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Abstract
Identification of ecologically significant units at different spatial scales is essential for management of biodiversity attributes.

This case study illustrates a coupled methodological approach to delineate benthic habitats and associated assemblages at dif-
ferent spatial scales. Two complementary analyses were employed based on the occurrences of 99 epibenthic invertebrate
species in Atlantic Canada, sampled during depth-stratified random trawl sets. To identify epibenthic assemblage types, iso-
metric feature mapping and partitioning around medoids (ISOPAM) was used in combination with a joint species distribution
model (JSDM), which also produced continuous distribution surfaces across the spatial domain. ISOPAM identified nine sig-
nificantly spatially coherent assemblages (biotopes) at spatial scales of hundreds of meters to hundreds of kilometers, with
associated diagnostic species. Those assemblages were closely matched by eight regions of common profile using the JSDM,
indicating strong environmental influences on their distributions. These smaller-scale assemblages were grouped into three
biophysical units. The results from the JSDM were validated with independent data showing good congruence. This indicates
that the spatial units ascribed to identified assemblages are robust and suitable for marine spatial planning and monitoring.
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Introduction
Accurate, spatially explicit, and ecologically-relevant maps

of marine benthic invertebrate communities are essential
to support national and international policies aimed at
protecting, restoring, and sustainably managing biodiver-
sity (Lecours 2017), under an ecosystem-based approach
(Long et al. 2015). In particular, the 2030 targets agreed
upon in the Kunming-Montreal Global Biodiversity Frame-
work (KMGBF) under the Convention for Biological Diver-
sity (CBD/COP/DEC/15/4; CBD 2022), and the UN 2030 Sus-
tainable Development Goals (Goal 14 Life Below Water)
(A/RES/70/1) exemplify the need for spatial decision-support
tools to meet conservation, restoration, and sustainable-use
targets.

Target 3 of the KMGBF calls for at least 30% of marine
and coastal areas, especially areas of particular importance
for biodiversity and ecosystem functions and services, to
be effectively conserved and managed through establishing
ecologically representative marine protection networks, by
2030. For the North Atlantic, this ambitious international
commitment is reflected in national policies such as the
EU 2030 Biodiversity Strategy (COM/2020/380 final), the
US’ 30 × 30 Marine Conservation Goal’ (Executive Order
14008), and Canada’s 2030 National Biodiversity Strategy

(https://www.canada.ca/en/environment-climate-change/
services/biodiversity/national-biodiversity-strategy.html;
DFO 2023).

The National Framework for Canada’s Network of Ma-
rine Protected Areas (Government of Canada 2011) provides
strategic direction for the design of a national network of ma-
rine protected areas (MPAs) that will be composed of a num-
ber of bioregional networks. In support of this commitment,
Fisheries and Oceans Canada (DFO) is leading a process to cre-
ate a MPA network for the Scotian Shelf-Bay of Fundy Biore-
gion (DFO 2012). One of the overarching objectives of that
network is to protect representative examples of the differ-
ent ecosystems and habitat types (DFO 2018).

While for many areas of the Scotian Shelf-Bay of Fundy
Bioregion, faunal assemblages of benthic invertebrates have
been characterized (e.g., from portions of Georges Bank
(Thouzeau et al. 1991), Sambro Bank (Hawkes et al. 2019), the
deep waters of the Gully MPA (Kenchington et al. 2014), the
eastern Scotian Shelf (Rincón and Kenchington 2016), and the
Bay of Fundy (Staniforth et al. 2023) amongst others), there
has been no comprehensive analyses and mapping of such
communities across the entirety of the region. Classification
of seabed features using a benthic habitat template based
on “Scope for Growth” and “Natural Disturbance” (Kostylev
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and Hannah 2007) has been used as a proxy for benthic habi-
tats (DFO 2012) in the network design, in the absence of de-
tailed analyses of benthic community composition. This clas-
sification system conveys information on habitat suitability
and vulnerability, but not on the benthic assemblages per se.
More recently, O’Brien et al. (2022) described the demersal
fish communities in eastern Canada, using agglomerative hi-
erarchical UPGMA clustering of occurrence data derived from
trawl sets, and then predicted the distribution of each as-
semblage using a random forest modelling approach. They
included a limited set of invertebrates in their analyses but
incomplete and poorly resolved identification of the epifauna
meant that the analyses were not representative of the ben-
thic megafauna. However, use of data from the trawl surveys
did allow for mapping over large spatial scales of thousands
of km and more, while the depth-stratified random sampling
facilitated statistical analyses.

Different approaches have been used to identified marine
bioregions worldwide (e.g., Bloomfield et al. 2018; Hill et al.
2020; Stephenson et al. 2023). Murillo et al. (2016) identified
benthic assemblages from trawl surveys in the Flemish Cap
region (NW Atlantic) using a recursive partitioning method,
whereby the clusters obtained at one clustering level were
subsequently divided to form clusters at the next level of
the hierarchy. ISOPAM (isometric feature mapping and par-
titioning around medioids; Schmidtlein et al. 2010) was used
to identify clusters of species with high fidelity to groups of
sites. This approach optimizes clusters and cluster numbers
for concentration of indicator species in groups, which is a
useful property for designing monitoring programmes. Each
trawl set was associated with one of 12 spatially coherent
epibenthic megafaunal assemblages and mapped as discrete
points representing individual records of each assemblage.
However, ISOPAM does not allow for extrapolation to unsam-
pled areas and does not directly incorporate environmental
covariates in its solutions.

Recent advances in statistical community-level models
(Harris 2015; Warton et al. 2015; Ovaskainen et al. 2017) have
allowed modelling the distribution of species-rich ecological
communities through the use of joint species distribution
modelling (JSDM) approaches. The advantage of JSDMs is that
species are not modelled independently of each other but
with an underlying joint covariance structure that relates to
abiotic (environment) and biotic (species co-occurrences) fil-
tering when predicting species responses. Thus, JSDMs can
be used to better identify the drivers that control biodiversity
across environmental gradients, space, and time, in a similar
way to ordination-based methods, with the advantage that
they have a predictive nature, allowing for inference to un-
sampled spaces.

The aims of this study were to describe the composition
and map the distribution of epibenthic communities in the
Bay of Fundy and Gulf of Maine, and on the Scotian Shelf and
adjacent continental slope. Comprehensive identification of
the benthic invertebrates from bottom trawl catches, that fol-
lowed a depth-stratified random sampling design, was under-
taken. Spatially coherent ecological assemblages were identi-
fied through the use of different, yet complementary, statisti-
cal methods, namely ISOPAM and JSDM, and compared. The

resultant maps of benthic communities can be used for the
delineation of representative benthic habitats in the nascent
MPA network (DFO 2018), while the methodology has broad
application to other regions where maps of benthic commu-
nities are needed for spatial planning and other purposes.

Materials and methods

Study area
The study area (Fig. 1) encompasses the Bay of Fundy, parts

of the Gulf of Maine, Georges Bank and the Laurentian Chan-
nel, plus the entire Scotian Shelf and a portion of the adja-
cent continental slope, and is delimited to the southeast by
the boundary of Canada’s Exclusive Economic Zone, and sea-
ward to the 1500 m isobath. Within that area, a 5 km buffer
drawn around all coastline was excluded from the analyses
to avoid the inclusion of land points.

The Scotian Shelf and Scotian Slope comprise the continen-
tal margin south of Nova Scotia in Atlantic Canada. To the
east, the Scotian Shelf is bounded by the Laurentian Channel
that separates the Scotian Shelf from the continental shelf
off Newfoundland, whereas the Fundian Channel separates it
from the Gulf of Maine in the west. The Scotian Shelf extends
more than 200 km offshore and is characterized by deep mid-
shelf basins and shallow banks in the east and outer portions,
with channels and submarine canyons along the slope (Fig. 1).
Water mass characteristics, such as temperature, oxygen con-
centrations, or organic matter supply, in combination with
circulation patterns can drive biodiversity and community
patterns of benthic fauna (e.g., Neumann et al. 2013; Henry
et al. 2014; Yasuhara and Danovaro 2014). The inner shelf
is dominated by the outflow from the Gulf of St. Lawrence
that travels through Cabot Strait, along the Nova Scotia coast-
line and around the Gulf of Maine. Mixing with offshore wa-
ters from the continental slope modifies the properties of
shelf waters. These offshore waters are generally of two types,
Warm Slope Water and the colder Labrador Slope Water (e.g.,
Loder et al. 1998; Hannah et al. 2001; Brickman et al. 2016).

