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ABSTRACT: The marine benthos has been largely studied through the use of response traits that
characterise species vulnerability to disturbance. More limited has been the specific use of effect
traits that represent other species descriptors and that express ecosystem functions. On the sea
floor, the benthos is a key ecosystem-engineering component for which functions can be rele-
vantly derived from effect traits. This study provides a typology of sea floor functions based on an
extensive data compilation of effect traits. We classified 812 benthic invertebrate species from the
northeast Atlantic by 15 effect traits expressing substratum alteration and habitat creation. Clus-
ter analysis identified 15 species groups that represented various epi- or endobenthic functions.
Beyond function-habitat specificity, we show that soft sediment species exhibited broader func-
tional niches in the trait space that increase multi-functionality, and were endowed with rare com-
binations of traits that expanded the functional extent of the species assemblage. As a conse-
quence, soft sediments can host a higher functional diversity than hard substrata because a wider
range of above- and below-substratum activities are possible in soft bottoms. Based on response
traits documented for the same species and used to express vulnerability to natural or human-
induced disturbance, we then show that vulnerability within sea floor functions can be consider-
ably variable. This can be a consequence of the independence between the evolutionary nature
of response traits and the contingent engineering abilities of benthic species through effect traits.
The paper provides theoretical and utilitarian clarifications on this trait dichotomy.

KEY WORDS: Benthic invertebrate - Effect trait - Ecosystem engineering - Ecosystem function -
Functional group - Functional diversity - Vulnerability

1. INTRODUCTION

The sea floor hosts the majority of marine species,
occupies the largest single ecosystem on Earth by
area and has been extensively disturbed following
centuries of fishing, among many other anthropogenic
pressures (Snelgrove 1999, Snelgrove et al. 2014).
However, most biological conservation studies have
focussed on species vulnerability (e.g. life span; Rijns-
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dorp et al. 2018), without distinguishing between the
functions species perform in the marine ecosystem
(e.g. bioturbation; Kristensen et al. 2012). It is there-
fore unclear whether protecting vulnerable species
conserves sea floor ecosystem functions, since species
survival and ecosystem function are not necessarily
expressed by the same traits (Diaz & Cabido 2001, La-
vorel & Garnier 2002). Among the numerous studies
using a large variety of traits, there is still a lack of

© The authors 2023. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com

L)

Check for
updates



https://crossmark.crossref.org/dialog/?doi=10.3354/meps14270&amp;domain=pdf&amp;date_stamp=2023-03-23

22 Mar Ecol Prog Ser 708: 21-43, 2023

clarification regarding the type of traits to use for one
research objective or another. While facing a still
growing literature in marine benthic functional ecol-
ogy, itis necessary to come back to the essential ques-
tion of how to consider a species in an ecosystem.

A species can be described under 2 different per-
spectives related to mechanisms underpinning spe-
cies assembly. The first is the Darwinian concept of
fitness (growth, survival and reproduction), whereby
biological performances of individual organisms are
selected by abiotic forces and direct biotic interac-
tions (environmental filtering and limiting similarity,
respectively; Weiher & Keddy 1995). The second,
ecosystem engineering (Jones et al. 1994), is the
result of fitness expression of an engineering species
(Table 1) as an effect on the fitness of another species
by modulating resource availability, either directly
(autogenic engineering, e.g. habitat creation through
reef building) or indirectly (allogenic engineering,
e.g. increasing oxygen concentration through bioirri-
gation or decreasing through respiration). Hence, a
species can be considered based on traits that
express fitness and those that express ecosystem
engineering (Table 1). These 2 categories of traits are
respectively called ‘response’ and ‘effect’ traits
(Lavorel & Garnier 2002). The distinction between
these traits is not always clear, as some traits can fall
under both categories. As an example, coral mor-
phology can have prominent habitat effects on other
species, but arborescent forms are very sensitive to
physical disturbance, so morphology can also ex-
press survival. If we now consider burrowing species,
the survival (i.e. escaping physical surface pressure)
can also be expressed through their burrowing
response, with consequent bioturbative effects.

Ecosystem engineering is considered as a second
paradigm since the same combination of response
traits (i.e. life strategy) can give rise to various types
of engineering (Jones et al. 1994, 1997). It is a truism
that species evolve ultimately to achieve reproduc-
tive success, not ecosystem engineering. Whereas
response traits evolve through natural selection
induced by environmental forces, there is no clear
evolutionary determinism of ecosystem engineering
based solely on response traits (Odling-Smee et al.
2013, Matthews et al. 2014). For instance, environ-
mental stress or habitat disturbance frequency can
select organism growth rate and associated repro-
ductive functions (Southwood 1988), with similar
selective processes known in very different clades of
the living world (Grime & Pierce 2012). By contrast,
predicting engineering type from selected response
traits can be highly context-dependent (Lavorel &

Garnier 2002). In the marine benthos, burrowing
ability constitutes an exception, as it expresses both
response and effect: a ‘burrowing revolution’ took
place during the Cambrian era in response to preda-
tion (Meysman et al. 2006b), which represents a causal
relation between ecosystem engineering and fitness.
However, this holds only at the macro-evolutionary
level, and at present there is no causal relation at a
finer level between key response traits such as life
span and burrowing depth or burrow type, since bur-
rowing can also be associated with various trophic
requirements (Fauchald & Jumars 1979), another fit-
ness opportunity than surviving. As a consequence,
the engineering ability of a species is contingent
upon the unpredictable ecological opportunities for
the fitness components met or not over evolutionary
time (Pickett et al. 1994). Furthermore, the engineer-
ing ability of a species can evolve only when it has
positive feedback on the fitness of this species
(‘extended phenotype’; Dawkins 1982, Odling-Smee
et al. 2013). From there, since vulnerability to distur-
bance depends on response traits, any degree of vul-
nerability may be expected in benthic ecosystem
functions.

This response—effect trait duality is critical to con-
sider, yet it has rarely been considered in marine
benthic ecology (Villnas et al. 2018), whereas the
nature of traits is intrinsic to research purposes.
Ecosystem engineering is an internal force of the
species assemblage, changing diversity mechan-
istically through effect traits, whereas diversity
responds to external forces (e.g. storm- or human-
induced disturbance) through response traits, indi-
rectly affecting engineering. While effect traits could
also respond to human-mediated disturbance, this
should be indirectly following impact on the fitness
of the engineer, such as in the case of slow growth
preventing population recovery and consequently
engineering recovery (Oliver et al. 2015). Thus, the
dual use of response and effect traits as part of ben-
thic impact assessment should be conducted follow-
ing 2 steps. Firstly, at the species level, an engineer-
ing ability must be defined solely through effect
traits, including those that could express both effect
and response. Then, at the assemblage level, the
range of response trait performances from the differ-
ent species endowed with this ability should be used
to assess its vulnerability. Much effort has been
devoted to the development of indicators of species
vulnerability to disturbance based on response traits
(Tyler et al. 2011, Beauchard et al. 2017), while the
assessment of benthic ecosystem engineering vul-
nerability remains largely unresolved. This repre-
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Table 1. Definitions of key concepts

Concept

Definition

Response traits

Effect traits

Ecosystem engineering

Ecosystem function

Sea floor function

Functional diversity

Every characteristic of an organism related to fitness components (growth, survival and
reproduction). These traits respond to environmental forces, abiotic and biotic, that select
organisms within habitats. They are the products of evolution through environmental
filtering (abiotic constraints) or organism interactions that push organisms toward specific life
strategies as selected combinations of traits (Stearns 1992). These traits are primarily species
properties; they do not directly express ecosystem functions (Schmera et al. 2016), but they
enable assessment of the vulnerability of a species to a given stress or disturbance.

