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Vulnerable marine ecosystems (VMEs) are considered hotspots of biodiversity and
ecosystem functioning in the deep sea, but are also characterised by a high vulnerability
to disturbance and a low recovery potential. Since 2006, a series of United Nations
General Assembly (UNGA) resolutions have been developed, attempting to ensure
the protection of VMEs in international waters. In the Northwest Atlantic Fisheries
Organisation (NAFO) Regulatory Area, large areas of seabed have been closed to
bottom-contact fishing to protect VMEs. However, knowledge of the influence of
VME-indicator taxa on macrofaunal assemblages, and the appropriateness of current
fishery closures for protecting macrofaunal biodiversity in this area is limited. Here
we investigate relationships between the prevalence of VME-indicator taxa [poriferans
(sponges), gorgonian corals, and pennatulaceans (sea pens)] and an extensive suite
of peracarid crustacean biodiversity metrics in the NAFO Regulatory Area. We also
examine whether the current NAFO VME closures protect areas of significantly elevated
peracarid diversity. Of the VME-indicator taxa analysed, poriferans were found to
have by far the greatest influence over peracarid assemblages. Assemblage structure
was altered, and peracarid abundance, biomass, richness, diversity, and variability
were enhanced in areas of elevated poriferan biomass, whilst assemblage evenness
was slightly depressed in these areas. These findings reaffirm the perception of
poriferans as crucial components of VMEs. In contrast, gorgonian coral density had little
influence over the faunal assemblages investigated, perhaps reflecting their relatively
low prevalence in the study area. Similarly, pennatulaceans were found to influence
peracarid assemblages only weakly. This too may reflect a moderately low density
of Pennatulacea in the study area. Our results highlight that the application of taxon
distribution model outputs to ecological investigations and management decisions in
data-limited environments should be treated with caution. Finally, our results indicate that
the current system of fishery closures in the NAFO Regulatory Area may not be optimal in
terms of providing adequate protection to VMEs against the impacts of bottom trawling.

Keywords: vulnerable marine ecosystem, Northwest Atlantic Fisheries Organisation, porifera, coral, macrofauna,
peracarida, species distribution modelling, deep sea
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INTRODUCTION

The concept of a “Vulnerable Marine Ecosystem” (VME) centres
upon the presence of distinct, diverse benthic assemblages that
are limited and fragmented in their spatial extent, and dominated
(in terms of biomass and/or spatial cover) by rare, endangered
or endemic component species that are physically fragile and
vulnerable to damage (or structural/biological alteration) by
human activities (Fuller et al., 2008; Rogers et al., 2008; FAO,
2009; Parker et al., 2009; Rogers and Gianni, 2009; Auster et al.,
2011; Hansen et al., 2013). Because the component species of
VMEs typically exhibit traits of slow growth, late maturity, low
fecundity, unpredictable recruitment and high longevity, VMEs
are characterised by slow recovery from damage (Fuller et al.,
2008; Rogers et al., 2008; FAO, 2009; Parker et al., 2009; Hogg
et al., 2010; Auster et al., 2011; Hansen et al., 2013; Clark
et al., 2016). Taxa which are considered to be indicative of
the presence of a VME include a myriad of deep-sea corals,
hydrozoans, cerianthids, poriferans, ophiuroids, stalked crinoids,
ascidians, bryozoans, brachiopods, xenophyophores, and deep-
water serpulidae and oyster reefs, and chemosynthetic species
(Fuller et al., 2008; Parker et al., 2009; Rogers and Gianni, 2009;
Gianni et al., 2011; Murillo et al., 2012).

The overarching concept of a VME, and efforts to protect
deep-sea VME-indicator taxa [e.g., by spatial closures to
destructive fishing practises (Koslow and Gowlet-Holmes, 1998)]
have been important aspects of deep-sea ecology and fishery
management for at least 20 years. However, formalisation of
the term only occurred in the mid-2000s following international
efforts to reduce the destruction of VMEs attributable to
bottom trawling. Starting in 2004, a series of United Nations
General Assembly (UNGA) resolutions of increasing strength
and urgency were adopted: UNGA 59/25 (2004), UNGA 61/105
(2006), UNGA 64/72 (2009), UNGA 66/68 (2011), and UNGA
71/123 (2016). These resolutions called for states and Regional
Fisheries Management Organisations (RFMOs) to formally
recognise the immense importance and value of deep-sea
ecosystems and the biodiversity that they contain by adhering
to the precautionary principle and ecosystem approach when
harvesting biological products from the deep sea. Specifically,
these resolutions have called for immediate action to reduce
the frequency of Significant Adverse Impacts (SAIs) on VMEs.
A SAI is defined as any disturbance to a VME that impairs
the ability of affected VME constituent populations to replace
themselves, degrades the long-term productivity of the habitat,
and causes a significant loss of species richness, habitat diversity
and structure whilst occurring at an interval that is, on average,
shorter than the recovery time for the habitat in question
(Hogg et al., 2010).

In order to achieve the goals of the UNGA resolutions, a
number of management tasks have been proposed (FAO, 2009),
including the production of thorough impact assessments,
the development of “move-on” rules, the spatial closure of all
known VME locations to bottom-contact fishing activities,
and directed efforts to map VME locations (including the
continued monitoring of distributions pending potential
change associated with oceanographic variables), this all being

bound by appropriate control and surveillance mechanisms
(Rogers et al., 2008).