Seafloor topography and geomorphologic features heav-
ily influence benthic faunal composition and diversity (Levin
and Sibuet 2012). The surficial geology of the Scotian Shelf is
comprised of five formations that occur as an approximately
50 m-thick surficial succession over the bedrock (King 1980;
King and Fader 1986). The Scotian Shelf Drift, a poorly sorted
sediment of glacial origin, is the lowermost unit occurring
sporadically on the Shelf. Between this layer and in some ar-
eas overlying it, is the Emerald Silt that is comprised of fine-
grained, finely bedded muddy sediment. In the central parts
of the basins, surface sediments are most often represented
by LaHave Clay, a loosely compacted and homogeneous fine-
grained silty clay, whereas on the banks, Sambro Sand and
Sable Island Sand and Gravel dominate. These last units are
well sorted sand with Sambro Sand containing around 10%
silt and 5% clay, which differentiates it from the Sable Island
Sand and Gravel. The upper Scotian Slope is overlain by fine
sand in the east and sand and gravel in the west. Muddy-fine
sand is found on the heads and floors of canyons to 1000 m
depth, although outcrops of mudstone can be found on some
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Fig. 1. Map showing the locations on the Scotian Shelf and in the Gulf of Maine/Bay of Fundy of the 2017 research vessel
survey (NED2017020) fishing stations (solid black circles) used for analyses. The study area (dark black line) includes the DFO
Maritimes Region limited by the 1500 m isobath and 5 km from the land. Named banks and basins are labelled. Base map
created in ArcGIS (ESRI 2011) with map projection NAD83 UTM 20N. Administrative areas were obtained from GADM database
(Global Administrative Areas 2011) and bathymetric data from the Canadian Hydrographic Service (CHS) Atlantic Bathymetric
Compilation (ABC) dataset (Wang et al. 2022).

canyon walls. Inter-canyon ridge crests shallower than 800 m
depth and ridge crests up to 1500 m are covered by surface-
winnowed sand (Piper and Campbell 2002). An updated sur-
ficial geology map, based on all available studies that have
interpreted and mapped the surficial geology of the seafloor
within the Scotian Shelf Bioregion, has been provided by
Philibert et al. (2022). This compilation produced a descrip-
tive surficial geology map with consistent map units across
the Bioregion which was used to facilitate interpretation and
characterization of the benthic assemblages.

Data sources

Biological data

Data used in this study were obtained from the 2017 Re-
search Vessel (RV) Summer Ecosystem Survey (NED2017020),

carried out by the DFO on the Scotian Shelf, Scotian Slope,
and Bay of Fundy between 26 and 1384 m depth (Fig. 1). The
RV survey was conducted on the CCGS Alfred Needler between
28 June and 14 August. Fishing stations were allocated us-
ing a stratified random sampling design (Halliday and Kohler
1971) and conducted with standardized 30 min bottom tows
at vessel speed of approximately 3.5 knots using a Western
II-A bottom trawl gear, which has a 19 mm mesh lining in
the codend (Tremblay et al. 2007) and swept area of 40 400
m2. Fieldwork was carried out under DFO Section 52 fm(G)R
License and research involving collection of specimens was
conducted in accordance with all applicable laws, guidelines,
and regulations.

Thirteen tows of less than 20 min in duration, or where
the gear did not perform correctly, were excluded. Addition-
ally, four stations fell inside the 5 km buffer drawn around all
land; therefore, 240 stations were used in the analyses (Fig. 1).
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All epibenthic invertebrate fauna retained by the net were
sorted on board to the lowest possible taxonomic level. A
photographic catalogue of all species caught was created and
voucher specimens for subsequent definitive identification in
the laboratory were fixed in 70% ethanol or in 4% buffered
formaldehyde depending on the taxon (e.g., Williams and
van Syoc 2007). Preliminary identifications of all the inver-
tebrate catch and biomass distribution of each phylum were
provided in Murillo et al. (2018a). In total, 317 benthic taxa,
belonging to 11 phyla, were identified in the study area (Table
S1). Of these, 278 (88%) were identified to species level or were
recognized as distinct species at a higher taxonomic rank and
considered putative species (independent operational taxo-
nomic units).

Environmental data

Seven covariates, i.e., depth, slope, bottom temperature,
bottom salinity, bottom current speed, sediment grain size,
and fishing effort, were used in the analyses. These variables
were chosen based on quality and availability of data, and as-
sumed relevance to the community assembly processes (e.g.,
Murillo et al. 2020). Depth was obtained from the Canadian
Hydrographic Service Atlantic Bathymetry Compilation and
was available for the entire spatial extent with a native res-
olution cell size of 0.25 arc min or 463 m by approximately
350 m (≈0.16 km2) at the latitudes of our study area. Slope
was derived from the depth raster projected in NAD 1983
UTM Zone 20◦N coordinate system using the “Slope” tool in
ArcMap’s Spatial Analyst toolbox calculated over a 3 × 3 grid
cell window. The slope is defined as the maximum change
in elevation over the distance between the cell and its eight
neighbors and identifies the steepest downhill descent from
the cell. Temperature, salinity, and current speed were ex-
tracted from a North Atlantic model termed BNAM, which
has been shown to accurately reflect regional hydrography
(Wang et al. 2018) and captures processes on the shelf and
slope which are not discerned with global-scale models (Wang
et al. 2021, 2022). BNAM has a horizontal resolution of 1/12◦,
equating to ∼6 km on the Scotian Shelf. Data from the pe-
riod 1990 to 2015 were extracted and the mean values be-
tween all years obtained. These values were then spatially
interpolated across the study area using ordinary kriging in
ArcMap 10.2.2 software (ESRI 2011) to create continuous sur-
faces with an ∼1 km grid size (see Beazley et al. 2018 for more
details). Grain size distribution for surficial sediments was
based on Natural Resources Canada database of 10 000 sed-
iment samples taken on the Scotian Shelf (interpolation de-
tails in Furlong and Kostylev 2008). Fishing effort from mo-
bile bottom-tending gear for the period 2005–2014 was ob-
tained from the sum of the fishing vessel monitoring system
ping time (in hours) within each 1 × 1 km grid cell (see Koen-
Alonso et al. 2018 for more details). All layers were posteri-
orly up-scaled to a 3 km resolution using the “Aggregate” tool
in ArcMap with “mean” used as the aggregation technique.
The point value for each station (using start position) was ob-
tained from each layer and Spearman’s rank correlation coef-
ficients (ρ) between predictor variables were calculated (Fig.

S1). Additionally, the surficial geology units from Philibert et
al. (2022) were extracted for each station to provide a post
hoc characterization of the bottom substrate in each faunal
assemblage.

Data analyses

Community analyses

Only individual species or putative species were used for
the numerical classification to avoid the inclusion of differ-
ent taxa under the same variable and to aid in evaluation
of the model outputs. The resultant species matrix was fur-
ther reduced prior to analysis, considering only those species
that occurred in greater than 3% of all stations, i.e., omit-
ting very rare species. Consequently, the analyses were based
on 99 species. The rest of the taxa (179) included species
not well sampled by the gear (e.g., Calliotropis ottoi), rare
taxa (e.g., Acanthocarpus alexandri), and others that although
may be characteristic to their communities (e.g., Anthoptilum
grandiflorum, Phormosoma placenta), were not common in our
dataset due to limited sampling effort in their habitats (e.g.,
rocky areas that are avoided in the surveys or from deep sta-
tions >200 m that have a lower priority for sampling). Af-
ter reducing the data, 9 phyla were represented in the analy-
ses.

A cluster analysis of the sampling stations based on species
composition was done using Sørensen’s Index of Similarity
and the isometric feature mapping (Isomap) and partition-
ing around medioids (ISOPAM) algorithm (Schmidtlein et al.
2010; Murillo et al. 2016). Isomap is an ordination technique
that does not require any a priori assumptions with respect to
the data structure. The ISOPAM algorithm searches for hier-
archical classification of sites considering the overall fidelity
of species to groups of sites. The optimality criterion derives
from the G statistic (Sokal and Rohlf 1995), where G-values
were computed for all species, adjusted using Williams’ cor-
rection (Williams 1976), and standardized to correct for the
influence of the number of clusters. The default standard-
ized G-value (7) and two indicator species per cluster were
defined as the stopping criteria for further partitioning of
the data in the present study. Pairwise analyses of similar-
ity (ANOSIM) of the resultant ISOPAM cluster groupings were
implemented in the “vegan” package to test their statistical
significance.

Ordered synoptic tables summarizing the frequency of
species in groups along with their significance (assessed at
α = 0.01) based on the phi coefficient (�) of their association to
clusters (Tichý and Chytrý 2006) were produced. � measures
the degree of association of one species to one cluster (fidelity
of the species to the cluster) and ranges from 1 to −1 with an
associated P-value. A threshold value of � = 0.34, based on the
numbers of clusters, stations, and species (Schmidtlein et al.
2022), was used to distinguish species with high (≥0.34) and
low (<0.34) fidelity to the cluster group. The analyses were
done using the “isopam” (Schmidtlein et al. 2022) package
in R. Each of the cluster groups generated using the ISOPAM
algorithm was evaluated using sharpness and uniqueness in-
dices (Chytrý and Tichý 2003). All species exceeding � > 0.05
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were considered to impart increased robustness to the calcu-
lations (Chytrý and Tichý 2003). Sharpness is defined as the
number or quality of diagnostic species in a cluster group rel-
ative to its average number of species. A group is considered
“sharp” if most of its species are confined to it, and are mostly
absent or rare in other groups. A cluster group is “unique”
if none of its diagnostic species are considered diagnostic in
other cluster group.