Traits describing the effects of an organism on habitat properties as a result of fitness ex-
pression, such as physiological activity, space occupation, moving, foraging or sheltering
(Lavorel & Garnier 2002). They primarily express ecosystem function.

Alterations of the environmental conditions by an organism (the ‘engineer’) that directly or
indirectly modulate the availability of resources to co-occurring organisms (Jones et al. 1994).
These effects can be expressed by effect traits. Indistinctly, the fitness of co-occurring
organisms can be positively (e.g. refuge creation) or negatively impacted (e.g. hindrance).

Any ability of abiotic and biotic components that contributes to the flow of energy and
materials in an ecosystem (Diaz & Cabido 2001). Hence, this includes species interactions
(e.g. predation, competition) and ecosystem engineering.

Ecosystem function ensured by abiotic or biotic sea floor components, such functions being
necessarily and intrinsically linked to the substratum (Snelgrove et al. 2014, 2018). Biotic
components include microorganisms (biogeochemical functions), fauna, seaweeds and phan-
erogams that fulfil comparable functions (e.g. habitat creation, biostabilisation; Olafsson
2017). Sea floor functions concentrate most of marine ecosystem engineering, and contribute
to energy fluxes through secondary production and species interactions. They can be repre-
sented by groups of benthic species endowed with similar effect traits and that can ensure
full functions (e.g. emergent structure of a coral providing refuge), partly (e.g. partial carbon
mineralisation along the diagenetic process) or different functions.

Amount of variation between organisms positioned in a Euclidean space defined by their
traits and where it can be measured in different ways (Mouillot et al. 2013). It is not necessar-
ily correlated to species richness and represents an irreplaceable way to assess ecosystem
structure and function (Villéger et al. 2008). Based on response traits and mean distance
between species, a high value of habitat functional diversity can indicate different states of
vulnerability in a species assemblage (e.g. mix of resistant and vulnerable species), as well as
a low value (e.g. only vulnerable or only resistant). Based on effect traits, by contrast, a high
value generally indicates co-occurring non-redundant functions, important for the function-

ing of the entire ecosystem.

sents a critical knowledge gap, because it is not yet
clear if the protection of only the most vulnerable
species to human pressures is sufficient to preserve
ecosystem functioning.

Here, we consider ‘sea floor function' as a combi-
nation of benthic effect traits that express ecosystem
engineering (Table 1), which include services benefi-
cial to the ecosystem (e.g. habitat creation) as well as
services beneficial to humans (e.g. carbon sequestra-
tion) (Diaz et al. 2013, Snelgrove et al. 2014). Ecosys-
tem engineering has been historically a major focus
in marine zoobenthic ecology, especially in soft bot-
toms, whose malleable nature enables various
physico-chemical processes to occur (Pearson &
Rosenberg 1978, Solan et al. 2004a, Middelburg
2018). In hard substrata, habitat creation has been a
leading research endeavour, especially reef-building

in corals and in other sessile and colonial organisms
(Ballesteros 2006, Rossi et al. 2017). However, the lit-
erature is still lacking exploratory and comparative
works considering a wider panel of sea floor func-
tions and diversity (e.g. both bioturbation and habitat
creation) from various substrata. In terrestrial and
aquatic ecology, the concept of species functional
groups has been a popular way to deal with large
numbers of species when comparing ecosystems by
simplifying differing assemblages using a limited
number of comparable functions. Gérino et al. (2003)
and Pearson (2001) were pioneers in marine benthic
ecology, classifying benthic species into typological
groups according to their relations with the sedi-
ment. Later, Queirés et al. (2013) provided the most
comprehensive data compilation on species sedi-
ment mixing types in terms of taxonomic coverage.
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However, these classifications are limited to species
in soft sediments, and attribute a dominant function
to each species, whereas the functional role of a spe-
cies can be manifold. For instance, a large walking
crab can generate substantial diffusive mixing at the
sediment surface while inducing regenerative mix-
ing when hiding (Solan et al. 2004b). Likewise, mus-
sels are organised in reefs that provide refuge or per-
manent habitat to many species, and the dead shells
can remain for hundreds of years at the surface of the
sea floor, continuing to offer habitat opportunities
to many organisms (Gutiérrez et al. 2003); in addi-
tion, suspension feeding ensures the transfer of sus-
pended matter to the sea floor.

What has been missing is a reference framework to
draw on the use of multiple effect traits to address
fundamental and critical questions on the functional
structure and vulnerability of species communities.
Moreover, the species assemblage generally repre-
sents a central focus when assessing diversity and
vulnerability, whereas another level of diversity has
been largely ignored in marine studies. Indeed, the
species level can also represent a structurally vari-
able unit in the multivariate trait space, and can be
crucial for detecting the functional importance of an
assemblage, even one that is species-poor. For
instance, the functional niche reflects the spread of
trait modalities of a species within the trait space
(Rosenfeld 2002). The larger the niche breadth, the
greater is the species' functioning potential; Violle &
Jiang (2009) defined it as the ‘impact niche’, in oppo-
sition to the more traditional Hutchinsonian concept
of 'requirement niche' based on fitness components
(Hutchinson 1957). Thus, expressed by effect traits,
niche breadth reflects the concept of ‘multi-function-
ality’ defined by Snelgrove et al. (2014) as the contri-
bution to more than one ecosystem function. Func-
tional originality (Kondratyeva et al. 2019) is another
concept synonymous with distinctiveness or unique-
ness, measuring the rarity of a trait combination that
could denote peculiarities in some species independ-
ently of their abundance and that could raise con-
servation interest (Pavoine & Ricotta 2021). Whereas
traditional diversity indices at the level of the assem-
blage indicate the level of species dissimilarity
(Table 1), the concomitant use of species level-
indices can bring complementary knowledge on spe-
cies multi-functionality for assemblages of equal
average species dissimilarity.

We propose such a framework based on an exten-
sive compilation of effect trait data of the European
macro- and mega-zoobenthos from which we de-
rived a typology of sea floor functions as species

groups and species structural properties in the trait
space. Through an exploratory data analysis, we pro-
vide a general mechanism to explain, from the spe-
cies to the community level, variations in sea floor
functional diversity along habitat gradients. We use
broad species environmental preferences (habitat
traits) to generate such gradients and test hypotheses
at the biogeographic scale regarding a- and p-diver-
sity (within- and between-habitat, respectively). As
both species and functional composition are ex-
pected to depend on substratum type, we hypothe-
sised significant associations between habitats and
functions (H;). Given the broader spatial occupation
of soft sediments by fauna (i.e. above and below the
substratum), we hypothesised that soft sediment
habitats should exhibit a higher functional a-diver-
sity (H,), hence ensuring potentially more ecosystem
services (Snelgrove 1999). Lastly, we provide a quan-
tification of sea floor function vulnerability through
the use of response traits. According to the possible
independence between fitness and ecosystem engi-
neering (Lavorel & Garnier 2002), we hypothesised
that sea floor functions are equally vulnerable to dis-
turbance (Hz). This work brings insights at the conti-
nental scale, and expectations at smaller scales are
discussed. In doing so, we aimed to provide a new
large-scale data set covering both hard and soft sub-
strata across the northeast Atlantic, provide a frame-
work that distinguishes between response and effect
traits to explore patterns in functional diversity, and
show how this trait information can be used to inform
management decisions.

