrop. Substrate was excluded from multivariate analyses due to
relatively limited variation and widespread bedrock dominance.
Assemblage structure

Bray-Curtis dissimilarity increased with both geographic
distance (R = 0.42, p = 0.0187) and the depth difference between
dive sites (R = 0.75, p = 0.0001).

Overall beta diversity across sites was high (b_JAC = 0.905). Most
resulted from morphotype turnover (b_JTU = 0.883), indicative of a
strong variation in species composition between sites, with a much
smaller contribution from nestedness (b_JNE = 0.022). Turnover
between sites was higher than within sites (mean b_SIM_between =
0.721 – 0.1, mean b_SIM_within = 0.493 – 0.092). Permutation tests
con�rmed that this difference was statistically signi�cant (p = 0.001).

UPGMA clustering identi�ed three primary assemblages: one
associated with upper-mid bathyal sites (MacGregor ,
Frontiers in Marine Science 06
Caloosahatchee, Yakutat shallow and Yakutat deep); a second
associated with lower bathyal sites (Castle Rock, Corner Rise 1,
Dumbbell and Hopscotch); and a third corresponding to the abyssal
site (Rockaway). The dendrogram and dissimilarity matrix were
signi�cantly related (r = 0.93), and silhouette analysis supported the
optimal number of three clusters.

The nMDS ordination (k=2, stress = 0.041) displayed
differences in community composition among the sites, which
were grouped in ordination space as in their three clusters
(Supplementary File 5).

The overall dbRDA model performed with depth, latitude and
longitude as constrained variables (variables with no signi�cant
multicollinearity, VIF<5) was statistically signi�cant (ANOVA:
F = 1.67, p = 0.006), the �rst two axes explaining 24.65% and
15.66% of the variation, respectively (Figure 4). Depth was the only
signi�cant environmental driver (F = 2.12, p = 0.008) of the three.
Additionally, Yakutat Seamount was sampled at two depths
separated by approximately 400 m and were distinctly separated,
with intra-seamount dissimilarity comparable to that observed
between different seamounts.
Indicator morphotypes

Six morphotypes were signi�cantly associated with the
assemblage differences between the shallow and deeper groups
FIGURE 2

(A) Depth distributions (raw abundances) of coral (Cnidaria = red) and sponge (Porifera = yellow) abundance by dive. Dives are ordered by mean
depth. (B) Effort-corrected density by depth for all dives.
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identi�ed by UPGMA clustering (p < 0.05; Figure 5). The lower
bathyal cluster was characterized by CAO11 (Chrysogorgia sp. A,
IndVal.g = 1.0), CAO21 (Keratoisididae, 1.0) and PD03
(undetermined sponge, 1.0) as indicator taxa. The upper-mid
bathyal cluster featured CAO28 (Acanella sp., 1.0), CAO29
(Chrysogorgia sp. B, 0.998) and PD17 (Demospongiae, 1.0). The
abyssal site hosted unique taxa including CAH23 (Abyssopathes sp.)
and PH70 (Hyalonema (Corynema) sp.) and with that the exclusive
deep dwelling families Cladopathidae and Hyalonematidae.

SIMPER analysis revealed clear contrasts among the clusters.
Overall, Bray-Curtis dissimilarity between the upper-mid bathyal and
lower bathyal cluster was high (0.93). While CAO11 (Chrysogorgia
sp. A) contributed 0.7%, the top three species together accounted for
only 12.4% of the total dissimilarity, indicating that the difference is
spread across many species. The assemblage at the Rockaway site was
more distinctive, with particular contributions to dissimilarity by
CAO28 (9.5%, coral exclusive to the deeper sites) and PH13 (8.3%,
sponge), while that between Rockaway and the upper-mid bathyal
cluster was dominated by PD08 (13.1%, sponge exclusive to the
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shallower sites), with additional contributions from CAH04/CAH30
(Bathypathes spp.), PH07 (Sceptrulophora), and CAO11. Across all
comparisons, Chrysogorgia sp. A (CAO11) emerged as a key taxon,
distinguishing the groups.
Structure-forming VME habitats