The relationship of the groups obtained with ISOPAM to
environmental gradients was examined using both uncon-
strained and constrained ordination. The unconstrained or-
dination was performed to show an analysis that can be
compared with ISOPAM results as ISOPAM is not constrained
by the environmental variables. The constrained ordina-
tion was used to determine the environmental variables re-
tained in the JSDM. First, detrended correspondence anal-
ysis (DCA) was used to ordinate the data to reduce a se-
vere arch effect detected in preliminary analyses (Hill and
Gauch 1980; Legendre and Legendre 1998). In DCA, Axis 1
was rescaled into units of the average standard deviation of
species turnover (SD) and the length of this axis is thought
to reflect beta-diversity, or species turnover along the gradi-
ent (Legendre and Legendre 1998), where species appear and
disappear over a distance of about 4 SD units. The environ-
mental variables were then fitted to the DCA using the vector
fitting envfit function in the “vegan” package. P-values for the
correlation of each variable with overall benthic community
composition were calculated. Secondly, canonical correspon-
dence analysis (CCA; ter Braak 1986) was performed. In CCA,
the effects of environmental variables on species composition
were tested with permutation tests under the reduced model
with 999 permutations to identify the most important vari-
ables amongst the covariates. Variables retained after apply-
ing the permutation test were used in the JSDM. Both analy-
ses were calculated using the “vegan” package in R (Oksanen
et al. 2018).

Bioregionalization

Hierarchical Modelling of Species Communities (HMSC;
Ovaskainen et al. 2017; Tikhonov et al. 2019b) implemented
in the “Hmsc” R 3.0 package (Tikhonov et al. 2019a) was used
to fit a JSDM to the benthic data to produce continuous dis-
tribution surfaces of the communities.

The workflow of the HMSC analysis followed five steps
(Tikhonov et al. 2019b). The response variable was the species
presence–absence matrix including the 99 epibenthic taxa.
As fixed effects, all variables retained in the CCA analy-
sis were implemented: depth, bottom temperature, bottom
salinity, bottom current speed, sediment grain size, and fish-
ing effort. The correlation between predictors was lower than
0.6, except between depth and salinity that presented a cor-
relation of 0.8 (Fig. S1). Prior to the analysis, depth, fishing
effort, and grain size were logarithmically transformed to
gain a more homogeneous distribution of the variables; all
other environmental variables were used in their raw state.
A second order term for each environmental covariate was
included to allow species to have their optimum at interme-

diate values within their multidimensional niche space in ac-
cordance with niche theory (Austin 2002). The data were then
modelled using the Bernoulli distribution and the probit link
function. A spatially explicit random effect (that also models
co-occurrence among species) at the level of sampling station
was included, using a latent factor approach (Ovaskainen et
al. 2016, 2017). The random effect is calculated as the sum
over the latent factors with which we estimate the site load-
ings and species loadings, where site loadings can be inter-
preted as non-measured environmental covariates or “hidden
covariates” not included in the fixed effects, at the level of
sites, and the species loadings as how species respond to these
hidden covariates (for details see chapter 7 of Ovaskainen and
Abrego 2020). This random effect represents residual species
co-occurrence patterns and/or patterns explained by environ-
mental variables not included in the model, where for the
former, same species loading to the site loadings would re-
sult in positive co-occurrence patterns. The model was fitted,
sampling the posterior distribution of 4 Markov Chain Monte
Carlo (MCMC) chains, of which each was run for 37 500 iter-
ations. Of these, the first 12 500 iterations were discarded as
burn-in. The chains were thinned by 100 to yield 250 samples
per chain, resulting in a total of 1000 posterior samples. Af-
ter model fitting, the MCMC convergence was examined us-
ing the potential scale reduction factor (Gelman and Rubin
1992) for all model parameters. In the case of non-full con-
vergence of parameters across MCMCs, a sensitivity analysis
was performed to evaluate if the RCP grouping was sensitive
to this aspect of the model, i.e., if the posterior samples of
each individual chain produce similar or dissimilar RCPs. If
RCPs remained similar, it was assumed that non-full conver-
gence of chains did not affect the RCPs and hence did not
impact model results on this aspect. The explanatory power
of the model was evaluated by computing the species-specific
area under the curve (Pearce and Ferrier 2000) and the coef-
ficient of discrimination Tjur’s R2 (Tjur 2009) for presence–
absence data. This coefficient is defined as the difference be-
tween the average model prediction for successes and fail-
ures (Tjur 2009). The overall explanatory power of the model
was summarized as the mean Tjur R2 across species. Addi-
tionally, a two-fold cross-validation assigning the stations in
each fold randomly, was performed to assess the predictive
power of the model. Following Ovaskainen et al. (2017) the
explained variation was partitioned among the fixed and ran-
dom effects for each species. Finally, predictions were made
for each of the 99 taxa in the full study area which included
18 653 grid cells, and regions of common profile (RCPs) were
created using the posterior mean of the predicted occurrence
probabilities for each species.

The main focus of this modelling effort was to compare
community composition and distribution with the results
obtained from ISOPAM, and if consistent, to map the ben-
thic communities as a continuous surface across the spatial
domain using the joint distribution modelling framework
HMSC. HMSC community outputs were run with a range of
cluster options. Further, the clustering in ISOPAM was based
on 240 stations, while for HMSC 18 653 grid cells were used,
invoking time and other constraints associated with cluster-
ing large data sets (Béjar Alonso 2013).
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The number of clusters to generate from the HMSC-derived
occurrence probabilities was set at 3, to match the first level
of partitioning in ISOPAM, and in a separate analysis, the
number of clusters was set to 9, denoting the third level of
partitioning from ISOPAM. These two spatial scales appear to
respond to different environmental drivers and match differ-
ent levels of a hierarchical marine ecological classification
system (HMECS) used by DFO to classify the structure and
distribution of Canada’s marine biota and habitats at mul-
tiple spatial scales (DFO 2016). Although ISOPAM and HMSC
are two different approaches which ideally are expected to
converge in their results, ISOPAM uses only the actual ob-
servations to create the cluster groupings, and was therefore
considered a better representation of the observed faunal as-
sociations than the HMSC RCPs, which in turn are model
based and also consider environmental conditions as well as
the study design when predicting species occurrence prob-
abilities (here explaining 31% of the variation in the data),
hence, adding a level of uncertainty to account for, for ex-
ample, bias in sampling. However, the final grouping from
HMSC was constrained to the ISOPAM results, rather than
vice versa, assuming that the grouping on empirically col-
lected data reflects the observed community at the sampled
sites best. To find the best classification from HMSC matching
the one from the ISOPAM algorithm at the third level of par-
titioning, a contingency table between the groups obtained
from the ISOPAM algorithm and from different numbers of
groups (7–10) generated with clustering from HMSC results
was created. Classification groups obtained by HMSC can dif-
fer depending on the clustering algorithm method used. Be-
cause our goal was to achieve a spatial map from HMSC that
best matches the ISOPAM assemblages, both k-means and par-
titioning around medoids (k-medoids) clustering algorithms
were examined. The partition with the highest percent of
similarity (measured as % of correct stations classified) be-
tween the ISOPAM algorithm and HMSC classification was se-
lected as the optimal classification. Once the best partition-
ing from the HMSC was selected, the RCPs were calculated
and the average occurrence of each species in each RCP was
calculated to identify the species that best characterize each
group.

To evaluate the robustness of the RCPs defined, a suite of di-
agnostic species from each ISOPAM assemblage was selected
and corresponding occurrence data extracted from the 2019–
2020 RV summer surveys. Those data formed an independent
data set to test the accuracy of the community predictions
by evaluating whether the station fell into its predicted map
unit. This selection included the species with highest � in
each assemblage that could be identified at sea. New � values,
for each species were calculated based on the predicted RCPs
from HMSC using the R package “indicspecies” (De Cáceres
et al. 2023). Figure S2 illustrates a schematic summary of the
analysis done in this study.

It is expected that species with limited geographic range
and environmental tolerances present better model fit than
those with greater ranges (e.g., Guisan et al. 2013; Morán-
Ordóñez et al. 2017). These species are likely more diagnostic
of the communities and therefore will present higher fidelity
values. To study this relationship, a bivariate plot of Tjur R2

Fig. 2. Cluster analysis of the fishing stations using
the ISOPAM (isometric feature mapping and partitioning
around medoids) algorithm based on species composition.
Sørensen’s Index of Similarity applied to presence–absence
data was used to construct the dendrogram. The ISOPAM al-
gorithm generated nine groups and three levels of partition-
ing.

for each species obtained from HMSC and maximum fidelity
from ISOPAM was constructed and the Pearson correlation
coefficient (r) calculated.

Results

Community analyses

Characteristics of faunal groups

Major faunal groups
From the reduced species matrix (N = 99), the ISOPAM anal-

ysis presented three major classification levels (Fig. 2) with
five partitions, resulting in nine cluster groups——each with a
strong degree of spatial cohesion (Fig. 3). All groups were sig-
nificantly different from each other in the ANOSIM of pair-
wise combinations (P < 0.001). The first level of partitioning
(Fig. 3A) identified three clearly differentiated major groups
of sample stations: (I) Bay of Fundy-Western Scotian Shelf;
(II) Central Scotian Shelf and Slope; and (III) Eastern Scotian
Shelf.