2. MATERIALS AND METHODS
2.1. Trait data

We documented traits of 812 species found in Euro-
pean waters and belonging to the typical phyla found
in benthic studies (Fig. 1, Table 2); a few non-native
and abundant species were also considered (e.g.
Marenzelleria viridis). Effect traits were solely used
to derive sea floor functions and species structural
properties in a first exploratory data analysis. Then,
whereas the response-effect trait duality was of
major importance for testing Hj, our analyses took
place at the biogeographic scale using environmen-
tal information at the species level in order to derive
general habitats as combinations of depths and sub-
strata (see Section 2.1.2). Therefore, effect and habi-
tat traits were used to test H; and H,, and effect and
response traits were used to test Hs.
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Arctic (Arc)

Northern European Seas (NES)

Lusitanian (Lus)

Mediterranean Sea (MS)

Black Sea (BS)

Fig. 1. Biogeographic context
including the 5 European pro-
vinces in which species docu-
mented for traits occur. Colour
bar shows the corresponding
depth (m). White and black con-
tour lines: 200 and 4000 m iso-
baths, respectively. Dashed lines:
biogeographic delineations from
Spalding et al. (2007). For species
occurrences, see Table S1.1

Although traits represent the major focus in species
descriptions, they are not elementary units, as they
can take several states, usually called 'modalities’
that are the functional descriptors to be quantified
within a trait. This concept was popularised by
Chevenet et al. (1994), who proposed 'fuzzy coding’

Table 2. (a) Species counts per biogeographic province and

depth category and (b) number of species in common

between provinces. Arc: Arctic; NES: Northern European

Seas; Lus: Lusitanian; MS: Mediterranean Sea; BS: Black

Sea; see Fig. 1. For depth categories, shore: 0-20 m; shelf:
20-200 m; deep: >200 m

Province

Arc NES Lus MS BS Total
(a) Depth
Intertidal 103 261 250 192 54 302
Shore 182 512 498 438 103 637
Shelf 156 381 371 329 70 477
Deep 89 140 143 128 22 191
Total 243 627 615 543 121 812
(b) Province
NES 220
Lus 144 508
MS 96 399 490
BS 33 102 115 118
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as a generic method for trait quantification and ana-
lysis. Fuzzy coding consists of attributing scores of
species affinity for a given modality based on meas-
urements from the literature, where 0/1 represents a
basic scoring in the absence of quantitative informa-
tion (e.g. distribution of body size), larger intervals
enabling a more accurate quantification whereby
several modalities receive a score of variable impor-
tance. For instance, a species that usually occurs at a
body length of 9-10 cm can be coded for the modality
profile <3/3-10/>10 as 0/3/1 if few individuals ex-
ceed 10 cm, 0/3/2 if this applies to some, or 0/3/3 if
this occurs regularly. In the case of qualitative modal-
ities (e.g. 'epi-bioconstruction type'; Table 3) equally
present, the same score is attributed. We used a 0-3
scoring that enabled us to distinguish a low affinity
for a given modality (1) from a high affinity (3).
Scores were then expressed as proportions of profile
total sum (i.e. 0/3/1 becomes (0.00/0.75/0.25). In
some cases, we used genus-level information where
species-level information was not available. The doc-
umentation, totalling 2473 references, was primarily
based on peer-reviewed articles (2276), comple-
mented with books (73), academic theses and dis-
sertations (61), reports (54) and websites (9) (Sup-
plement 1; see www.int-res.com/articles/suppl/m708
p021_supp/ for all supplements).
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Table 3. Description of the species effect traits used to derive sea floor functional gradients and species groups in the multiple

factor analysis

1J-shaped burrow
UY-shaped burrow
Branched burrow
Anastomosed burrow

Trait Modality Information

Substratum depth 0 Main substratum depth where the organism is encountered (in cm).

distribution 0-5 Not directly expressive of engineering. Indicates where the engin-
5-15 eering is mostly realised. A burrowing organism does not constantly
15-30 lie in the deepest part of its burrow.
>30

Biodiffusion Null Random dispersion of sediment particles by burying/burrowing
Low organisms.
High

Downward conveying  Null Downward displacement of sediment particles; also defecated
Low materials, although not specifically.
High

Upward conveying Null Upward displacement of sediment particles, mostly through burying
Low action.
High

Regeneration Null Instantaneous downward and upward sediment particle displacement;
Low generally encountered in crabs.
High

Bioerosion None Erosion of hard substrata through grazing (e.g. urchins) or settlement
Scarring and growth (e.g. barnacles). Stronger effect through boring.
Scraping/Perforating
Boring

Biodeposition Null Pelagic-benthic sediment transfer through suspension feeding. Part of
Low ‘benthic—pelagic coupling'. Function of the degree of suspension
High feeding and organism biomass.

Biostabilisation Null Mitigates sediment erodibility through hydrological modulation (e.g.
Low zoic tubes, mounds, reefs).
High

Ventilation/Pumping Null Ability to generate water fluxes into the substratum through body or
Low appendix undulations. Expresses bioirrigation magnitude when
High considered with endo-bioconstructions depth and burrow width.

Burrow width None Considered with Ventilation/Pumping and endo-bioconstruction
Narrow depth, expresses bioirrigation magnitude and endo-benthic habitat
Intermediate creation; <5, 5-10 and >10 mm, respectively.
Wide

Endo-bioconstruction = None Chimney/Funnel provides a respiratory function (e.g. Echinocardium

type Rugosities/Pit sp.). Tube is a construction from organic or mineral materials. UY-
Chimney/Funnel shaped burrow differs from IJ-shaped by enhancing water flux
Tube through bioirrigation. Respectively, the same between anastomosed

and branched burrows, both generally deep structures.

Tube/Tubular protrusion
Shell

Endo-bioconstruction = None Endobenthic vertical effect size in cm, specifically semi- or permanent
depth 0-5 burrows.
5-15
15-30
>30
Epi-bioconstruction None/Surficial Type of epibenthic structure of the individual organism. Mat, soft or
type Mat hard, generally flattened. Mound specific to soft sediment. Shell,
Mound although possibly endobenthic, can be surfaced through physical

disturbance. Stalk/Feather generally encountered in corals.
Protuberance as simple protrusion, but can be important refuge if

Horizontally flattened
Horizontally erect
Vertically complex

Vertically highly complex

Stalk/Feather extended as a complex structure, e.g. goose barnacle.
Protuberance/Lobe
Arborescence
Epi-bioconstruction None Isolated/Clumped for spatially limited organism construction (e.g.
extension Simple isolated barnacles, sea pens). Others: from mostly horizontal extension

(e.g. spionid tube lawn) to more vertically structured reef (e.g. from
mussel to oyster and coral reefs).

Epi-bioconstruction
size

None
<1
1-3
3-10
10-20
20-50
>50

Largest dimension between horizontal and vertical extent (in cm).
Type of extent specified by epi-bioconstruction extension. If an
organism is generally encountered aggregated, this is the size of the
aggregation (e.g. mussel reef) rather than the size of the individual
body length (e.g. shell).
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Whereas the studied fauna (macro- and mega-ben-
thos) includes several thousand species (Coll et al.
2010, Narayanaswamy et al. 2010, Bodil et al. 2011),
we considered the representativeness of the docu-
mented set of species based on 3 strong assumptions:
(1) among 11 documented phyla, we documented the
most functionally extreme and uncommon living
forms so that the range of represented functions
would encompass the functionalities of species that
were not documented; (2) the most documented spe-
cies are generally the most abundant or those
exhibiting the most peculiar trait combinations that
have raised scientific interest; (3) functions of closely
related species are often closely related. Importantly,
here we focus more on which functional types occur
rather than how many species are represented per
functional type.