The Northwest Atlantic Fisheries Organisation (NAFO),
which is the focal RFMO of this study, has responded
to the UNGA resolutions primarily by the mapping of
VME locations, the establishment of 21 fishery closures
covering a total sea-surface area of over 390,000 km2, and
the development of a move-on protocol (Gianni et al.,
2016; NAFO, 2017). However, the optimality of the NAFO
move-on protocol and fishery closures around known
VMEs have been questioned (Gianni et al., 2011, 2016;
Wright et al., 2015).

The Value of Vulnerable Marine
Ecosystems
VMEs are considered hotspots of biodiversity and ecosystem
functioning in the deep sea, with elevated faunal abundance,
biomass, richness, and diversity in VMEs compared to
surrounding habitats (Bett and Rice, 1992; Edinger et al.,
2007; van Oevelen et al., 2009; Hogg et al., 2010; Barrio Froján
et al., 2012; Beazley et al., 2013, 2015). This can largely be
attributed to the presence of structure-forming taxa in VMEs,
which greatly elevates the physical heterogeneity of VME
habitat relative to surrounding soft sediments, providing an
enhanced number and diversity of microhabitats to associated
metazoans and microbes (Klitgaard, 1995; Thrush et al., 1998;
Buhl-Mortensen and Mortensen, 2005; Tissot et al., 2006; Wulff,
2006; Fuller et al., 2008; Rogers et al., 2008; Buhl-Mortensen
et al., 2010; Gerovasileiou et al., 2016). The skeletal remains of
hexactinellid poriferans represent an important deep-sea habitat,
acting to stabilise seafloor sediments and inhibit colonisation
by some infaunal taxa. This provides a unique substratum for
colonisation by other benthic fauna (Bett and Rice, 1992; Beazley
et al., 2013), and the abundance and biomass of macrofaunal
taxa may be elevated in proximity to spicule mats (Bett and
Rice, 1992). Similarly, scleractinian coral rubble and dead coral
skeletons have been shown to host a fauna that is relatively
distinct from surrounding sediments (Raes and Vanreusel, 2005;
Gheerardyn et al., 2009).

The heterogeneous and complex habitat of VMEs may
also provide shelter from predation and adverse hydrological
conditions for a multitude of taxa, including commercially
important species (Barthel, 1992; Husebø et al., 2002; Krieger and
Wing, 2002; Henkel and Pawlik, 2005; Tissot et al., 2006; Amsler
et al., 2009), and VMEs may be used as aggregation and spawning
sites for fish and other taxa (Freese and Wing, 2003; Auster,
2005; Etnoyer and Warrenchuk, 2007; Baillon et al., 2012; Pham
et al., 2015). Further, VME-indicator taxa can act as a direct food
source to associated fauna (Krieger and Wing, 2002; Wulff, 2006;
Buhl-Mortensen et al., 2010), and may also provide increased
access to alternative food sources for some species. For example,
VMEs are important forage areas for fish and other predators
because of the high abundance and biomass of associated fauna
(Husebø et al., 2002; Hogg et al., 2010; Auster et al., 2011),
whilst the elevated feeding platforms and increased turbulence
created by VME frameworks, affords a raised supply of suspended
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particles to suspension feeders (Krieger and Wing, 2002; Buhl-
Mortensen and Mortensen, 2005; Wulff, 2006; van Oevelen
et al., 2009; Buhl-Mortensen et al., 2010). Species living within
poriferans may even feed directly on the suspended particles
pumped into the poriferan by the action of the choanoderm tissue
(Buhl-Mortensen et al., 2010).

Linked to their elevated biodiversity and levels of ecosystem
functioning, VMEs are growing in recognition as providers of
important ecosystem services. Poriferans and cold-water corals,
for example, have been shown to provide a strong link between
pelagic and benthic foodwebs (Hentschel et al., 2002; Pile and
Young, 2006; van Oevelen et al., 2009; Cathalot et al., 2015),
and numerous VME-indicator taxa have been associated with
the provision of novel biomolecules (Wright et al., 2004; Reddy
et al., 2005; Skropeta, 2008; Jobstvogt et al., 2014). The wider
biotechnological potential of poriferans in providing new designs
for fibre optics, glass, civil engineering and even semiconductors
is also starting to be recognised (Hogg et al., 2010).

VMEs of the Flemish Cap, Flemish Pass
and Slopes of the Grand Banks
In the NAFO Regulatory Area, a large number of VME-indicator
taxa have been identified around the Flemish Cap, Flemish Pass
and slopes of the Grand Banks [which together form the study
area of this investigation, and will herein be referred to as the
“study area”; please see Ashford et al. (2018), Figure 1 for a map
which places the study area in a global context]. Porifera appear
to dominate in terms of abundance and biomass, particularly
at upper slope depths (Knudby et al., 2013a), where they can
account for up to 90% of invertebrate biomass (Fuller et al.,
2008; Murillo et al., 2012). At least 30 poriferan species have
been identified, whilst a number of coral taxa (such as zoanthids,
antipatharians, gorgonians, pennatulaceans, and scleractinians),
hydrozoans, cerianthids, brachiopods, cirripedians, ascidians,
stalked crinoids, ophiuroids, holothurians, cidaroids, upright
bryozoans such as phidoloporids, and xenophyophores are also
found in this region (Fuller et al., 2008; Barrio Froján et al., 2012;
Kenchington et al., 2014).