The Bay of Fundy-Western Scotian Shelf major group (I) was
composed of stations from the Bay of Fundy, Georges Bank,
and Browns Bank on sand and gravel bottoms between 32
and 269 m depth located in warm average bottom water tem-
peratures and included the stations with higher fishing effort
(Table 1, Fig. S3). The American lobster (Homarus americanus)
was the most diagnostic species with fidelity value of 0.60
(Fig. S4). This group had a high degree of sharpness and mod-
erate uniqueness (Table 1), indicating that there are many
diagnostic species with a high phi value in this cluster (Fig.
S4). The Central Scotian Shelf and Slope major group (II) in-
cluded stations from Emerald Basin, Western and Sable Is-
land Banks, Northeast Channel, Jordan Basin, and the deep-
est locations from the slope including the Laurentian Chanel.
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Fig. 3. (A, C) Maps showing the spatial distribution of the colour-coded ISOPAM (isometric feature mapping and partitioning
around medoids)-generated cluster groups (see Fig. 2) at (A) the first, and (C) third level of partitioning. (B, D) Regions of common
profile (RCPs) applying clustering (pam algorithm) to the species distributions predicted by Hierarchical Modelling of Species
Communities (HMSC). In panel B, the number of clusters has been set to 3, and in panel D, to 9. Each colour corresponds to
a different RCP. Differences in colours between the stations and the RCP indicate mismatches between the ISOPAM clusters
and the HMSC RCPs. Base map created in ArcGIS (ESRI 2011) with map projection NAD83 UTM 20N. Administrative areas
were obtained from GADM database (Global Administrative Areas 2011) and depth contours from the Canadian Hydrographic
Service (CHS) Atlantic Bathymetric Compilation (ABC) dataset (Wang et al. 2022).

This group included stations spanning the largest bathymet-
ric range, down to greater depths (from 33 to 1375 m depth)
and therefore with mixed environments, but most of them
were located on muddy bottoms (Emerald Silt and LaHave
Clay with some over Scotian Shelf Drift). Due to the mix of
environmental conditions included in this major group, the
shrimp Pontophilus norvegicus was the only species with sta-
tistically significant association to this group, with a fidelity
value of � = 0.34 (Fig. S4). This heterogeneity is also reflected
in the low sharpness and uniqueness values for this group
(Table 1). In contrast, the Eastern Scotian Shelf major group
(III) was composed of stations from the St. Anns, Banquereau,
and Misaine Banks and was characterized by high sharpness
and uniqueness (Table 1), higher than for major group I. This
group included the colder and fresher stations between 36

and 312 m depth predominantly in sandy and gravelly bot-
toms (Table 1). Several species were highly associated with
this group, with the snow crab (Chionoecetes opilio) and green
sea urchin (Strongylocentrotus droebachiensis) the most charac-
teristic species with fidelity values of 0.73 and 0.61, respec-
tively (Fig. S4).

Faunal assemblages within major groups
The second level of partitioning (Fig. 2) identified seven

groups, two of which were further split at the third level of
partitioning, resulting in nine final assemblages mostly as-
sociated with discrete areas (Fig. 3C). Diagnostic species for
each assemblage can be consulted in Table S2.
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Table 1. Summary statistics (mean ± standard deviation) of variables for each cluster obtained at the first and third level of
the ISOPAM (isometric feature mapping and partitioning around medoids) classification.

N S U Depth
Bottom

temperature
Bottom
salinity Grain size

Bottom current
speed

Fishing
effort Slope

I 65 84.58 17.97 101 ± 42 5.96 ± 1.00 33.19 ± 0.97 1.75 ± 1.96 0.014 ± 0.007 11.22 ± 20.907 0.33 ± 0.41

II 111 58.29 13.20 256 ± 273 6.16 ± 1.19 34.21 ± 0.72 0.78 ± 2.64 0.015 ± 0.011 4.13 ± 10.50 0.89 ± 1.32

III 64 100.10 33.28 111 ± 57 3.56 ± 1.01 33.19 ± 0.68 1.70 ± 3.12 0.014 ± 0.007 0.09 ± 0.29 0.76 ± 0.78

I.a 41 65.80 1.98 94 ± 47 6.08 ± 1.02 33.05 ± 1.15 1.71 ± 2.21 0.013 ± 0.008 15.22 ± 25.17 0.22 ± 0.22

I.b 24 62.80 1.64 113 ± 30 5.75 ± 0.96 33.41 ± 0.52 1.83 ± 1.48 0.014 ± 0.005 4.38 ± 5.98 0.50 ± 0.58
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

II.a 69 51.22 0.93 196 ± 91 6.63 ± 1.00 34.34 ± 0.53 0.59 ± 1.00 0.014 ± 0.007 6.58 ± 12.73 0.82 ± 1.35

II.b 24 30.65 0.46 91 ± 46 5.88 ± 1.04 33.47 ± 0.84 1.83 ± 5.36 0.011 ± 0.009 0.03 ± 0.06 0.37 ± 0.54

II.c.1 8 51.69 1.08 344 ± 113 5.03 ± 0.71 34.47 ± 0.47 0.20 ± 0.27 0.013 ± 0.004 0.38 ± 0.57 0.60 ± 0.56

II.c.2 10 70.75 4.92 991 ± 357 4.47 ± 0.50 34.93 ± 0.02 0.03 ± 0.02 0.036 ± 0.016 0.13 ± 0.27 2.83 ± 1.25
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

III.a.1 18 61.11 0.73 154 ± 40 3.79 ± 1.03 33.56 ± 0.45 1.40 ± 3.10 0.013 ± 0.007 0.12 ± 0.38 1.24 ± 0.81

III.a.2 15 58.67 1.07 108 ± 41 2.61 ± 0.63 32.65 ± 0.81 3.59 ± 4.61 0.011 ± 0.005 0.02 ± 0.04 0.67 ± 0.78

III.b 31 59.79 0.98 89 ± 60 3.88 ± 0.87 33.24 ± 0.57 0.97 ± 1.62 0.015 ± 0.008 0.11 ± 0.30 0.52 ± 0.65

Note: Sharpness (S) and uniqueness (U) are also provided. N, number of fishing stations.

(1) Georges Bank and inner Bay of Fundy (I.a). Sampled between
32 and 269 m depth on sandy and gravelly bottoms and
associated with the highest fishing effort (Table 1, Fig. S3).
It is characterized by hydroids of the family Sertulariidae
and erect bryozoans (Fig. S4). The horse mussel is also a
characteristic species of this group (� = 0.43).

(2) Browns Bank and outer Bay of Fundy (I.b). Found be-
tween 74 and 192 m depth and characterized by demo-
sponges of the orders Poecilosclerida and Polymastiida
(Fig. S4).

(3) Emerald and Jordan Basins (II.a). Occurring in a mix of sub-
strates between 86 and 564 m depth with the warmer bot-
tom temperature and variable fishing effort (Table 1, Fig.
S3). Characterized by the glass sponge Vazella pourtalesii (�
= 0.41).

(4) Emerald, Western, and Sable Island Banks (II.b). Between 30
and 234 m depth on sandy bottoms (Table 1, Fig. S3) and
does not present any typical species.

(5) Laurentian Channel (II.c.1). Found between 164 and 466 m
depth on muddy bottoms and characterized by the sea
star Psilaster andromeda (� = 0.70) and the sea urchin
Brisaster fragilis (� = 0.61).

(6) Scotian Slope (II.c.2). Deepest assemblage located in muddy
bottoms between 298 and 1348 m depth associated with
higher bottom current speed and slope. It is the most
unique group and with the highest association of species.
It is characterized by the blind lobster Stereomastis sculpta
(� = 0.89), the cup coral Flabellum alabastrum (� = 0.81),
and the red crab Chaceon quinquedens (� = 0.77), amongst
others.

(7) Canso and deep Misaine Banks (III.a.1). Occurring between
100 and 235 m depth mostly on sandy bottoms. It is
characterized by the sea anemone Hormathia digitata (�
= 0.56), the sea star Ctenodiscus crispatus (� = 0.50) which
is also characteristic of the next group, and the soft coral
Duva florida (� = 0.47).

(8) St. Anns and shallow Misaine Banks (III.a.2). Overlapping with
the previous assemblage and occurring between 57 and

230 m depth. However, this group was associated with
colder waters and most of the stations were on sand and
gravel (Table 1, Fig. S3). It is typified by the basket star
Gorgonocephalus eucnemis (� = 0.69), the stalked tunicate
Boltenia ovifera (� = 0.63), and the soft coral Gersemia rubi-
formis (� = 0.63).

(9) Banquereau Bank (III.b). Similarly to the previous assem-
blage, this group was found on sand and gravel between
40 and 313 m depth. It is characterized by the hermit crab
Pagurus arcuatus (� = 0.59), the sand dollar Echinarachnius
parma (� = 0.56), and the sea cucumber Cucumaria fron-
dosa (� = 0.53).

Faunal patterns along environmental gradients

The nine assemblages created with the ISOPAM algorithm
were separated in the DCA and CCA ordination of faunal
stations (Fig. 4, Fig. S5). All environmental variables consid-
ered were significantly correlated with the DCA ordination
axes (Table 2). Depth, bottom temperature, and bottom salin-
ity showed the highest correlations, followed by fishing ef-
fort, sediment grain size, and slope, whereas bottom current
speed explained the least amount of the variation (R2 = 0.06).
The main gradient (first axis) of the DCA (eigenvalue = 0.486)
separated the Central Scotian Shelf and Slope major cluster
group (II) from the Bay of Fundy-Western (I) and Eastern (III)
Scotian Shelf, and it was strongly associated with depth, salin-
ity, and sediment, the last one negatively. Whereas the sec-
ond axis of the DCA (eigenvalue = 0.291) separated the Bay
of Fundy-Western and Eastern groups and it was positively
associated with temperature and fishing effort. Axis 1 length
was nearly 7 SD units, indicating a high beta-diversity. Axis 2
also had a high beta-diversity with an axis length over 4 SD
units.