Six high-density habitat patches were identi�ed across �ve dive
sites, with depths from 945 m to 2,495 m (Table 2, Figure 6). In
each, either corals or sponges visibly outnumbered other megafauna
(Figure 7), four patches being sponge-dominated, with Porifera
making up 70.4% to 97.2% of the observations. The other two were
coral gardens, with 5.2% of Porifera recorded at Caloosahatchee site
and 25.9% at MacGregor (A). Total faunal densities within the
patches were between 1.66 – 0.75 ind/m� on MacGregor Seamount,
and 4.90 – 1.84 ind/m� on Caloosahatchee Seamount. The SACs for
the VME habitats were not saturated, thus no morphotype richness
analysis and comparison was conducted.
FIGURE 3

(A) Sea�oor temperature data plotted against oxygen concentration for each dive. Labrador Sea Water (LSW) is indicated. (B) Sea�oor temperature
data plotted again salinity for each dive. (C) Water column pro�les of temperature, salinity and oxygen concentration recorded during the ROV’s
decent to Rockaway Seamount. The approximate depths of the Sargasso Surface Water (SSW), LSW, Denmark Strait Over�ow Water (DSOW) and the
Antarctic Bottom Water (ABW), and the Sargasso Surface Water (SSW) are indicated. (D) Plot of temperature and oxygen concentration from the
surface to the bottom on the ROV decent to Rockaway Seamount.
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No morphotype occurred or dominated exclusively across all
VME habitats. Despite high overlap in morphotype composition
between the designated habitats and adjacent non-habitat areas,
each habitat patch harbored unique taxa absent from surrounding
habitats. An NMDS ordination (k =2, stress = 0.059) showed that
the assemblages within and around identi�ed habitat patches within
a site were more similar to one another than to assemblages at other
sites (Supplementary File 6).
Dumbbell seamount

Two high-density patches were identi�ed at the Dumbbell
Seamount: Habitat A (at mean depth of 2,403 m and ~55 m in
length) and Habitat B (at 2,366 m and ~92 m in length). They exhibited
similar assemblage compositions, dominated by sponge aggregations.
The most abundant taxa included an unidenti�ed demosponge (PD08)
and fan-shaped or elongated glass sponges such as Farrea sp. A
(PH24). Three sponge morphotypes, PH07 (Sceptrulophora sp.),
PH58 (Farrea sp. B), and PH73 (Hexactinellida), were found
exclusively within the patches and not in the surrounding area.
Corner Rise 1 seamount

A single high-density patch was identi�ed at a mean depth of
2,495 m on Corner Rise 1, spanning approximately 76 m, and
dominated by the same ground-covering demosponge (PD08) seen
on Dumbbell Seamount, as well as a fan-shaped bamboo coral
(CAO21). A funnel-shaped euplectellid sponge (PH36) was
observed exclusively within the habitat and was absent outside.
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MacGregor seamount

Two distinct patches of biogenic habitat, one extensive, were
observed on MacGregor Seamount. Patch A, on a steep wall
approximately 77 m in length, starting at 1,191 m depth, was
classi�ed as a coral garden and characterized by numerous
undetermined stick-like corals (CA01), along with large, bushy
Antipatharian colonies. Several taxa were exclusive to this high-
density patch, including corals CA01, CAO02 (Lepdisis spp.),
CAO30 (Thouarella cf. grasshof�), CAO39 (Calyptrophora cf.
clinata), and the sponge PH59 (Asconema sp.).

Patch B, on �at terrain at 945 m and spanning roughly 164 m,
was dominated by bulky, undetermined sponges (P07) and bright
yellow, ground-covering demosponges (PD17), both of which
covered substantial areas. Interspersed among those were low
densities of corals such as CAO22 (Keratoisidinae J3), CAH15
(Madrepora cf. oculata), CAH22 (Leiopathes sp.), and CAO34-38
(including Acanthogorgia sp., Paragorgia sp., and Corallidae).
Aphrocallistes sp. and Rossellidae sponges were also present.