Both mapping and modelling approaches have been employed
in order to determine the distribution of porifera (Fuller et al.,
2008; Murillo et al., 2012; Knudby et al., 2013a; Kenchington
et al., 2014) and deep-water corals (Murillo et al., 2010,
2011; Knudby et al., 2013b; Kenchington et al., 2014) in the
study area of this investigation. Mapping attempts have been
based on data from Spanish and EU groundfish surveys, and
attempts to model poriferan and coral distributions in this
area (Knudby et al., 2013a,b; Kenchington et al., 2014) suggest
their distributions to be more extensive than those reported by
Murillo et al. (2011, 2012).

Few studies have investigated the influence of VME-indicator
taxa aggregations on surrounding benthic assemblages in the
NAFO Regulatory Area. The presence of VME-indicator taxa
on the Sackville Spur region of the NAFO Regulatory Area
has been shown to be associated with a higher biomass and
distinct structure of macrofaunal assemblages (Barrio Froján
et al., 2012), whilst higher poriferan abundance has been shown

FIGURE 1 | Positions of Northwest Atlantic Fisheries Organisation Vulnerable
Marine Ecosystem closures around the Flemish Cap, Flemish Pass and slopes
of the Grand Banks (yellow polygons). Locations correct as of December
2016. Contours in metres. SRTM30 bathymetric data used (lighter, shallower;
darker, deeper).

to promote a higher abundance and diversity, and altered
assemblage composition, of other megafaunal taxa relative to
non-poriferan-dominated habitat (Beazley et al., 2013, 2015).

This study aims to investigate the influence of poriferan
grounds, gorgonian forests and pennatulacean fields on
macrobenthic peracarid crustacean assemblages, as well as to
determine whether or not the current fishery closures enforced
by NAFO protect areas of significantly enhanced peracarid
biodiversity compared to other areas in the study region.
Poriferan, gorgonian and pennatulacean density are estimated
both following the approach of Kenchington et al. (2014) and by
random forest modelling. Several facets of peracarid assemblages
are considered (Table 1), including taxonomic, phylogenetic and
functional diversity metrics, and it is hypothesised that these
metrics will respond positively to increases in biomass of the
investigated VME-indicator taxa.

MATERIALS AND METHODS

Sample Acquisition and Processing
Peracarid assemblages were sampled by means of 312 box cores
(USNEL type, area 0.25 m2) collected from the Flemish Pass, the
slopes of the Flemish Cap and the continental slopes of the Grand
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TABLE 1 | Peracarid crustacean metrics analysed in this study.

Assemblage metric Details

Abundance Total number of peracarid individuals
per sample

Biomass Total biomass of peracarids per sample

Rao quadratic entropy Taxon diversity measure. Probability that two
individuals taken from a sample will belong to
different genera

Shannon diversity Taxon diversity measure. Quantification of the
uncertainty associated with predicting the
taxonomic identity of an individual taken at
random from a sample

Taxon richness Total number of peracarid genera per sample

“Phylogenetic richness” (PR) “PV” multiplied by the richness of peracarid
genera per sample. See Helmus et al. (2007)

“Functional Richness” (FR) “FV” multiplied by the richness of peracarid
families per sample

Pielou’s index Taxon evenness measure. Shannon diversity
value of an assemblage divided by the
maximum possible value of Shannon diversity
for that assemblage if all taxa were
equally abundant

“Phylogenetic evenness” (PE) “PV” modified to incorporate the relative
abundances of peracarid genera per sample.
See Helmus et al. (2007)

“Functional evenness” (FE) “FV” modified to incorporate the relative
abundances of peracarid families per sample

“Phylogenetic variability” (PV) Measure of the distribution of peracarid genera
present in a sample across the supertree
presented by Ashford et al. (2018).
See Helmus et al. (2007)

“Functional variability” (FV) Measure of the distribution of peracarid families
present in a sample across the functional
dendrogram presented by Ashford et al. (2018)

Assemblage structure Taxonomic identity of peracarid taxa present in
a sample and their relative abundances

Banks (Northwest Atlantic Ocean) over spring and summer
in 2009 and 2010 as part of the international “” (NEREIDA)
programme [see Ashford et al. (2018) for further details]. In total,
20,245 individual peracarids (14,092 amphipods, 2371 isopods,
1985 tanaids, 1774 cumaceans, and 23 mysids) were identified to
177 genera and 74 families (Supplementary Table S2). Multiple
studies have demonstrated that higher taxa, particularly genera,
can provide an effective proxy for species diversity (Balmford
et al., 1996a,b, Balmford et al., 2000; Roy et al., 1996; La Ferla
et al., 2002; Villaseñor et al., 2005; Jablonski and Finarelli, 2009).

Peracarid abundance was enumerated as the total number of
specimens per sample, and peracarid wet biomass per sample
was measured to an accuracy of 0.0001 g. Taxon richness was
calculated as the total number of genera per sample, and values
of Rao Quadratic Entropy and Shannon Diversity were calculated
for each sample using the packages “SYNCSA 1.3.2” (Debastiani,
2015) and “vegan 2.0-9” (Oksanen et al., 2013), respectively, in
R 3.0.2 (R Core Team, 2013). Taxon evenness was calculated in R
3.0.2 using Pielou’s Index (Table 1 and Supplementary Table S3).