Three of the groups (II.a, II.c.1, and II.c.2) of the Central Sco-
tian Shelf were associated with positive values on the first
axis, whereas the groups of the Bay of Fundy-Western and
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Fig. 4. Detrended correspondence analysis ordination of the sampling stations based on species composition classified at the
third level of the ISOPAM (isometric feature mapping and partitioning around medoids) analysis (Fig. 2). The arrows indi-
cate the direction and magnitude of the relationship between the environmental variables and the ordination axis fit. Note:
Temperature, salinity, and current are all from the bottom (seabed).

Table 2. Coefficient of determination (R2) and P-value of the environmental variables fitted to the detrended correspondence
analysis (DCA).

DCA CCA

Variable R2 P-value AIC Variable

Depth 0.73 < 0.001 1068.3 None

Temperature 0.65 < 0.001 1055.6 Depth

Salinity 0.43 < 0.001 1044.2 Depth + temperature

Fishing effort 0.28 < 0.001 1041.3 Depth + temperature + salinity

Grain size 0.21 < 0.001 1040.5 Depth + temperature + salinity + grain size

Slope 0.17 < 0.001 1039.9 Depth + temperature + salinity + grain size + current speed

Current 0.06 0.003 1039.5 Depth + temperature + salinity + grain size + current speed + fishing effort

Note: Akaike information criteria (AIC) and environmental variables included in the canonical correspondence analysis (CCA) listed by decreasing AIC value. In bold
model selected in the CCA. Temperature, salinity, and current speed are data from the bottom near the seabed.

Eastern Scotian Shelf and the Emerald, Western, and Sable
Island Banks assemblage (II.b) were associated with negative
values (Fig. 4). The former were well differentiated from each
other, and from stations in groups I and III. Among the sta-
tions of the Bay of Fundy-Western and Eastern groups there
was a clear differentiation, being the second ones associated
with negative values of the second axis. However, the stations
of the Browns Bank and outer Bay of Fundy assemblage (I.b)
presented some overlap with stations mainly of the Emer-
ald and Jordan Basins assemblage (II.a). Additionally, the DCA
was not able to clearly separate stations from the Emerald,
Western, and Sable Island Banks assemblage (II.b), which pre-
sented some overlap with stations mainly of the Bay of Fundy-
Western Scotian Shelf (I) major group and with the Emerald
and Jordan Basins assemblage (II.a).

The CCA only explained 16% of the variance and the best
model included depth, bottom temperature, bottom salin-

ity, grain size, bottom current speed, and fishing effort, but
adding the last three environmental variables only decreased
AIC in less than one unit for each (Table 2). Therefore, the dis-
tribution of the epibenthic faunal assemblages on the Scotian
Shelf and Slope is related mainly to depth, bottom tempera-
ture, and bottom salinity (Fig. 4).

Bioregionalization
The HMSC model had an average explanatory power (Tjur

R2) of 0.31, while the two fold cross-validation-based average
predictive power was 0.18. These values are high relative to
similar studies elsewhere (Murillo et al. 2020; Montanyès et
al. 2023; Weigel et al. 2023). The MCMC convergence was sat-
isfactory for the beta parameters (describing species niches),
indicated by potential scale reduction factors (psrf) being
on average 1.02 with a mean upper (95%) credible inter-
val = 1.06. However, the alpha parameters (spatial scale of site
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Fig. 5. Map of the first two spatial latent factors from the Hierarchical Modelling of Species Communities at the sampling
station random level. The latent factors comprise spatially-structured site scores of model residuals, representing residual
species co-occurrence patterns and/or patterns explained by environmental variables not included in the model. Base map
created in ArcGIS (ESRI 2011) with map projection NAD83 UTM 20N. Administrative areas were obtained from GADM database
(Global Administrative Areas 2011) and depth contours from the Canadian Hydrographic Service (CHS) Atlantic Bathymetric
Compilation (ABC) dataset (Wang et al. 2022).

loadings) did not fully converge indicated by a psrf of 1.66,
well above the 1.1 suggested by Gelman et al. (2013) or 1.01 by
Vehtari et al. (2021). The impact of non-converged alpha pa-
rameters on RCPs was assessed by a sensitivity analysis com-
paring the results of chain-specific RCP groupings to evalu-
ate if different chains produced different groupings (Figs. S6
and S7). Since this was not the case, non-convergent alpha pa-
rameters did not impact site-specific species predictions and
hence did not affect the RCP groupings. Differences between
the RCPs generated with different grouping algorithms were
higher than the differences observed between MCMC chains
using the same algorithm. Bottom temperature explained
most of that variability (25.8%), followed by depth (20.4%),
and bottom salinity (13.9%). Sediment grain size, fishing ef-
fort, and bottom current speed explained 5.7%, 4.1%, and
2.9%, respectively. The spatial random effect at the sample
level accounted for 27.1% of the variance, indicating that ad-
ditional environmental covariates may have further resolved
the RCPs. The first latent factor showed higher values around
the Sable Island Bank and lower values in the outer Bay of
Fundy, Jordan Basin, Fundian Channel, and Browns Bank (Fig.
5A). The second latent factor showed a clear pattern with neg-
ative values in the Western and Central Scotian Shelf and
higher values as we move away from this area (Fig. 5B). The
species with the best model fit, based on Tjur R2 (Table S3),
were the blind lobster Stereomastis sculpta (Tjur R2 = 0.75),
the American lobster Homarus americanus (Tjur R2 = 0.70), the
shrimp Metacrangon agassizii (Tjur R2 = 0.67), the cup coral
Flabellum alabastrum (Tjur R2 = 0.63), and the snow crab Chio-
noecetes opilio (Tjur R2 = 0.60). Three of these (Stereomastis
sculpta, Metacrangon agassizii, and Flabellum alabastrum) were
associated with the Scotian Slope assemblage (II.c.2), while
the other two (the American lobster and snow crab) were

characteristic of the Bay of Fundy-Western Scotian Shelf and
Eastern Scotian Shelf major groups, respectively.

Group selection

The RCPs, resulting from a cluster with three groups (Fig.
3B), showed different results from ISOPAM at the first level
of partitioning (Fig. 3A). The RCP groups were split based on
depth and a longitudinal gradient that is related to tempera-
ture differences. One group was distributed along the Scotian
Slope and Laurentian Chanel grouping the deeper stations,
whereas the other two groups were confined to the Eastern
Scotian Shelf and to the Bay of Fundy-Western/Central Sco-
tian Shelf.

The RCPs generated with a cluster of nine groups (Fig. 3D)
were well aligned with the groups obtained with the ISOPAM
algorithm at the third level of partitioning (Fig. 3C), except
for the stations of the Emerald, Western, and Sable Island
Banks assemblage (II.b) that were included in the Banquereau
Bank assemblage (III.b). Additionally, a new group splitting
the assemblage II.a into two groups was created (Fig. 3D).

The Emerald, Western, and Sable Island Banks assemblage
(II.b) obtained with the ISOPAM algorithm did not find an
equivalent RCP using the modeling approach. In addition,
this group was not typified by any species and presented an
overlap with other assemblages in the DCA and CCA ordina-
tion. When different grouping options were considered using
both k-means and partitioning around medoids (k-medoids),
the best solution aligned with the ISOPAM algorithm in-
cluded eight groups (Table 3). Therefore, we concluded that
eight is the optimal number of RCPs to map the benthic
communities of the study area (Fig. 6), which corresponds
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Table 3. Percentage of stations from each assemblage obtained at the third level of ISOPAM (isometric feature mapping and
partitioning around medoids) classification correctly classified by Hierarchical Modelling of Species Communities (HMSC) for
each of two clustering methods.

I.a I.b II.a II.b II.c.1 II.c.2 III.a.1 III.a.2 III.b Total
Comments

k\N 41 24 69 24 8 10 18 15 31 240

PAM

7 73 92 77 0 88 90 0 93 84 67 No community II.b. III.a.1, and III.a.2
grouped together in HMSC

8 73 92 77 0 88 90 67 93 68 70 The new cluster aligns with III.a.1 and
III.a.2

9 68 88 54 0 88 90 67 93 68 62 The new cluster is created by splitting
the II.a into 2 communities

10 71 88 45 0 75 90 67 93 65 59 The new cluster group has no
correspondence in ISOPAM

K means

7 71 79 58 0 88 90 0 93 84 60 Similar to PAM k7 but part of II.a
included in I.b

8 71 79 58 0 88 90 61 93 71 63 The new cluster aligns with III.a.1 and
III.a.2

9 71 88 52 0 88 90 61 93 71 62 The new cluster is created by splitting
the I.b into 2 communities

10 71 83 54 54 88 90 67 93 65 67 The new cluster aligns with II.b

Note: N, Number of stations in the ISOPAM assemblage; k, number of groups defined in the groupings in HMSC; PAM, partition around medoids. The cluster mapping of
each grouping can be consulted in Fig. S8.

strongly to the climatic variation observed in the ordination
analysis (Fig. 4 and Fig. S5).

Table 4 provides a summary of the 10 most common species
in each RCP based on the probability of occurrence and a full
list of the probability of occurrences of all the species in each
assemblage can be consulted in Table S3. The RCPs identified
along the Bay of Fundy, Western and Central Scotian Shelf,
Fundian and Laurentian Channels, and the slope (RCPs 1–5)
were better characterized by the probability of occurrence of
the characteristic species than those from the eastern Scotian
Shelf (RCPs 6–8) (Fig. 7). Species characteristics of RCP 6 and
7 presented high probability of occurrence in both groups,
although RCP 6 included higher probability of occurrence in
the deeper groups (RCPs 4 and 5).