2.1.1. Effect traits

We defined 15 effect traits that directly or indi-
rectly express various sea floor functions (Table 3).
These functions include different kinds of sediment
alterations: sediment mixing types, biodeposition,
biostabilisation and bioerosion. Sediment mixing (i.e.
biodiffusion, upward and downward conveying, and
regeneration) was quantified differently from what is
usually encountered in the literature. It cannot be
expressed by a single trait, as 2 aspects, namely
affinity for mixing type and mixing magnitude (i.e.
amount of sediment displaced per time unit), must be
considered separately for each mixing type. We used
body mass, mobility and affinity scores for calculat-
ing mixing types as 4 distinct traits; Supplement 2
provides detailed descriptions of trait documentation
and calculation. Other traits were considered as part
of habitat creation through ‘bioconstruction’ (In-
grosso et al. 2018), which is not restricted to the sub-
stratum surface. Indeed, large burrows are known to
host a variety of commensal, symbiotic, opportunistic
and foraging organisms, including fish (Woodin
1978, Lackschewitz & Reise 1998, Callaway 2006,
Tseng et al. 2019).

2.1.2. Habitat traits

In order to test our hypotheses, we defined general
benthic habitats based on species preferences as
habitat traits. Various descriptors can be used to
characterise benthic invertebrate habitats. Given its
major importance in determining species composi-
tion, we considered substratum, firstly from hard to
soft substrata, but also between soft sediment types

(Snelgrove & Butman 1994). Water depth is another
key descriptor along habitat gradients and zonation,
as it modulates light availability and stratification,
and consequently the availability of pelagic re-
sources (Etter & Mullineaux 2001). Six categories of
substrata were considered: ‘Hard' (rock, stones, peb-
bles), ‘Mixed hard-soft’ (any previous category with
any of the following ones), ‘Gravel’, ‘Sand’, ‘'Muddy
sand’ and ‘Sandy mud-Mud'. Water depth was
divided into 4 categories: ‘Intertidal’, ‘Shore’ (0-20 m),
‘Shelf’ (20-200 m) and ‘Deep’ (slope and abyss,
>200 m); the combination of both traits (substratum
and water depth) gave rise to 24 general habitats as
24 divisions of the entire European marine sea floor.
This approach based on habitat traits was preferred
over field occurrence data for pragmatic reasons.
Firstly, there is no large-scale and standardised sur-
vey that considers both macro- and megabenthos
covering the large spectrum of water depths and
substratum types; the current EUNIS marine habitat
classification (Galparsoro et al. 2012), which is gain-
ing recognition, does not provide species lists per
habitat except a few iconic ones, and performs poorly
when related to changes in community composition
(Cooper et al. 2019). Secondly, the long history of
bottom trawling on the European shelves has ren-
dered this perspective unrealistic; at present, the sea
floor is still swept by trawlers and in many places,
can be abraded several times a year, and it has lost
most of its historical large biogenic structures (de
Groot 1984, Houziaux et al. 2011). Thus, our physical
habitats were theoretically ideal, as they represent
undisturbed conditions in which species may occur
independently of their vulnerability. Using pres-
ence—absence is not necessarily worse than a more
empirical context of field abundance data, as assem-
bly rule control on communities is primarily exerted
on species presence, especially at the large scale
when differences between habitats are expected to
be strong (Wilson 2012). In this way, data analyses
can provide theoretical predictions on functional
diversity patterns for the many European areas
that have experienced long-lasting and continuous
effects of human pressures and where species abun-
dances may have been driven far from historical
references.

2.1.3. Response traits

Response traits were used to test H;. The traits con-
sidered were those defined by Beauchard et al.
(2021), specifically scored and combined in a sensi-
tivity component that expresses the instantaneous
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effect of physical disturbance on a species, and a
recoverability component that indicates the inability
of this species to recover (Supplement 2). Although
the sensitivity component was specifically designed
for studying bottom trawling impact, the recoverabil-
ity component, based on growth rate, reproductive
ability and dispersal, is generic for any kind of distur-
bance. The sensitivity (SE) component was calcu-
lated as:

SE = BL x FR x BD (1)

where BL is body length, FR is body fragility, and BD
is burrowing depth, used as effect traits (‘Substratum
depth distribution'); trait modalities are scored to
express vulnerability (e.g. in the case of BD, the
highest score is given to epibenthic species, and the
lowest to deep-burrowing ones). As our trait ap-
proach provides an ideal undisturbed context where
any vulnerable species can occur in its documented
habitats, the recoverability component (RE) was cal-
culated in a conservative way using only life span
(LS) instead of the relative maturity ratio for inten-
sively trawled areas:

RE = LS x MO x OT x OS 2)

where MO is mobility (used to quantified sediment
mixing types), OT is offspring type, and OS is off-
spring size.

2.2. Data analyses

2.2.1. Functional groups and species
structural properties

The fuzzy coded species x effect traits matrix was
processed using a multivariate ordination technique.
In a typological perspective, our aim was to find cor-
respondences between species and trait modalities
as strong as possible so that the matrix was
transformed by double-multiplicative centring (chi-
squared metrics) as processed through fuzzy corre-
spondence analysis (FCA; Chevenet et al. 1994).
FCA axes maximise the sum of trait correlation
ratios; for a trait, this ratio is the variance of modality
scores divided by the axis variance (eigenvalue) and
varies from 0 (no trait expression) to 1 (optimum).
Usually, the application of FCA is sufficient for deriv-
ing species—modality correspondences and species
groups. However, we also aimed at quantifying spe-
cies functional niche breadth to assess species multi-
functionality, so we used a more specific procedure.
The 15 fuzzy traits, each with m modalities, are 15

multivariate measurements of each species and can
be seen as 15 matrices of 812 species x m modalities,
returning 15 clouds of species through 15 separate
FCAs. As a simultaneous ordination, multiple factor
analysis (MFA; Escofier & Pages 1994, Abdi et al.
2013) was used to project these 15 clouds of species
onto a unique system of multivariate axes (Fig. 2).
MFA provides species-averaged axis scores of the 15
ordinations; correlation ratios were recalculated with
species axis scores (unit norm, SD = 1) and the fuzzy

1 S 1
Species E_‘ e

Habitat traits

Traits

N

Effect 1 MFA
traits 1

* Species niche,

originality & clustering ’
E Habitat
specificities
(H1 & Hz)

\° /

Vulnerability
assessment (H3)