Phylogenetic diversity metrics [Phylogenetic Variability (PV),
Phylogenetic Richness (PR), and Phylogenetic Evenness (PE)]

were calculated for each sample following Helmus et al.
(2007) using the R package “picante 1.6-2” (Kembel et al.,
2014) based on the supertree of Peracarida presented by
Ashford et al. (2018) and genus-level assemblage composition
data for each sample (Supplementary Table S2). For a full
mathematical exploration of these metrics, please see Helmus
et al. (2007). Functional diversity metrics [Functional Variability
(FV), Functional Richness (FR), and Functional Evenness (FE)]
were calculated for each sample based on the functional
dendrogram of Peracarida presented by Ashford et al. (2018) and
family level composition data for each sample (Supplementary
Table S2). Because functional dendrograms and phylogenetic
trees are analogous in form, we calculated the values of functional
diversity metrics in an identical manner to their phylogenetic
equivalents in order to promote consistency in methodology
(Table 1 and Supplementary Table S3).

Metrics Relating to the Presence of
VMEs
Location of NAFO VME Closures
Samples were categorised into being collected from within an area
currently closed/open to bottom fishing based on the published
locations of closures provided by NAFO1. Visualisation was aided
using ESRI ArcGIS 10.1 (Figure 1).

Poriferan Spicule Presence
During the identification of specimens, the presence/absence
of siliceous poriferan spicules in each sample was recorded
(see Figure 2A).

Kernel Density Approach to Estimation of VME
Biomass
Poriferan, gorgonian and pennatulacean relative biomass was
estimated across the study area via kernel density surface
modelling of bycatch data obtained from annual fishery survey
trawls conducted by Canada and Spain between 1995 and
2013 (Porifera) and between 2005 and 2013 (Pennatulacea and
gorgonian corals) (raw data provided by Dr Ellen Kenchington,
Bedford Institute of Oceanography). Consistent identification
of poriferans, pennatulaceans and gorgonian corals to species
was not achieved during these fishery surveys (Kenchington
et al., 2014). However, dominant poriferan families sampled
included Geodiidae Gray 1867 and Ancorinidae Schmidt,
1870 (Murillo et al., 2012), pennatulacean species sampled
included Anthoptilum grandiflorum (Verrill, 1879), Halipteris
finmarchica (Sars, 1851) and Pennatula aculeata Danielssen, 1860
(Murillo et al., 2010; Kenchington et al., 2011), and gorgonian
corals sampled included Acanthogorgia Gray, 1857, Keratoisis
Wright, 1869, Paragorgia arborea (Linnaeus, 1758), Paragorgia
johnsoni Grey, 1862, Paramuricea Kölliker, 1865, and Primnoa
resedaeformis (Gunnerus, 1763) (Murillo et al., 2011). Identical
methodology to Kenchington et al. (2014) was followed. Kernel
density estimation was undertaken using the Kernel Density tool
in the Spatial Analyst extension of ESRI ArcGIS 10.1. Poriferan,
gorgonian and pennatulacean density at sampling locations was

1https://www.nafo.int/Data/GIS (accessed November 28, 2016)
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FIGURE 2 | (A) Presence (green)/absence (red) of siliceous poriferan spicules in samples collected as part of the NEREIDA programme. (B) Relative biomass of
Porifera across the study area (high, red; low, blue), as determined by random forest regression modelling. (C) Relative biomass of gorgonian corals across the study
area (high, red; low, blue), as determined by random forest regression modelling. (D) Relative biomass of Pennatulacea across the study area (high, red; low, blue),
as determined by random forest regression modelling. Contours in metres. SRTM30 bathymetric data used (lighter, shallower; darker, deeper).
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extracted using the Extract Values to Points tool in the Spatial
Analyst extension, with local interpolation option selected. Please
see Kenchington et al. (2014) for relevant figures.

Random Forest Approach to Estimation of VME
Biomass
Point biomass estimates (trawl start positions) for Porifera,
gorgonian corals and Pennatulacea were obtained from annual
fishery survey trawls conducted by Canada and Spain between
2011 and 2013. Random forest regression models were built for
each of the VME-indicator taxa investigated with biomass as
the response variable (square root-transformed), and a selection
of physical environmental factors as explanatory variables.
Following refinement of explanatory variables until all pairwise
correlations were less than 0.5 (Pearson correlation coefficient),
random forest models were produced in R 3.0.2 (R Core Team,
2013) using the package “randomForest 4.6-12” (Liaw et al., 2015)
under default settings and 1000 trees. Predictor variables for each
model were selected by application of an iterative permutation
procedure using the boruta function in the R package “Boruta
5.1.0” (Kursa and Rudnicki, 2010). The following variables were
retained in each model; for Porifera: sediment percent clay/silt,
seafloor mean current speed, seafloor temperature variability,
seafloor rugosity (225 × 225 m analysis cell size), and bottom
trawling intensity; for gorgonian corals: depth below sea level,
eastness, northness, sediment percent organic carbon, seafloor
rugosity (225 × 225 m analysis cell size) and bottom trawl
intensity; for Pennatulacea: bathymetric position index [150 cell
(11250 m) outer radius, 1 cell (75 m) inner radius], sediment
percent clay, eastness, seafloor minimum temperature, sediment
percent organic carbon, and bottom trawling intensity. Please see
Ashford et al. (2018) for additional details and methods relating
to these environmental factors.