Validation

When the RCPs obtained from HMSC were validated with
data from the 2019 and 2020 summer surveys, i.e., with data
not used in the model, a good congruence was found between
the maximum fidelity values obtained by the ISOPAM algo-
rithm and the fidelity values obtained using the groups de-
fined by the RCPs (Table 5). All the selected species (except the
mud star Ctenodiscus crispatus) presented maximum fidelity
values in the same groups, indicating that the benthic com-
munities defined are very robust.

Relation between model performance and species
fidelity

When the maximum fidelity of each species was matched
with the model fit, a significant positive relationship (ρ =
0.71, P < 0.001) was found (Fig. 8). Species characteristics to
the deeper assemblage (II.c.2) that presented fidelity values
over 0.5 presented the best fit to the model. Interestingly,

some species with wider distribution that showed highest
fidelity associated to high levels of the classification (e.g.,
Homarus americanus, � = 0.60, Chionoecetes opilio, � = 0.73 to
the first level of partitioning, Fig. S4), presented also high
model fit (R2 = 0.70 and 0.60, respectively, Table S3).

Discussion
In common with many nations, Fisheries and Oceans

Canada (DFO) is committed to leading and facilitating in-
tegrated and ecosystem approaches to the management of
Canada’s three oceans (Oceans Act 1996). One important step
in defining units for spatial management, and for informing
ecosystem approaches to management, is the identification
of ecologically significant units (Levin et al. 2009; Livingston
et al. 2011). An HMECS, which can ensure that all types of
habitat, communities, and ecosystems are effectively repre-
sented in marine spatial planning initiatives, and that bio-
diversity is considered at different spatial scales, has been
proposed by DFO (2016). This study illustrates an approach
to integrate biological and physical data to delineate ben-
thic habitats at two different spatial scales, and describe their
structure using multivariate analyses of biological commu-
nity composition, and joint species distribution modeling in-
corporating physical habitat.

At the largest spatial scale, we identified “Biophysical
units”, which are areas of distinct physiographic and oceano-
graphic conditions and processes that shape species compo-
sition (DFO 2016). This level of classification corresponds to
the Level 4 of the HMECS (DFO 2016). We then identified
species assemblages at a smaller spatial scale correspond-
ing to Level 6, referred to as “Biotopes” (Habitats and Com-
munities). Biotopes are defined as “discrete taxonomic as-
semblages characterized by associated substrate and envi-
ronmental factors” at the scale of hundreds of meters to
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Fig. 6. Benthic communities predicted with the Hierarchical Modelling of Species Communities on the Scotian Shelf-Bay of
Fundy and selected representative species. Base map created in ArcGIS (ESRI 2011) with map projection NAD83 UTM 20N.
Administrative areas were obtained from GADM database (Global Administrative Areas 2011) and depth contours from the
Canadian Hydrographic Service (CHS) Atlantic Bathymetric Compilation (ABC) dataset (Wang et al. 2022). Epifaunal taxa indi-
cated in each benthic community photo mosaic, starting at the top left photo and following clockwise motion. (I.a) Homarus
americanus, Flustra foliacea, Placopecten magellanicus, and Modiolus modiolus; (I.b) Weberella bursa, Chirona hameri, Polymastia andrica,
and Aldisa zetlandica; (II.a) Vazella pourtalesii, Actiniaria sp.1, Sclerasterias tanneri, and Epizoanthus spp.; (II.c.1) Brisaster fragilis, Psi-
laster andromeda, Pennatula aculeata, and Gersemia fruticosa; (II.c.2) Metacrangon agassizii, Stereomastis sculpta, Flabellum (Ulocyathus)
alabastrum and Chaceon quinquedens; (III.a.1) Ctenodiscus crispatus, Hormathia digitata, Terebratulina septentrionalis, and Solaster en-
deca/Solaster syrtensis; (III.a.2) Chionoecetes opilio, Gersemia rubiformis, Gorgonocephalus eucnemis, and Boltenia ovifera; (III.b) Cucumaria
frondosa, Pagurus arcuatus, Echinarachnius parma, and Chlamys islandica.

hundreds of kilometers, and with a spatial resolution of hun-
dreds of m2 to 1 km2.

Nine benthic invertebrate species assemblages or biotypes
were identified using ISOPAM, each statistically differenti-
ated from each other through ANOSIM. The optimal number
of RCP from HMSC that best matched the ISOPAM results was
eight. Depth, bottom temperature, and bottom salinity were
the most influential explanatory variables, although sedi-
ment type, fishing effort, slope, and bottom current speed
had some influence on the observed patterns, as has been ob-
served in other studies at similar scales (e.g., Murillo et al.
2016).

Those nine assemblages, or biotopes, were organized into
three large contiguous spatial biophysical units (Fig. 3A) sepa-
rating the Bay of Fundy-Western Scotian Shelf from the Cen-
tral Scotian Shelf and Slope and the Eastern Scotian Shelf.
Depth and properties of the dominant water masses (bottom
temperature and bottom salinity) were the main drivers of
the observed faunal structure both in the ordination anal-
yses (DCA, and CCA) and in HMSC. Two major groups of
species with different temperature affinities were defined

around the 44◦ N or north and east of Sable Island. The
western group (ISOPAM major groups I and II excluding the
slope assemblage, and RCP 1 from HMSC, Fig. 3A and 3B),
included many temperate species like the Jonah crab (Can-
cer borealis), the American lobster (Homarus americanus) or the
glass sponge (Vazella pourtalesii) that are common across the
USA to the south, whereas the eastern group (ISOPAM major
group III and RCP 2 from HMSC, Figs. 3A and 3B) included
some cold-water species that may find their southern distri-
bution around this biogeographic break (e.g., the bryozoans
Cystisella sacatta and Securiflustra securifrons) or other boreal
species that may be retracting in their southern distributions,
and are only present in this area on the Scotian Shelf (e.g.,
Argis dentata, Chionoecetes opilio, Drifa glomerata, and Hormathia
digitata). Stanley et al. (2018) also identified a genetic break
on the Scotian Shelf along the 45◦ N aligned with a steep cli-
matic gradient and driven by seasonal temperature minima.
This biogeographic separation has been previously identified
in other genetic (e.g., Van Wyngaarden et al. 2017) and biore-
gional studies (e.g., O’Brien et al. 2022). The surficial geology
within each biotopes was heterogenous (Table 1, Fig. S3A).
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Table 4. Ten most common species in each Hierarchical Modelling of Species Communities region of common profile (RCP).

RCP 1 (∼I.a) RCP 2 (∼I.b) RCP 3 (∼II.a) RCP 4 (∼II.c.1)

Homarus americanus Homarus americanus Cancer borealis Pontophilus norvegicus

Asterias rubens Polymastia uberrima Asterias rubens Pennatula aculeata

Cancer irroratus Asterias rubens Homarus americanus Ctenodiscus crispatus

Hydrallmania falcata Cancer borealis Pontophilus norvegicus Laetmonice filicornis

Placopecten magellanicus Ophiopholis aculeata Vazella pourtalesii Psilaster andromeda

Symplectoscyphus tricuspidatus Weberella bursa Laetmonice filicornis Lithodes maja

Eucratea loricata Mycale lingua Pennatula aculeata Brisaster fragilis

Flustra foliacea Hippasteria phrygiana Ophiopholis aculeata Flabellum alabastrum

Cancer borealis Placopecten magellanicus Hippasteria phrygiana Munidopsis curvirostra

Ophiopholis aculeata Tedania suctoria Bolocera tuediae Actinauge cristata

RCP 5 (∼II.c.2) RCP 6 (∼III.a.1) RCP 7 (∼III.a.2) RCP 8 (∼III.b)

Flabellum alabastrum Chionoecetes opilio Chionoecetes opilio Cucumaria frondosa

Stereomastis sculpta Ctenodiscus crispatus Strongylocentrotus droebachiensis Echinarachnius parma

Metacrangon agassizii Argis dentata Crossaster papposus Asterias rubens

Chaceon quinquedens Ophiopholis aculeata Argis dentata Cancer irroratus

Munidopsis curvirostra Mycale lingua Boltenia ovifera Placopecten magellanicus

Pontophilus norvegicus Gersemia fruticosa Solaster endeca/S. syrtensis Eucratea loricata

Atlantopandalus propinqvus Iophon cf. koltuni Ophiopholis aculeata Strongylocentrotus droebachiensis

Laetmonice filicornis Solaster endeca/S. syrtensis Hyas alutaceus/H. coarctatus Cancer borealis

Pseudarchaster parelii Crossaster papposus Gorgonocephalus eucnemis Ophiopholis aculeata

Chionoecetes opilio Strongylocentrotus droebachiensis Cucumaria frondosa Pagurus arcuatus

Note: Boldfaced numbers represent highest probability of occurrence in RCP. The equivalent assemblage obtained at the third level of the ISOPAM classification is
indicated in brackets.

This mix is likely associated to the length of the sampling
station (∼3 km) which could cross several geological types
explaining the low importance of sediment grain size sug-
gested by the HMSC and ordination analyses (DCA, and CCA),
besides the importance that seafloor topography and geomor-
phologic play in the benthic faunal composition and diversity
on the seafloor (e.g., Levin and Sibuet 2012).