Sea floor functions

Response traits

Traits

Species

Fig. 2. Analytical approach. (1) 15 species x effect traits
matrices are separately processed by 15 fuzzy correspon-
dence analyses, and then simultaneously coordinated
through multiple factor analysis (MFA); a Euclidean dis-
tance matrix (D) is derived from MFA species axis scores
and used for computing species structural properties and
clustering species as typological groups of sea floor func-
tions. (2) The combination of matrix D with species x habitat
traits through double principal coordinate analysis (DPCoA)
enables to test H; (habitat—function relationships) and H,
(habitat—functional diversity relationship). (3) The species x
response traits matrix is used to distribute species vulnera-
bility for each sea floor function on the one hand, and along
the habitat gradient on the other hand, in order to test H3 (no
difference in vulnerability between functions)
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coded data matrix (according to Chevenet et al.
1994). Hence, the niche breadth of a species can be
expressed by the variance of its 15 axis scores along
an MFA axis (sum of variances in the case of several
axes). MFA is a multi-table ordination technique
(Thioulouse et al. 2018) that better takes account of
structural importance of column blocks (here, the
traits) with weighting options specific to the research
context. We chose the division of each matrix by its
first eigenvalue from its respective FCA, which bal-
ances the roles of traits with different numbers of
modalities (Escofier & Pages 1983). From the Euclid-
ean distance matrix of the synthetic species MFA axis
scores, we then also computed functional originality
under 2 complementary versions from Pavoine et al.
(2017). The first one, the Rb index, as the first eigen-
vector of this distance matrix, is an improved version
of the averaged distance between species, and
reveals how close species are to the most distant
edges of the pattern. The second one, the NN index,
is the distance to the nearest neighbour and
expresses the degree of functional redundancy in the
trait space. Sea floor species functional groups were
simply derived from a hierarchical clustering based
on Ward's aggregation criterion (Murtagh & Legen-
dre 2014) applied to the Euclidean distances be-
tween average MFA species positions.

2.2.2. Habitat-function relationships

The distributions of sea floor functions among
habitats were explored through double principal
coordinate analysis (DPCoA; Pavoine et al. 2004).
DPCoA positions habitats at the gravity centres of
their respective species based on a habitat x species
matrix constrained by a matrix of species functional
distances; we used the Euclidean distances between
species MFA axis positions that encompassed the
main sea floor functional information. The resulting
axes maximise the positions of habitats constrained
by species functional distances, species being posi-
tioned by passive projection; hence, axes maximise
B-functional diversity (i.e. between habitats). H; was
tested by an appropriate procedure that randomly
permutes species among habitats in order to consider
whether habitats could be distinguished according to
their functional contributions (Pavoine & Dolédec
2005); the procedure compares simulated y-func-
tional diversity values, the - over a-habitat diversity
ratio, to the observed one (999 permutations).
Although very intuitive when comparing extreme
habitats (i.e. hard vs. mud), H; was tested to support
the correlative validity of the trait data as should be

expected with field data (Pearson 2001): substratum
type should at least differ in suitability to species
functional types.

Concomitantly to DPCoA, we used Rao's quadratic
entropy index (Rao 1982), an ultimate measure of
a-functional diversity, the sum of weighted squared
distances between species, as an average between-
species distance within a habitat. This enabled us to
test H,, according to which soft sediment habitats
were more functionally diversified. As shown by
Mouchet et al. (2010), Rao’s index is intermediate
between convex hull (species community volume as
functional range in the trait space) and functional
divergence (how species tend to diverge from the
community centroid). Thus, from this point of view,
removing species from a community with a high
Rao's index can substantially alter the functional
potential of the community (Ricotta et al. 2016).

2.2.3. Vulnerability analysis

Sensitivity, recoverability and vulnerability, the lat-
ter as the combination of the first two, were com-
pared between functional species groups and be-
tween habitats using non-parametric and correlative
approaches.

All analyses and associated graphical representa-
tions were carried out using R 4.2.2 (R Core Team
2022). Multivariate analyses were processed with the
package ‘ade4’ (Chessel et al. 2004), and functional
originality with the package ‘adiv’ (Pavoine 2020).
Group comparisons were done with a Kruskal-Wallis
test, and, in case of significance (p < 0.05), we ap-
plied post hoc multiple comparisons of Dunn's test
with the package ‘dunn.test’ (Dinno 2017), with Bon-
ferroni adjustment of the p-values (0.025 as rejection
level). Fig. 2 summarises our analytical methodology.

3. RESULTS
3.1. Species typological groups

MFA of the effect trait matrix revealed a complex
pattern, spreading along 7 axes accounting for 48 %
of the total inertia (Fig. 3); Table 4 displays the cor-
relation ratios of each trait on each axis. The first
axis sharply opposed epibenthic species (left) to
burrowing ones (right), and the second axis cap-
tured the vertical distribution across the substratum
(Fig. 4b). Characteristic traits were covariant along
this burrowing depth gradient (Fig. 4c-k). A few
epi-bioconstructions were also characteristic of the
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burrowing fauna (Fig. 4l-n), such as mounds
(Fig. 41) resulting from upward conveying (Fig. 4e).
The third and fourth axes were mostly related to
epi-bioconstruction and biodeposition (Fig. 5). Axis
5, 6 and 7 brought only limited variations regarding
a few species groups, displayed in Supplement 3,

MFA axis
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gram, cluster analysis of
i Euclidean distances be-
tween species scores on
the 7 selected axes; the
optimal partition results
in 15 groups of species

Figs. S3.1 & S3.2. Taxonomy poorly explained the
pattern, except along axes 3 and 4 where phyla
were more specific of epi-bioconstruction type and
size (Fig. S3.3). We derived 15 typological species
groups of sea floor functions from the cluster ana-
lysis (Fig. 3; Supplement 1); group composition is

Table 4. Correlation ratios of traits on each axis of the multiple factor analysis; only traits with substantial species discrimina-
tory power (>0.20) are represented in Figs. 4 & 5

Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6 Axis 7

Substratum depth distribution 0.38 0.29 0.05 0.12 0.07 0.04 0.04
Biodiffusion 0.00 0.32 0.16 0.09 0.00 0.25 0.00
Downward conveying 0.52 0.13 0.04 0.00 0.05 0.00 0.18
Upward conveying 0.23 0.38 0.10 0.07 0.10 0.01 0.10
Regeneration 0.01 0.22 0.01 0.06 0.10 0.00 0.08
Bioerosion 0.07 0.05 0.08 0.19 0.19 0.48 0.15
Biodeposition 0.08 0.18 0.46 0.02 0.25 0.06 0.06
Biostabilisation 0.42 0.19 0.01 0.01 0.02 0.02 0.01
Ventilation/Pumping 0.67 0.34 0.09 0.02 0.03 0.01 0.13
Endo-bioconstruction type 0.84 0.33 0.02 0.08 0.12 0.36 0.05
Endo-bioconstruction depth 0.81 0.45 0.07 0.09 0.19 0.06 0.13
Endo-bioconstruction width 0.81 0.35 0.17 0.00 0.09 0.05 0.09
Epi-bioconstruction type 0.54 0.62 0.86 0.70 0.32 0.09 0.28
Epi-bioconstruction extension 0.39 0.37 0.84 0.53 0.29 0.07 0.17
Epi-bioconstruction size 0.16 0.33 0.81 0.57 0.05 0.07 0.04
Inertia (%) 13 10 8 6 4 4 3
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modalities along axes 3 and 4.
Other details as in Fig. 4

summarised in Table 5, with a detailed description
provided in Supplement 4.

Burrowing groups exhibited broader functional
niches (Fig. 6a), which means that species from these
groups were characterised by more divergent trait
modalities; Figs. S3.4-S3.7 illustrate this aspect on
the MFA factorial planes. Functional originality ex-
pressed through the Rb index was closely related to
niche breadth (r = 0.90, p < 0.001), indicating that
species with divergent modalities (high Rb) had
uncommon trait modality combinations (Fig. 6b) and
were distributed at the edges of the species cloud
(Figs. 4a & 5a). The NN index (functional originality,
nearest neighbour) provided relatively independent
information to Rb, as the two were not strongly corre-
lated (r = 0.38, p < 0.001). Differences between
groups were less obvious due to higher within-group
variations, but slightly higher values were also found
in burrowing groups (bioturbators). Among non-bur-
rowing groups, epibenthic erect and bioeroding spe-
cies had slightly broader niche breadths and Rb
index values.