Models were validated based on a training (80% of data)
/test (20% of data) routine, using R2 and Normalised Root
Mean Squared Error (NRMSE) values. These were calculated
using the package “caret 6.0-71” (Kuhn, 2016) in R 3.0.2 (R
Core Team, 2013). The models for Porifera and Pennatulacea
performed well, with R2 scores of 0.53 and 0.38, respectively,
and both achieving mean NRMSE values of 0.10. The model for
gorgonian corals performed less well, with an R2 value of 0.05
and mean NRMSE value of 0.08, likely reflecting a high degree
of zero inflation in the dataset. The resulting models represent
predictions of relative poriferan, gorgonian and pennatulacean
biomass in the study area, taking into account the influence
of bottom trawling intensity, as well as other environmental
variables (see Figures 2B–D). Modelled poriferan, gorgonian and
pennatulacean density at sampling locations was extracted using
the Extract Values to Points tool in the Spatial Analyst extension
of ESRI ArcGIS 10.1, with local interpolation option selected.

Statistical Analyses
Investigation of Multicollinearity
High multicollinearity amongst explanatory variables can have
severe effects on the estimation of model parameters (Gunst
and Webster, 1975). To investigate multicollinearity in the data
set, Variance Inflation Factors (VIFs) were calculated for all

continuous environmental variables using the package “HH 3.1-
32” (Heiberger, 2016) in R 3.0.2 (R Core Team, 2013). No
variables were found to have a VIF value greater than 5 -
an accepted cut-off (Stine, 1995). A list of all environmental
variables analysed is given in Table 2, and data is provided in
Supplementary Table S3.

Construction of Generalised Additive Models
Because initial data exploration revealed that multiple
relationships between dependent and independent variables
appeared to be non-linear, Generalised Additive Models
(GAMs) were constructed in R 3.0.2 (R Core Team, 2013)
using the package “mgcv 1.7-26” (Wood, 2013) for each of
the 12 univariate metrics of peracarid assemblage composition
(Table 1). Prior to analysis, all VME density estimates obtained
based on the methodology of Kenchington et al. (2014) were
square root-transformed to reduce high skew in the data.
Original measurement scales were retained for all other variables
since data distributions were deemed acceptable. Samples
with zero or only one peracarid genus present were removed
from the dataset.

Initial GAMs consisted of all variables contained within
Table 2 as explanatory terms, with smoothers added to all
continuous variables. Model performance diagnostics and the
Akaike Information Criterion (AIC) were used to select the
most appropriate error distributions and link functions (Akaike,
1974; see Supplementary Table S1), and acceptable satisfaction
of model assumptions was investigated using the gam.cheque
function of the package “mgcv 1.7-26” (Wood, 2013). Where
the biological metric was categorical in form (abundance and
taxon richness), over-dispersion was checked for by calculation
of the dispersion parameter, theta (where theta = residual
deviance/residual degrees of freedom), and corrected for as
appropriate (see Supplementary Table S1). A penalised thin-
plate regression spline was used as the smoothing function,
and smoothing parameters were optimised automatically on the
basis of the Generalised Cross Validation criterion (Wood, 2013).
Moran’s I (Moran, 1950) was used to examine model residuals for
the signature of spatial autocorrelation in R 3.0.2 (R Core Team,
2013) using the package “ape 3.2” (Paradis et al., 2004). In no
cases could the null hypothesis (that no spatial autocorrelation is
present within model residuals) be rejected and hence no further
action was taken. The explanatory terms included in each GAM
were refined from the full model via backward stepwise selection
by consideration of independent variable P-values and model
AIC until a minimum AIC value was reached.

Relation of Assemblage Structure to VME Variables
Relation of peracarid assemblage structure (identities and
relative abundances of genera in each sample) to the presence
of VMEs and selection of the most relevant explanatory
variables was achieved via Constrained Analysis of Principal
coordinates (CAP) (Anderson and Willis, 2003) based on
Bray-Curtis dissimilarity (Bray and Curtis, 1957). The model
was refined backward based on P-values using the function
ordistep (R package: “vegan 2.0-9” (Oksanen et al., 2013); 10000
permutations, P-in = 0.05, P-out = 0.1).
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TABLE 2 | Details of the environmental variables retained for analysis following
Variance Inflation Factor variable selection.

Environmental facet Representing variable

Poriferan presence Presence, or absence, of siliceous poriferan
spicules in each sample (categorical)

Relative poriferan biomass at sampling
locations based on random forest
regression modelling of bycatch data
obtained from Spanish and Canadian
research trawls, using a series of
environmental factors as predictor variables

Relative poriferan biomass (
√

transformed)
at sampling locations based on
kernel-density surface estimation of
bycatch data obtained from Spanish and
Canadian research trawls [following the
methods of Kenchington et al. (2014)]

Gorgonian coral presence Relative gorgonian coral biomass at
sampling locations based on random forest
regression modelling of bycatch data
obtained from Spanish and Canadian
research trawls, using a series of
environmental factors as predictor variables

Relative gorgonian coral biomass
(
√

transformed) at sampling locations based
on kernel-density surface estimation of
bycatch data obtained from Spanish and
Canadian research trawls [following the
methods of Kenchington et al. (2014)]

Pennatulacea presence Relative pennatulacean biomass at
sampling locations based on random forest
regression modelling of bycatch data
obtained from Spanish and Canadian
research trawls, using a series of
environmental factors as predictor variables

Relative pennatulacean biomass
(
√

transformed) at sampling locations based
on kernel-density surface estimation of
bycatch data obtained from Spanish and
Canadian research trawls [following the
methods of Kenchington et al. (2014)]

NAFO VME closure Sample taken from within a NAFO closed
area or not (categorical)

Location Latitude of sampling location

Variation in collection procedure Crew identity at time of sample
collection (categorical)

RESULTS

Influence of Poriferan Biomass
Poriferan density was found to significantly influence all
peracarid assemblage metrics considered. The presence of
hexactinellid spicules in samples (81% of samples) was found to
positively influence peracarid abundance (P < 0.001), biomass
(P < 0.001), taxon richness (P < 0.001), functional richness
(P < 0.001) (Figure 3A), phylogenetic richness (P < 0.001), Rao
Quadratic Entropy (P = 0.015), Shannon diversity (P < 0.001),
and functional variability (P = 0.009) (Figure 3B), but negatively
influence Pielou’s Index (P = 0.047). The presence/absence of
poriferan spicules was also found to significantly alter peracarid
assemblage structure (P < 0.001).