At lower levels (biotopes), the ISOPAM analysis produced
one assemblage in Sable Island Bank not typified by any
diagnostic species (Fig. S4). This assemblage was included
in the Banquereau Bank RCP 8 defined by HMSC results.
O’Brien et al. (2022) included samples from that area in their
“Banks/inner Bay of Fundy” assemblage. This area was also
found to be similar to the Fundy region based on histori-
cal patterns of groundfish distribution (Mahon et al. 1984).
Kostylev and Hannah (2007) identified Sable Island Bank as
an area with high disturbance and low Scope for Growth due
to the large bottom stress caused by waves, suggesting that
this area would have relatively few species and all character-
ized as extreme adversity tolerators or r strategists. A closer
examination of Table S2 showed that this area was charac-
terized by species with wide distributions diagnostic of other
assemblages (e.g., Cucumaria frondosa, Placopecten magellanicus)
or with low fidelities and therefore not diagnostic (e.g., As-
terias rubens, Cancer irroratus, and Hippasteria phrygiana). Sable
Island Bank was also identified as one single spatial unit in
the preliminary analysis of the biogeographic units on the
Scotian Shelf conducted by Zwanenburg et al. (2010) where
only environmental variables were used and the study area
was divided into 12 groups. This area has one of the largest

seasonal changes in bottom temperature on the eastern Sco-
tian Shelf (Han et al. 1999), which make this area of particular
interest.

Further, the lower level ISOPAM communities from the
slope may be under-represented, as only eight fishing sta-
tions deeper than 600 m were sampled during the survey and
some of their characteristic species, such as the Peters’s sea
urchin Hygrosoma petersii, the long-nosed armoured shrimp
Glyphocrangon longirostris, or the sea spider Colossendeis colossea,
were excluded from the analysis due to their low occurrence
in the overall study area (Table S1). Using a threshold de-
pending of the depth range in which the species is caught
(e.g., Thompson et al. 2022) could have retained some of these
species. However, due to the low number of stations sampled
in the deeper slope overall, these selections could not be rep-
resentative of the whole slope area, and a greater number of
stations are needed to adequately characterize this commu-
nity. This reduction in sampling of the slope also explains
the lack of coral records in our samples, despite known habi-
tat and presence of coral species along the slope and in the
canyons (e.g., Kenchington et al. 2014; Metaxas et al. 2019;
Wang et al. 2022). Increased data collection along the slope
and in the deeper bathyal and abyssal waters, ideally with
non-destructive sampling tools such as ROVs, or drop cam-
eras, are needed to characterize those regions.

The spatial patterns observed in this study are aligned
with the benthic communities and complexes described by
Nesis (1965) on the eastern Scotian Shelf and Scotian Slope
more than 50 years ago, including the presence of cold
waters species off Cape Breton still recorded today (e.g.,
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Fig. 7. Probability of occurrence from Hierarchical Modelling of Species Communities (HMSC) for each species grouped by
ISOPAM (isometric feature mapping and partitioning around medoids) assemblages (A) and regions of common profile (B).
Species ID can be consulted in Table S2 (A) and Table S3 (B). Note that the 99 species differ in order between (A) and (B).

Ciliatocardium ciliatum, Solaster syrtensis, and Grogonocephalus
eucnemis). In addition, the observed spatial patterns at both
scales or classification levels are similar to those from the de-
mersal fish assemblages observed on the Scotian Shelf more
than 30 years ago (Mahon et al. 1984; Mahon and Smith
1989). A study of the groundfish assemblages at four different
decadal periods (Zwanenburg and Jaureguizar, unpublished,
in NAFO 2010) showed four persistent areas that are aligned

with the benthic groups at the first level of the ISOPAM classi-
fication and with the two major groups observed on the shelf
by the HMSC (Fig. 3B).

The groups observed were consistent with the ordination
(DCA, and CCA) results, where a high species turnover (beta
diversity) was observed. In our analysis, Axis 1 length was
nearly 7 SD units and was highly correlated with depth, in-
dicating a full change in species composition moving from

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

17
2.

22
5.

12
0.

10
5 

on
 1

1/
12

/2
4

http://dx.doi.org/10.1139/cjfas-2023-0326


Canadian Science Publishing

Can. J. Fish. Aquat. Sci. 00: 1–21 (2024) | dx.doi.org/10.1139/cjfas-2023-0326 15

Table 5. Fidelity value (�) for each of the species from an independent data set (obtained from the 2019–2020 research vessel
summer surveys) that were characteristic for each regions of common profile (RCPs) (top row) and for each ISOPAM (isometric
feature mapping and partitioning around medoids) assemblage (lower row, from Table S2).

RCP 1 I.a RCP 2 I.b RCP 3 II.a RCP 4 II.c.1 RCP 5 II.c.2 RCP 6 III.a.1 RCP 7 III.a.2 RCP 8 III.b

I.a

Homarus americanus
0.44 0.33 0.04

0.44 0.34 0.23

Modiolus modiolus
0.24 0.05

0.43

Placopecten magellanicus
0.39 0.29

0.40 0.05

I.b Chirona hameri
0.06 0.13

0.14 0.50

II.a Vazella pourtalesii
0.28 0.09

0.41

II.c.1

Psilaster andromeda
0.66

0.70 0.19

Brisaster fragilis
0.58

0.61 0.04

II.c.2

Flabellum alabastrum
0.25 0.45

0.17 0.81

Chaceon quinquedens
0.87

0.77

III.a.1 Ctenodiscus crispatus
0.45 0.40 0.09

0.34 0.50 0.41

III.a.2

Gorgonocephalus eucnemis
0.04 0.24 0.51

0.21 0.69

Boltenia ovifera
0.04 0.23 0.46

0.13 0.63 0.15

III.b

Echinarachnius parma
0.00 0.30 0.30

0.06 0.03 0.56

Cucumaria frondosa
0.30 0.49

0.19 0.53

Note: Gray fill represents highest association of the species to the assemblage, while boldfaced numbers represent highest fidelity value. Only positive values are shown.

the shelf to the slope, which can also be observed in Table S2.
Another complete turnover in species composition could be
observed in Axis 2 where the length was also over 4 SD, likely
associated with differences in bottom temperature. These re-
sults are very similar to the beta-diversity found in the Grand
Bank and Flemish Cap area (Murillo et al. 2016), where the
length of the two first DCA axes were 7.86 and 3.44 SD units
respectively, indicating a complete turnover in species com-
position over a similar spatial scale of ∼300–400 km at simi-
lar depths. Interestingly, in the Flemish Cap study and here,
fishing effort was correlated with the second axis of the or-
dinations, indicating that fishing is either a direct (physical
abrasion pressure) or indirect (correlation with temperature
and hence potentially with target species in this study) deter-
minant of species composition.

A consistency in spatial distribution between the benthic
invertebrate and fish assemblages has been observed in other
regions of the northwest Atlantic (Murillo et al. 2016; O’Brien
et al. 2022) and elsewhere (Neumann et al. 2013), suggesting

a distribution pattern driven by similar responses to com-
mon environmental gradients rather than stochastic process
or particular interactions between the species. Our HMSC re-
sults confirm these previous observations, as most of the ex-
plained variance was due to the environmental variables in-
cluded in the model. Only 27% of the explained variance was
associated with the spatial random effect, which could be
explained by other assembly processes, such us biotic filter-
ing resulting from interspecific and intraspecific competitive
and facilitative interactions; filtering due to small-scale dis-
persal limitation; and/or filtering caused by environmental
variables not included in the model (Montanyès et al. 2023).
The first two spatial latent factors (Fig. 5) seem to be reflect-
ing large scale patterns (over hundreds of km), so it is unlikely
that they are related to species interactions.

Part of the variability observed in the first latent variable
can be explained by the annual range in bottom tempera-
ture, where larger values are observed around Sable Island
and Banquereau Banks, the areas with the highest positive
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Fig. 8. Bivariate plot relating the maximum phi coefficient (�)
from ISOPAM (isometric feature mapping and partitioning
around medoids) and the discriminatory power Tjur R2 from
Hierarchical Modelling of Species Communities. Species ID
can be consulted in Table S2 (A).

residual correlation. However, this is also an area of high fre-
quency sediment mobilization by waves (Li et al. 2021) and
was identified by Kostylev and Hannah (2007) as an area of
high disturbance. The second latent variable may be indicat-
ing the uniqueness of this area in relation to incurrence of
Gulf Stream eddies and changes to the strength and position
of the Warm Slope Water (e.g., Seidov et al. 2021) that may
have influenced the colonization processes.

Defining the number of ecologically significant units in
biogeographical studies is a well-known problem in ecology
as it depends on the classification method and criteria used
(e.g., Stephenson et al. 2018). It is common to use different
stopping rules (e.g., Rubidge et al. 2016) or to get an opti-
mal number from different methods based on a majority rule
(e.g., Weigel et al. 2023). Our approach of using the results of
the ISOPAM algorithm to find the optimal number of clusters
for applying HMSC seems to be robust based on the valida-
tion results. The ISOPAM algorithm (Schmidtlein et al. 2010)
selects a classification which maximizes the overall fidelity of
species to groups of sites providing a set of diagnostic or in-
dicator species that can be used for future monitoring (e.g.,
Murillo et al. 2018b). It is able to cope with a large amount
of noise, groups irregularly shaped in attribute space, and
species turnover within groups, all characteristics commonly
found in data originating from trawl surveys. It was applied
for the first time in the marine realm with data from the
Flemish Cap and a portion of the Grand Bank of Newfound-
land (Murillo et al. 2016), and since then it has been more
widely used (e.g., Beckers et al. 2018; Cabido et al. 2018; Gafna
et al. 2021), including in other marine studies (e.g., Yu et al.
2022). This algorithm allows the identification of diagnostic
species during the classification process at different scale pat-
terns and the validation of the groups derived from HMSC,
using independent data, has shown consistency of these

assemblages and diagnostic species. Others have used clus-
tering techniques to identify species assemblages and then
used random forest or similar models to predict their distri-
butions (e.g., O’Brien et al. 2022), following a cluster then pre-
dict approach. We chose to use JSDM to allow each species
to respond independently to the environment and to cross-
compare the resultant RCPs with the ISOPAM results. This is
only meaningful when the data are recorded to the species
level, as has been done in this study.