The MFA and species structural property patterns
provided robust support for H; and H,. MFA axes
clearly displayed a duality between below- and
above-substratum engineering. Aspects related to
endo-bioconstructions dominated MFA axis variance

as they were necessarily associated with sediment
mixing types that were covariant with burrow and
tube creation, typical of soft sediments. This covari-
ance was the main support of H,, as these functional-
ities are more limited in hard substrata, whereas soft
ones harbour various epi-bioconstructions including
the most prominent ones like tube lawns, and also
shellfish reefs that occur on hard substrata (Supple-
ment 1). Moreover, below- and above-substratum
engineering were not completely independent. Mound
and tube building, associated with in-sediment pro-
cesses such as bioturbation (e.g. upward or down-
ward conveying), could largely account for the
broader niche breadths in burrowing groups.

3.2. Habitat-function relationships

Significant differences in functional composition
were detected between habitats (p < 0.001). The func-
tional information accounted for 9% of habitat varia-
tion (i.e. of total inertia). The DPCoA pattern exhibited
a clear habitat gradient from hard (left) to soft sub-
strata (right; Fig. 7b). Rao's quadratic entropy (func-
tional o-diversity) was strongly associated with this
gradient (Fig. 7c; r = 0.89, p < 0.001). This result was
not influenced by differences in species richness be-
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Table 5. Summarised description of the functional groups and their habitat preferences. Under 'Abbreviation’, values within
parentheses indicate the number of species in the group. Habitats are H: hard; MH: mixed hard; G: gravel; S: sand; MS:
muddy sand; M: sandy mud-mud; total numbers of species per substratum type are given in parentheses; values in rows are
percentages of the number of species of the respective functional group. See Supplement 4 for detailed group descriptions

Group Habitat preferences
Code Abbreviation Description H MH G S MS M
(370) (338) (148) (280) (278) (224)

1 EpiErect (42) Epibenthic, tall and erect arborescence. Mostly corals 53 34 3 4 3 4
and sponges.

2 EpiLarge (91) Epibenthic, possibly erect, less complex. Large, isolated 40 29 8 8 9 6
or through horizontal extensions (e.g. mussel
reef, sea pen forest, sponge aggregation).

3 Fouler (34) Epibenthic, fouling organisms forming mats 40 35 6 6 8 6
(e.g. barnacles, serpulid worms).

4 MajAbr (16) Major abrading effect on hard substrata (urchin or 48 32 6 3 6 3
sponge).

5 Borer (15) Boring into hard substrata, building burrows 44 21 9 9 9 9
(typically bivalves).

6 MinAbr (33) Minor abrading effect on hard substrata (typically 56 31 4 7 2 0
gastropods).

7 EpiSmal (34) Epibenthic, sessile, extended mat or isolated forms 46 37 6 3 5 3
(e.g. solitary corals, sea squirts, hydrozoans).

8 ShalShel (99) Mostly shallow-buried, shelled species (bivalve-domi- 8 10 15 25 26 16
nated). Can occur above substratum (some gastropods).

9 SurfDiff (296) Generally mobile, possibly buried (at least intermittently) 17 21 11 23 15 13
Most generate surficial sediment diffusive mixing
(various arthropods, mulluscs and echinoderms).

10 SmallTub (26) Small tubicolous worms, extensive mats in sediment or 7 3 10 20 32 27
on rock with possible erosive ability (e.g. spionids).

11 DeepTub (19) Deeper tubicolous worms (e.g. phoronids), larger with 6 9 6 18 30 30
extensive tube mats (e.g. Haploops spp., Lanice conchi-
lega) or burrow with mound mat (e.g. Corophium spp.).

12 MinBiot (25) Minor bioturbators, mostly worms in narrow burrows. 10 14 10 10 29 27

13 SesBiot (24) Sessile bioturbators, in deep vertical (e.g. Mya spp.) or 0 3 5 19 38 35
shallow burrows with several openings (Amphiura spp.).
Active bioirrigators.

14 MajBiot (38) Major bioturbators, larger, mobile, with deep bioturb- 3 7 5 23 34 27
ative effects (e.g. heart urchin, ragworm).

15 Deep 3D (20) Deepest burrowers, bulldozing effect on the sediment 0 3 0 14 41 41
with large galleries (typically callianissids, lobsters,
lugworms).

tween habitats (Table 5), as no significant correlations
were observed between species richness and DPCoA
axis scores (axis 1, r =-0.22, p = 0.294; axis 2, r = 0.07,
p = 0.734). Benthic functional diversity increased 3-
fold from hard to soft substrata (Fig. 7c). Along this
gradient, 3 main associations of functional groups
could be distinguished (from left to right): hard-
epibenthic, coarse sediment—surficial and shelled dif-
fusors, mud-bioturbators and small tubes (Fig. 7d);
group 5 (borers) occupy hard substrata, but these or-
ganisms can be found in all habitats where driftwood
is cast. There was no clear depth trend, except within
muddy habitats, stretched from top right (intertidal) to

bottom middle (deep), and within hard habitats,
stretched from bottom middle (intertidal) to top left
(deep); see Fig. S3.8 for details.

Species niche breadth and Rb index were posi-
tively correlated with the first axis (r = 0.61 and 0.55,
respectively, p < 0.001 for both), while this was less
the case for the NN index (r = 0.40, p < 0.001). Traits
were passively projected on both axes in order to
appraise their respective contribution to p-diversity.
Modalities of most traits were aggregated in 2
modes, discriminating hard (left) from soft substrata
(right). A few traits were continuously spread along
the gradient, mainly epibenthic aspects (Fig. 7m-o).
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Fig. 6. Species structural properties per functional group
derived from the trait space, i.e. multiple factor analysis
(MFA) axes as displayed in Fig. 4. (a) Functional niche
breadth, amount of functional potential (see also Figs. S3.4—
S3.7). (b) Functional originality as the degree of rarity of
trait modality combination. (c) Functional originality as dis-
tance from the nearest neighbour species in the trait space.
Blue dots, species; black dots, median; bars range from 25th
to 75 percentiles. Right side, the absence of common let-
ters between 2 groups denotes a significant difference;
Bonferroni-corrected significance level of Dunn's test,
p <o/2,i.e. 0.025. Group abbreviations as in Table 5

The second axis mostly opposed gravel and sand
(bottom) to deep hard and shallow muddy habitats
(top), with increasing biodeposition and epi-biocon-
struction type and size (Fig. 7h,m-o); this axis em-
phasised the similar importance of hard and muddy
habitats in providing emergent structures. Stronger
correlations with niche breadth and Rb index were
found (r = 0.79 and 0.78, respectively; p < 0.001 for
both), but not for NN index (r=0.41, p < 0.001).

These results validate H; and H,, and the relation-
ships between the habitat gradient (first DPCoA axis)
and species structural properties show higher spe-
cies multi-functionality in soft substrata by diversifi-
cation of epi-, endo-substratum engineering or both
as detailed in the MFA pattern.