In contrast, random forest-modelled poriferan biomass was
found to relate negatively with peracarid abundance (P < 0.001),
biomass (P < 0.001), taxon richness (P < 0.001), functional
richness (P < 0.001), phylogenetic richness (P < 0.001), and
possibly Rao Quadratic Entropy (P = 0.057). However, this
metric of poriferan biomass was found to positively influence
peracarid taxon evenness (P < 0.001), functional evenness
(P = 0.004), phylogenetic evenness (P = 0.007), functional
variability (P = 0.003) (Figure 3C), and phylogenetic variability
(P = 0.001) (Figure 3D). Random forest-modelled poriferan
biomass was also found to significantly influence peracarid
assemblage structure (P < 0.001).

Poriferan biomass at sampling locations estimated by the
kernel density approach of Kenchington et al. (2014) was found
to correlate positively with peracarid abundance (P < 0.001),
biomass (P < 0.001), taxon richness (P < 0.001), functional
richness (P < 0.001), phylogenetic richness (P < 0.001)
(Figure 3E), Shannon diversity (P < 0.001) (Figure 3F), and
Rao Quadratic Entropy (P = 0.026). Increasing biomass of
Porifera was not found to influence phylogenetic or functional
variability, but Pielou’s Index (P < 0.001), functional evenness
(P = 0.008) and phylogenetic evenness (P = 0.031) were all found
to vary, similarly with this metric; this relationship being double-
peaked, with assemblage evenness being maximised when relative
Porifera biomass is between 0.4 and 2.0, and 14.4 and 17.6.
Further, kernel density-estimated poriferan biomass was found
to significantly influence the structure of peracarid assemblages
(P < 0.001), with the abundance of the amphipod genera
Gammaropsis Lilljeborg, 1855, Ampelisca Krøyer, 1842, and, in
particular, Haploops Liljeborg, 1856 being especially enhanced in
regions of high poriferan biomass.

Influence of Gorgonian Coral Biomass
Based on both the random forest and kernel density approaches
to biomass estimation, gorgonian biomass was found to have
only a weak influence over peracarid assemblages. Kernel
density-estimated gorgonian biomass was not found to influence
any of the faunal metrics considered in this analysis, and
random forest-modelled biomass was found to relate only to
phylogenetic variability (P = 0.008), this relationship being
complex and negative overall. However, random forest-modelled
gorgonian biomass was found to significantly influence peracarid
assemblage structure (P < 0.001).

Influence of Pennatulacean Biomass
Pennatulacean biomass was found to relate to peracarid
assemblages only weakly. Random forest-modelled
pennatulacean biomass was found to have a possible (P = 0.055)
effect on peracarid biomass (this relationship taking a complex,
undulating form, with no overall directionality; see Figure 3G),
and a significant influence on assemblage structure (P = 0.001).

Pennatulacean biomass at sampling locations as estimated
by the kernel density approach of Kenchington et al. (2014)
was found to relate significantly to a greater number of
peracarid assemblage attributes, but these relationships were
found to be generally weak and complex in form. Pennatulacean
biomass was found to relate negatively with peracarid abundance
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FIGURE 3 | Partial relationship between VME presence at sampling locations (n = 312) in the NW Atlantic Ocean, and metrics of peracarid crustacean biodiversity.
Solid lines are smoothed lines of best fit as determined by Generalised Additive Modelling. Surrounding bands are 95% confidence intervals. (A) siliceous poriferan
spicule presence (blue)/“Functional Richness”; (B) siliceous poriferan spicule presence (blue)/“Functional Variability”; (C) relative biomass of Porifera (random forest
model) (blue)/“Functional Variability”; (D) relative biomass of Porifera (random forest model) (blue)/“Phylogenetic Variability”; (E) relative biomass of Porifera (kernel
density estimation,

√
transformed) (blue)/Shannon Index; (F) relative biomass of Porifera (kernel density estimation,

√
transformed) (blue)/“Phylogenetic Richness”;

(G) relative biomass of Pennatulacea (random forest model) (red)/biomass; (H) relative biomass of Pennatulacea (kernel density estimation,
√

transformed)
(red)/taxon richness; (I) relative biomass of Pennatulacea (kernel density estimation,

√
transformed) (red)/“Functional Evenness”; (J) sample collected from area

subject to NAFO VME closure (yellow)/“Functional Evenness”; (K) sample collected from area subject to NAFO VME closure (yellow)/Pielou’s Index.

(P < 0.001) and functional evenness (P = 0.029) (Figure 3H),
whilst taxon richness (P = 0.004) (Figure 3I), functional
richness (P = 0.009) and phylogenetic richness (P = 0.004)

were found to vary in a complex, but overall negative manner
with increasing pennatulacean biomass. Based on the results of
the constrained ordination, the biomass of pennatulaceans at
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sampling locations (as estimated by the kernel density approach)
was found to significantly influence peracarid assemblage
structure (P < 0.001).