The strong positive relationship found between individual
species model performance from HMSC and the fidelity val-
ues from the ISOPAM algorithm allows us to confirm what
other authors have found, namely, species with limited ge-
ographic range and environmental tolerances present bet-
ter model fit than widespread species (Guisan et al. 2013;
Morán-Ordóñez et al. 2017). Some common species, such as
Atlantic lobster or snow crab, that reach maximum fidelity
values at the first lower of the classification for the Bay of
Fundy-Western Scotian Shelf and Eastern Scotian Shelf ma-
jor groups, showed very good model fit (Tjur R2 of 0.70 and
0.60, respectively). Other less common species, such as the
crustaceans Metacrangon agassizii and Stereomastis sculpta, be-
sides their low occurrence in the study area (both present in
only 8 stations) had high performance associated with maxi-
mum fidelities at the third level of the classification. These
species likely have defined environmental thresholds that
can be identified at different scales. For example, the Atlantic
lobster and snow crab have defined temperature thresholds
(Zisserson and Cook 2017; Greenan et al. 2019) that related
them to the different water masses present in the area, allow-
ing the model to delineate their most suitable environmental
conditions. Whereas for the slope species, depth seems the
main variable delineating their most suitable environmental
conditions. Other species, such as the brittle star Ophiopholis
aculeata (Tjur R2 = 0.24, � = 0.17) or the sea star Hippasteria
phrygiana (Tjur R2 = 0.2, � = 0.27) can be found on a wide
range of substrates (Birkeland 1974; Mah 2015; Volage et al.
2021) and are widely distributed along the shelf and slope
(Table S2). This results in poor model performance of these
species and limited capacity to characterize communities at
this scale. It is important to consider that benthic habitats are
constituted by a mix of species, some of them with defined
environmental thresholds that coexist with others present-
ing wider distributions. Therefore, approaches that consider
species-specific responses offer some distinct advantages over
aggregate community responses as they can account for dif-
fering levels of environmental affinity (e.g., Ovaskainen and
Abrego 2020).

Taxonomic resolution and sampling tools
required for HMECS

Data from the trawl surveys have the advantage of being
drawn from a stratified random design using standardized
collection methods. The surveys are capable of covering large
areas and capture both fish and invertebrates, and so are the
best means of collecting data for Level 4 of the HMECS (DFO
2016). However, coverage is not complete, as some areas are
avoided due to rough terrain, and there are catchability issues
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associated with fishing performance and the morphology of
the species (Staniforth et al. 2023).

Benthic data of the taxonomic resolution obtained for this
study is generally not available over broad temporal and spa-
tial scales, although identification of the invertebrate catch
from DFO research vessel surveys has greatly improved in the
last decade (Nozères et al. 2015). Due to this limitation, a clas-
sification using oceanographic variables alone was proposed
assuming that environmental drivers, weighted by their rel-
evance to biological structure, could be correlated to biotic
composition (DFO 2016). That analysis identified ten physical
units on the Scotian Shelf Bioregion at the scale of of hun-
dreds to thousands of km (Level 4 of the HMECS) that were as-
sumed to be biophysical units (DFO 2016). The results of that
classification had some similarities to the present study, but
failed to capture the similarity in terms of benthic commu-
nities between the inner Bay of Fundy and Georges Bank, or
between Emerald Basin and the Fundian Channel, for exam-
ple. Nevertheless, these physical drivers are monitored annu-
ally and their general correspondence to the major ISOPAM
groups can be used to assess when changes to the benthic
communities may be occurring.

More recently, O’Brien et al. (2022) identified six assem-
blages of demersal fish and benthic invertebrates in the re-
gion using 10 years of data (2007–2016). Benthic invertebrates
from the analyses of O’Brien et al. (2022) included 49 species
from 6 phyla, with 20 of those being arthropods and 17 echin-
oderms. Nomenclature was based on at-sea identifications
from various technicians over the time series. Their analy-
ses did not include species that required taxonomic identifi-
cation in the laboratory such as sponges, bryozoans, or hy-
droids, and therefore did not provide a full characterization
of the benthic invertebrate communities. The 99 taxa from 9
phyla analysed in this study were drawn from 317 taxa col-
lected, which highlights the diversity of the epibenthos in
this region. Further, O’Brien et al. (2022) used random for-
est models based on the cluster grouping of each station to
produce spatial maps, while in this study we applied JSDMs
to jointly model the species in relation to their environment
and the clusters were produced posteriorly.

Despite these very different data sources and analytical ap-
proaches, there was general similarity between the composi-
tion of the assemblages identified by O’Brien et al. (2022) and
those identified here at HMECS Level 4, in part because the
diagnostic species for the three major cluster groups iden-
tified by the ISOPAM analyses were included in the O’Brien
data set (Homarus americanus (I. Western Scotian Shelf); Pon-
tophilus norvegicus (II. Central Scotian Shelf and Slope); Chio-
noecetes opilio (III. Eastern Scotian Shelf)) and similar environ-
mental variables (depth, average maximum and minimum
temperature and average maximum salinity) were the most
important characterizing their groups. At lower levels in the
ISOPAM classification, the congruence between the studies
breaks down, especially where assemblages were character-
ized by sponges and taxa not included in the previous study.
The Browns Bank and outer Bay of Fundy assemblage (I.b)
characterized by sponges is clearly a discrete assemblage, and
the St. Anns and shallow Misaine Banks assemblage (III.a.2)
was grouped with Banquereau Bank by O’Brien et al. (2022).

We conclude that using data with the higher taxonomic
resolution is a prerequisite for identification of robust ben-
thic assemblages at the Level 6 of the HMECS (DFO 2016),
characterized by species with high fidelity to their groups.
However, the use of data from the trawl surveys precludes
delineation of Biological Facies (HMECS Level 7; DFO 2016)
which are groups of biogenic habitat or foundation species
identified by one or more indicator species resolved at spatial
scales of hundreds of meters (DFO 2016), due to the integra-
tion of the catch over a 3 km distance. Previous studies within
the study area conducted at smaller scales using other sam-
pling gears such as a video-monitored sled-dredge on Georges
Bank (Thouzeau et al. 1991), drop cameras on Browns Bank
(Kostylev et al. 2001) and St. Anns Bank (Lacharité and Brown
2019), or remotely operated vehicles in the Gully canyon
(Kenchington et al. 2014). Each identified several benthic as-
semblages where this analysis only found one community
type. These other studies were able to characterize the dif-
ferent benthic habitats at smaller scales and associate them
to one unique substrate type, whereas our sampling stations,
due to the length of the tow can cover different substrate
types and therefore combine species with different substrate
affinities. A nested sampling design within each of the eight
RCPs using different gear types is required to further delin-
eate species assemblages to HMECS Level 7 where biological
facies are identified.

Conclusions
This study produced an authoritative map of benthic

biotopes for the DFO Maritimes region to 1500 m. Nine assem-
blages of benthic invertebrates were identified with ISOPAM
and mapped onto eight RCPs using HMSC. Diagnostic species
for each assemblage were identified and included a wide
range of taxa not considered in previous analyses (e.g., hy-
drozoans, bryozoans, and sponges). These species could be
good candidates for monitoring changes to benthic ecosys-
tems, which have been shown to be undergoing decadal-scale
changes in the Bay of Fundy in response to fishing pressures
and climate change (Staniforth et al. 2023). The identification
of the diagnostic species for each assemblage and its affilia-
tion with its RCP were tested using an independent data set
and found to be robust, producing repeatable results in both
instances. The map of the benthic biotopes can be used by
ocean managers in their selection of representative areas for
MPA network design and marine spatial planning.

Comparison of the results from this study with those of
previous studies suggests that for the delineation of biophys-
ical units (Level 4 of HMECS) the degree of taxonomic reso-
lution in our data is not necessary; however, for the identifi-
cation of biotopes (Level 6 of HMECS) it is essential. The ana-
lytical approach employed allowed for a more rigorous iden-
tification of the species assemblages through ISOPAM than
is obtained from traditional clustering algorithms, while the
use of a JSDM through HMSC enabled spatial mapping of the
ISOPAM assemblages through consideration of the probabil-
ity of occurrence of each of the 99 species and selection of
the number of RCPs through optimizing the matching of the
designations from both approaches.
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Data from trawl surveys are useful for defining biophysi-
cal units and biotopes of epibenthic species. However, they
integrate data at scales of 3 km and so are not able to resolve
biological facies (Level 7) which would require different sam-
pling tools such as ROVs, drop cameras, or grabs to sample at
smaller spatial scales within the biotopes.
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