3.3. Sea floor function vulnerability

No major differences in sensitivity, recoverability
and vulnerability were found between the sea floor
functional groups and the habitats (Fig. 8). The dif-
ferences of groups 1 and 2 (large epi- bioconstruc-
tions) were slightly more perceptible, higher for the 3
indices. Fig. 8 displays the variations of the 3 indices
along the first DPCoA axis that account for the habi-
tat gradient, from hard (left) to muddy (right), and
shows 3 similar trends. As a result of group 1 and 2
habitat specificity (Fig. 7d), sea floor function vulner-
ability is mostly notable in deep hard substrata for
the functions ensured by these groups (see Fig. S3.8
for depth gradient). This partly affected the validity
of Hj, yet vulnerability remained weakly variable
beyond these habitats along the gradient.

-
?

Fig. 7. Double principal coordinate analysis; each panel dis-
plays the same multivariate axes along which species (blue
dots), habitats, functional groups and trait modalities simi-
larly positioned can be associated. (a) Habitat breadth, with
ellipses encapsulating the respective species of each of the
24 habitats, illustrating a-functional diversity; bar diagram,
eigenvalues; axis 1, 80 %; axis 2, 11 %. (b) Habitats grouped
per sediment type (centroids of ellipses in a); H, HM, G, S,
MS and M represent respectively hard, mixed hard, gravel,
sand, muddy sand and sandy mud-mud; each character cor-
responds to a specific depth; see Fig. S3.8. (c) Rao's index as
a-functional diversity; white and blue squares (habitat posi-
tions in b) for respectively low and high values; square size
proportional to the deviation from the mean (small square);
values range from 11.5 (min, left) to 31.5 (max, right). (d)
Functional groups highlighted in the MFA (Figs. 3-5) and
positioned according to species scores. (e—p) Traits exhibit-
ing a substantial correlation ratio on the first or the second
axis (values in italics), hence contributing to p-diversity.
‘d" indicates the grid scale
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Fig. 8. Vulnerability analysis. (a—c) Responsive characteristics of functional groups to disturbance; blue dots, species; black
dots, medians; bars range from 25 to 75" percentiles. From a to c, x-axis: sensitivity (instantaneous response), recoverability
(long-term response) and vulnerability (sum of sensitivity and recoverability). Right side, the absence of common letters be-
tween 2 groups denotes a significant difference; Bonferroni-corrected significance level of Dunn's test, p < /2, i.e. 0.025. (d—f)
Corresponding variations in sensitivity, recoverability and vulnerability (vertically) along the first double principal coordinate
analysis (DPCoA) axis (horizontally; axis 1 in Fig. 7a) as a habitat gradient, from hard (left) to muddy substrata (right); blue
dots, species; black curve, non-parametric LOWESS fitting; the 3 variations are similarly due to species from groups ‘EpiErect’
and 'EpiLarge’ (large epibenthic and slow-growing species) in deep, hard substrata, beyond which no variation is observed
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4. DISCUSSION
4.1. Eifect traits and functional groups

Although we derived interesting outcomes from
our effect trait data set, some words of caution are
warranted. In a local context, on a more limited set of
species, the use of these traits might have some limi-
tations. As displayed in Fig. 7, burrowing and biotur-
bative aspects can denote a lack of habitat specificity,
especially from sand to mud. In case of limited sedi-
mentary variations, the traits may fail in identifying
habitat-specific functions or engineering effects on
community composition. As Murray et al. (2014)
reported, this may prevent translation into accurately
and quantified sediment mixing rates and solute
fluxes that require a high level of detail regarding
the involved species. Although our set of traits was
more comprehensive and finely designed than exist-
ing data sets (e.g. Queir6s et al. 2013), their use was
more intended from the perspective of functional
potential and diversity assessment rather than quan-
titative nutrient budgets. For instance, sedimentary
mounds, which simultaneously ensure habitat, bio-
geochemical and physical functions, typically fall
within this perspective.

The functional groups were relatively specific to
substratum depth distribution, although the deeper
they reach, the larger the depth interval becomes
(Fig. 4b). This could be expected given the more
demanding respiratory requirements in deeper sedi-
ments (Kristensen & Kostka 2005) and habitat depth-
specificity of sediment mixing (Pearson & Rosenberg
1978, Pearson 2001). Among different functions that
species could ensure regardless of their burrowing
depth, there was no exclusive association between
the different species groups and the traditionally
considered dichotomy in ecosystem engineering, i.e.
autogeny versus allogeny. While large epi-biocon-
structions are known to create habitats (e.g. biogenic
reefs, i.e. autogeny), they can also maintain substan-
tial fluxes of matter from the water column to the sea
floor (biodeposition, i.e. allogeny). Some species from
group 1 and 2 (large epibenthic forms) certainly dis-
play more of an autogenic than an allogenic charac-
ter (e.g. Desmophyllum pertusum; Howell et al.
2011), but many tube dwellers display both equally,
like the prominent sediment accretions created by
patchy lawns of Lanice conchilega (Rabaut et al.
2009, Braeckman et al. 2010). To capture such termi-
nological issues, also for other biological descriptors,
we think that a fuzzy concept is more suitable than a
simplistic dichotomic one. In this respect, the impli-

cation of functional niche breadth, expressing multi-
functionality, is determinant, as discussed below.

4.2. Implications of functional niche
and originality

The validation of H; and H, was greatly supported
by our trait analyses. We could have concluded that
the increase in functional diversity toward soft sedi-
ment habitats would have solely resulted from an
increase in functional dissimilarity between species
as expressed by Rao's index. In fact, larger niche
breadths encountered in soft sediment species pro-
vide additional evidence: although species can dwell
above or below sediment surface, they can engineer
both compartments. The DPCoA pattern clearly
showed the contribution of bioturbation to this in-
crease, but other above-substratum engineering also
contributed. The multi-functional importance of soft
sediment benthos, although first developed >20 yr
ago (Snelgrove 1999, Snelgrove et al. 2014), had
never been made explicit with tangible quantifica-
tions until now.

Species of broader functional niche breadth were
also those of greater functional originality expressed
by the Rb index. In general, an increase in functional
diversity is due to functional niche differentiation (Ri-
cotta et al. 2016), and rarity in trait combinations exac-
erbates dissimilarity (Kondratyeva et al. 2019). This is
exemplified by historical evidence in the marine ben-
thos, where the functional diversity increased over
evolutionary time due to emerging species with rare
trait combinations (Villéger et al. 2011). However, we
cannot ascertain a direct link between originality and
niche breadth, although both were strongly corre-
lated. In any case, the functional niches of species
from different soft substratum groups can largely
overlap (Figs. S3.4 & S3.5) in spite of dissimilar niche
centroids (Fig. 4a) and similar habitat occupancy
(Fig. 7d). Such niche overlap may not necessarily pre-
clude species from coexisting, as niches derived from
effect traits do not necessarily reflect Hutchinsonian
niches derived from response traits, of which overlap
can lead to competitive exclusion (see Section 1).

Given the paucity of marine studies using func-
tional originality, some technical remarks deserve
discussion in light of our results. The Rb index better
discriminated the functional groups than the NN
index, both being weakly correlated. The NN index is
a special case of originality, expressing uniqueness
(Pavoine et al. 2017); it equals 0 in species sharing the
same functional niche, and increases with niche iso-
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lation in the functional space. In our context, the large
biogeographic species pool necessarily contains sister
species with similar niches but differing in geo-
graphic distribution, leading to large variations in the
NN index within functional groups. For instance, the
largest discrepancy between Rb and NN indices was
encountered in group 15, with the highest Rb index,
which includes all mud shrimps recognised for their
important role in ecosystem functioning (Atkinson &
Taylor 2005): Calocarides coronatus, Calocaris mac-
andreae, Callinassa subterranea, Gilvossius tyrrhe-
nus, Jaxea nocturna, Necallianassa truncata and
Upogebia spp. These species, which have a similar
functional niche, are commonly encountered from
the northwest shelf to the Mediterranean Sea, but
can locally be represented by only 1 species. Thus,
whereas their NN scores ranged between 0 and the
median score of the entire species pool (Table S1.1),
they may get a maximum uniqueness in local studies
when a single one of these species is represented.
More generally, high Rb and NN indices characterise
low functional redundancy (Pavoine et al. 2017), so
species of high originality are irreplaceable. This rep-
resents a critical point as regards management impli-
cations: in the case of the mud shrimps previously
mentioned, which exhibit broad niche breadths, their
rarefaction should attract particular attention.