Influence of Closure Status
Whether or not samples were collected from an area currently
closed to bottom trawling by NAFO was found to have only
limited influence over the faunal metrics investigated. Peracarid
abundance was found to be slightly depressed in cores taken
from fishery closures compared to those from regions open to
bottom trawling (P = 0.037), whilst Pielou’s Index (P = 0.023)
and functional evenness (P = 0.049) were found to be slightly
elevated in samples taken from closed areas relative to those
from areas where bottom trawling is permitted (Figures 3J,K).
Whether or not a sample was taken from an area currently closed
to bottom trawling was not found to influence any other of the
faunal metrics considered.

DISCUSSION

Porifera-Dominated VMEs
The results of this study strongly suggest that, of the
three VME-indicator taxa investigated, poriferans have the
greatest influence over peracarid assemblages in the NAFO
Regulatory Area (Figures 3, 4 and Table 3). Our finding of

a positive relationship between hexactinellid spicule presence
and peracarid assemblage biodiversity metrics is consistent
with our hypothesis, as well as with the conclusions of past
studies. Bett and Rice (1992) found macrofaunal abundance
and biomass to be elevated in areas of dense hexactinellid
spicule mats relative to surrounding sediments, and attributed
this to a local enhancement of organic matter and reduction
in predation pressure for spicule mat associated macrofauna.
Barrio Froján et al. (2012) also presented evidence for altered
assemblage structure and enhanced abundance, biomass and
taxon richness of benthic macrofauna in the vicinity of dense
hexactinellid spicule mats. Further to these investigations, our
study documents a positive influence of spicule presence on
taxonomic metrics of diversity, phylogenetic and functional
metrics of richness, and functional variability (Figure 4 and
Table 3), extending knowledge of the influence of hexactinellid
spicule mats on deep-sea macrofaunal assemblages.

Considering poriferan biomass as determined by Kenchington
et al. (2014), our findings are consistent with those of previous
investigations that highlighted an increased abundance, richness
and diversity, and an altered structure of benthic fauna in
proximity to poriferan aggregations (Pearse, 1932; Klitgaard,
1995; Beazley et al., 2013, 2015). Such results are most
frequently attributed to the beneficial influence of poriferan
biomass on three-dimensional habitat space and heterogeneity,
reduced predation pressure, and increased feeding opportunities

FIGURE 4 | Summary diagram detailing the influence of VME-indicator taxa on the benthic peracarid fauna of the NAFO Regulatory Area, and whether fishery
closures host distinct peracarid assemblages or not. Links between environmental parameters (orange boxes) and biological parameters (purple boxes) are
specified. The colour of the arrow represents the form of relationship: blue, positive; red, negative; black, complex (e.g., “U” shaped or uni/multi-modal). Solid arrows
represent significant relationships (P < 0.05). Dotted arrows represent marginal relationships (P < 0.1).
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(Cinar et al., 2002; Wulff, 2006; Buhl-Mortensen et al., 2010;
Hogg et al., 2010; Beazley et al., 2013). Overall, if only poriferan
presence as determined by the presence of hexactinellid spicules
and the kernel density biomass estimates of Kenchington et al.
(2014) are considered, the results of this study reaffirm the
perception of poriferans as important ecosystem engineers
in the deep sea.

Reliability of SDMs for Ecological
Investigation and Management
Applications
The contrast in results obtained between hexactinellid spicule
data and the poriferan biomass data of Kenchington et al.
(2014) on the one hand (both closely linked to ground-truthed
observations), and those obtained from the random forest
modelling approach on the other (which involves a much
larger degree of extrapolation), is conspicuous (Figure 4 and
Table 3). If used appropriately and in full awareness of their
limitations, Species Distribution Models (SDMs) can provide
valuable preliminary information regarding the distribution of
species across the deep seafloor (Rengstorf et al., 2013). However,
our results indicate that SDMs should not be relied upon in
isolation for management and ecological purposes in the NAFO
Regulatory Area.

Commonly, poor performance in SDMs leads to the
overfitting of model parameters, with resulting predictions being
overly sensitive to environmental differences between cells. Poor
model performance may be caused by insufficiency and/or
bias in the number and spatial spread of biological records,
inappropriate weighting of particular biological records, and an
inadequacy of available environmental data to fully reflect a
taxon’s fundamental niche (Feeley and Silman, 2011).

For the random forest model of Porifera presented here, the
following environmental variables were incorporated: sediment
percent clay and silt content, average seafloor current speed,
variability in annual seafloor temperature, seafloor rugosity,
and bottom trawling intensity. However, some environmental
variables typically recognised as being important in determining
poriferan biomass across space were not incorporated into the
model because of data deficiency, including seafloor oxygen
concentration (Buhl-Mortensen et al., 2010) and concentration
of suspended organic matter (Knudby et al., 2013a). Further, it
should be noted that the SDM utilised did not incorporate details
of biotic interactions, dispersal and population connectivity,
or any biogeographic constraints that may apply to the taxon
being modelled. Inclusion of such information may help to
improve model performance by reducing instances of false
positives of taxon presence in areas which are inaccessible
(Boulangeat et al., 2012).

Whilst SDM methods appear to perform consistently well
in cases of discrete, geographically limited focal areas that are
well sampled, they often struggle where data is limited and/or
spatially or temporally biassed (Anderson and Gonzalez, 2011;
Feeley and Silman, 2011), as well as when extrapolation to
new regions with different prevailing environmental conditions
is required (Randin et al., 2006; Anderson and Gonzalez, 2011;
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Knudby et al., 2013a). In these circumstances, which may apply
to the random forest models of this study, poor model
performance and over-prediction can occur, resulting in a high
rate of false positive and false negative results (Anderson and
Gonzalez, 2011; Ashford et al., 2014).