The two patches - wall and �at - shared several taxa, including
CAH08 (Parantipathes sp.), CAH37, and CAO33 (Plexauridae).
Notably, the MacGregor site exhibited the highest distinctiveness of
all those surveyed, with 18 morphotypes recorded only there.
Caloosahatchee seamount

The Caloosahatchee site at 1,225 m hosted the second coral
garden observed, extending continuously for approximately 387 m.
It was dominated by primnoid corals, particularly Thouarella cf.
grasshof� (CAO30). Five coral taxa were exclusive to the high-
density patch: CAH04 and CAH30 (Bathypathes sp.), CAH20
(Enallopsammia cf. rostrata), CAH35, and CAO42 (Iridogorgia
cf. frontalis).
Discussion

This study provides a �rst description of deep-sea coral and
sponge communities across eight of the CRS, establishing depth as
the most important environmental correlate of assemblage structure
and con�rming the presence of high-density patches of structure-
forming taxa which meet international criteria for VMEs. These
�ndings advance the ecological framework for CRS management and
may support upcoming reviews of seamount protection measures.
Depth and connectivity as a structuring
agent for benthic communities on the
Corner Rise seamounts

While the clustering of the sites into three distinct groups
initially suggested a longitudinal biogeographic zonation, depth
FIGURE 4

Ordination of dive sites by dbRDA of coral and sponge assemblage
composition, by depth, latitude and longitude. Sites colored-coded
by cluster assignment. Arrows represent the correlations between
the environmental variables and the dbRDA axes.
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FIGURE 5

Examples of indicator species: (A) PD08 (undet. sponge), (B, C) CAO11 (Chrysogorgia sp. A), (D, E) CAO28 (Acanella sp.), (F) PH70 (Hyalonema
(Corynema) sp.) and (G) CAH23 (Abyssopathes sp.). Scale bars = 10 cm (Only shown if laser points were visible in corresponding video segments).
Image credit: NOAA Ocean Exploration (EX2104). Reproduced under CC0 1.0 license.
TABLE 2 Summary of identi�ed high-density patches of VME indicator species.

Habitat ID Location
Mean total
density [ind/
m2] ± SD

Number of
morphotypes
observed

Percentage
of Porifera
(%)

Transect
length in
patch [m]

Habitat type Dominant
taxa (>25%)

D04_GA Dumbbell 2.05 – 0.49 14 97 35
Sponge
aggregation

PD08, PH24

D04_GB Dumbbell 3.46 – 2.1 16 91 32
Sponge
aggregation

PD08, PH24

D07_GA Corner Rise 1 2.29 – 0.9 9 70 87
Sponge
aggregation

PD08, CAO21

D08_GA MacGregor 1.66 – 0.75 10 26 73 Coral garden CA01

D08_GB MacGregor 3.30 – 1.27 7 96 163
Sponge
aggregation

P07, PD17

D11_GA Caloosahatchee 4.90 – 1.84 11 5 268 Coral garden CAO39
F
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The relative density of Porifera is tabulated as a percentage of the summed densities of sponges and corals.
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FIGURE 7

Representative images of the high-density VME habitats. (A) Dumbbell Seamount sponge dominated habitat. (B) Corner Rise 1 Seamount. (C)
MacGregor habitat A (steep wall) with Ci and Cii showing the two different coral morphotypes classi�ed as CA01 (also arrow inset in C); and (D)
habitat B (�at terrain). (E) Caloosahatchee Seamount coral dominated habitat. Scale bars = 50 cm. Image credit: NOAA Ocean Exploration (EX2104).
Reproduced under CC0 1.0 license.
FIGURE 6

Plots of the six identi�ed high-density patches (two adjacent patches on Dumbbell Seamount on one plot), showing the Loess-smoothed dive paths
(thick grey lines) and numbers of sponges and corals observed (color-coded). Each plot also shows the slope-corrected sea�oor surface area
included in the plot (m2).
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