Given these caveats and the results of the present study, we
argue that, even considering that the NAFO Regulatory Area
is one of the most data-rich deep-sea areas globally, VME
distribution modelling in this region is not yet sufficiently
developed to be relied upon in isolation for scientific and
management applications. Model performance can be improved
by field-validation and the collection of additional high-quality
biological and environmental data.

Gorgonian Coral-Dominated VMEs
Our results suggest that gorgonian corals have a limited influence
over peracarid assemblages in the NAFO Regulatory Area
(Figure 4 and Table 3). Such findings may reflect a very low
prevalence of gorgonians in the study area (Figure 2C), and
an inefficacy of box corers in sampling gorgonian coral habitat,
rather than an irrelevance of their presence to benthic peracarid
communities in general. It appears that at no location from which
samples were collected do gorgonian corals reach a sufficient
density to dominate the benthic environment and significantly
influence peracarid assemblages at the spatial scale investigated.

Pennatulacea-Dominated VMEs
Like gorgonians, pennatulaceans also appear to have limited
influence over peracarid assemblages in the study area
(Table 3). Furthermore, as found for Porifera, the results of
the analyses presented here contrast depending on which
metric of pennatulacean biomass is considered – that provided
by Kenchington et al. (2014), or that given by the random
forest SDM (Figure 4 and Table 3). Conspicuously, no positive
influence of pennatulacean biomass on any of the faunal metrics
analysed was recovered. This is surprising since pennatulacean
fields are traditionally thought to provide elevated habitat
heterogeneity in the deep sea, and can act as a food source for
some amphipod species (Buhl-Mortensen et al., 2010).

Two factors may help to explain these relationships. Firstly,
like gorgonians, pennatulaceans do not seem to reach particularly
high densities in the study area (see Figure 2D). As a result,
their densities may never be great enough to strongly shape
peracarid communities. Secondly, pennatulacean fields in relative
proximity to the sampling regions are known to be utilised
extensively by fish (particularly Sebastes spp.) as spawning and
nursery grounds (Baillon et al., 2012). We speculate that the
above recovered relationships could reflect a signature of top-
down control on peracarid assemblages by fish in proximity to
pennatulacean fields.

VME Closures in the NAFO Regulatory
Area
That samples taken from within the NAFO VME closures
(Figure 1) did not exhibit elevated peracarid abundance,
biomass or diversity (Figure 4 and Table 3) was unexpected

since the locations of these closures should correspond closely
with the presence of VMEs, and the presence of VMEs
should promote elevated macrofaunal biodiversity (Figure 4
and Table 3). In fact, peracarid assemblages sampled from
within the fishery closures are statistically indistinguishable
[save for slightly lowered abundance and marginally
elevated functional and taxon evenness (Figures 3J,K)]
from those sampled from surrounding areas, suggesting
that VMEs occur in similar densities inside and outside
of the closures.

This finding could reflect the simple shapes of the closures
(Figure 1); because of this simplicity, the area encompassed
by each closure may include a variety of benthic habitats –
both VME and non-VME. That a sample was collected from
within a closure does not necessarily guarantee that the
sample was collected from within a VME habitat, although
it should guarantee a certain level of proximity to VME
habitats. Further, there is some evidence that not all areas
where VMEs are known/are likely to occur are currently
protected by fishery closures (NAFO, 2015; Barrio Froján
et al., 2016; Gianni et al., 2016). Thus, some samples collected
from outside of the fishery closures may also have been
collected from VME habitats. There is also evidence that some
of the closures currently enforced by NAFO (e.g., the 3O
coral closure) describe areas where VME density is unlikely
to be significantly higher than surrounding regions, and so
could be re-located more appropriately (Rogers and Gianni,
2009). Additional ground-truthing, for example by the use of
towed drop-camera surveys, may help to better establish the
relative densities of VME indicator taxa inside and outside of
fishery closures.

Overall, our results suggest that the current location of fishery
closures may not be optimal in terms of providing adequate
protection to VMEs across the NAFO Regulatory Area whilst
minimising conflict with ongoing fishing activities. A review of
the spatial details of current closures in the NAFO Regulatory
Area may be warranted to ensure that these closures are as
effective as possible.

CONCLUSION

The results of this study re-emphasise the important influence
that structure-forming VME-indicator taxa have over a variety
of peracarid assemblage attributes. Particularly striking was the
clear dominance of poriferan grounds over the coral (gorgonian
and pennatulacean) habitats analysed in terms of their influence
on peracarid assemblages. This confirms the status of poriferans
as one of the key habitat-forming biological structures (in life and
death) in the study region.

Importantly, our results suggest that species distribution
models are not yet dependable enough to be applied as the
sole source of information for ecological investigations or
management decisions in the NAFO Regulatory Area (and,
perhaps, the deep sea in general). Field-validation, further
biological sampling, and the collection of additional high-quality
environmental data, should be promoted.
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Lastly, the results of this study suggest that the current
fishery closures enforced in the NAFO Regulatory Area may
not be optimal in terms of protecting all components of VMEs
whilst limiting conflict with current bottom-fishing operations.
A review of the details of the current system of VME closures in
the NAFO Regulatory Area may be warranted to ensure that these
closures are as effective as possible.
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