4.3. Vulnerability assessment

The high number of significant functional gradi-
ents returned by MFA (7) may reflect a multiplicity
of engineering types within a few life strategies.
Among multiple examples, long-lived and slow-
growing species (i.e. K-strategists) are encountered
under very diverse engineering modes: reef building
by Pacific oyster Magallana gigas, crawling on the
sediment by red king crab Paralithodes camtchaticus
or burying below the water—-sediment interface by
the North Atlantic quahog Arctica islandica. Simi-
larly, short-lived species (e.g. r-strategists) have
developed contrasting structures and functions, like
tube lawns of the sand mason worm L. conchilega,
deep anastomosed galleries of mud shrimps C. sub-
terranea or foliaceous erect forms of the hornwrack
Flustra foliacea. Many of these dwelling forms can be
indistinctly found in species of low or high recover-
ability following anthropogenic impacts. To a lesser
extent, large epi-bioconstructors, very exposed to
abrasive forces and requiring a long time to achieve
engineering after slow growth, seem to make an
exception (‘EpiErect’ and 'EpiLarge’; Fig. 8a—c). This

mostly accounts for deep habitats where longer life
spans are due to lower frequency of disturbance
(Montero-Serra et al. 2018). Nevertheless, the out-
comes from this work support the relative independ-
ence already suggested between fitness and engi-
neering (Lavorel & Garnier 2002), at least in other
habitats, as shown by the high variations in vulnera-
bility to disturbance within most sea floor functions.
Fig. S3.9 provides further evidence of the independ-
ence between response traits and sea floor functions,
and shows that there is no obvious indication of
mechanistic causality between life history and eco-
system engineering. Among species, a pending
question concerns the rare trait combinations giving
rise to broader functional niches in groups from
muddy substrata. Disproportionate consequences of
species removal for ecosystem functioning are ques-
tionable compared to hard substratum habitats,
especially when species are present in low abun-
dance (Leitao et al. 2016).

As expected, vulnerability was strongly variable
within functional groups, likely due to the large
number of species covering a wide biogeographic
spectrum of ecosystem functions and life history
strategies. Fig. 8 shows that from the perspective of
conserving seafloor ecosystem functioning, no a pri-
ori priority should be given to any function or habitat.
Large overlaps between functional group sensitivity,
recoverability and vulnerability (Fig. 8a—c) suggest
that various degrees of community vulnerability may
be found at smaller scales where relative proportions
in species community composition can strongly vary.
Whereas an absence of overlap would have enabled
us to address management priorities in habitats host-
ing vulnerable functions, local field expertise must
be required to evidence differences in functional vul-
nerability. Whatever the expectations from local field
studies, this opens the question of minimum regional
surface area ensuring that all functions be protected,
since functional diversity can be a growing function
of space (‘functional diversity area relationship’,
Smith et al. 2013).

Only a limited amount of sea floor functions can be
encountered in a very limited surface area for several
reasons. Firstly, as an inherent property of ecosystem
engineering, one function can have inhibiting effects
on another at the patch scale (Bouma et al. 2009,
Norkko et al. 2006, van Wesenbeeck et al. 2007).
Secondly, as supported by the validation of our first
hypothesis, sea floor functions can be habitat-depen-
dent as theoretically assumed or shown in studies
carried out at various spatial scales (Hewitt et al.
2008, Bernard et al. 2019, Gogina et al. 2020). Fur-
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thermore, ecosystem engineering can have positive
effects on species richness over increasing spatial
scales (Jones et al. 1997). This indicates that habitats
are not interchangeable in terms of functions, but
rather that seascape-scale protection may offer the
greatest benefits by conserving the most functions
provided by the benthos. Additionally, we are still
unable to rank the highlighted sea floor functions in
an order of importance for the ecosystem. Margin-
ally, it could be said that the group of surficial dif-
fusers (group 9) realises much less than other deeper
burrowing groups so that gravelly and sandy habi-
tats would contribute less than hard and muddy ones
to ecosystem functioning as mentioned in other stud-
ies (Kenchington et al. 2001, Bolam et al. 2017).
Moreover, in such more permeable sediments, bio-
turbation is reduced since fluxes are more abiotically
induced (Meysman et al. 2006a, Timmermann et al.
2006). Also, we could speculate on the limited role of
the fauna in deep muddy environments. Depth gra-
dients were found in muddy habitats with a progres-
sive impoverishment in burrowing structures and a
preference for the sediment surface, as highlighted
in the DPCoA pattern (Fig. S3.8), probably explained
by lower oxygen concentrations and recognised
depletion in burrowing fauna (Levin 2003); neverthe-
less, these habitats remain crucial for abiotic carbon
burial (Middelburg 2018).

Should we preserve some sea floor functions at the
expense of others under growing human pressures?
Complementarity of functions over space is recog-
nised (Godbold et al. 2011), so the impairment of one
function may indirectly alter another one. For
instance, coastal oyster reefs, as nursery grounds,
and found on various substrata, can contribute to the
survival of more widely distributed fish populations
(Gilby et al. 2018). In fact, for most functions, we can
only speculate on variable degrees of their local con-
tributions to the functioning of the regional ecosys-
tem. Hence, implementing protective measures
requires multi-scale expertise and is further compli-
cated by spatial contingencies. In general, the valid-
ity of the results displayed in Fig. 7 should increase
with increasing extent of the area considered for pro-
tection due to an improved applicability of species
and function—area relationships.

4.4. Fundamental and comparative considerations
of benthic functional diversity

Our diversity analysis revealed higher functional
potential in soft sediments than in hard substratum

habitats, but it may be biased toward soft sediments,
as the set of traits dominantly represents functions
found uniquely in soft sediments (e.g. bioturbation
traits). Although the existence of more complex bio-
geochemical processes in sediments is a reality
(Snelgrove 1999, Snelgrove et al. 2018), it is worth
comparing functional diversity solely based on epi-
benthic functionalities. When using only epibenthic
traits, hard substratum habitats exhibit higher diver-
sity from shore to deep (Fig. S3.10). Nevertheless,
potential epibenthic functional diversity in soft sedi-
ments remains relatively high: whereas its maximum
is 3-fold the minimum found in hard substrata when
derived from all traits, the maximum found in hard
substrata is barely 2-fold the minimum found in soft
sediments when derived from epibenthic traits.

Furthermore, our analyses strengthen the impor-
tance of some comparative considerations on re-
sponse and effect traits in assessing functional diver-
sity. The response—effect trait framework has raised
a growing debate about the use of functional traits,
whereas there have been only few empirical
attempts to tackle long-standing questions related to
biodiversity and ecosystem vulnerability (de Bello et
al. 2021, Oliver et al. 2015). The proper use of
response traits ultimately leads to a limited number
of life strategies as evolutionary convergences of trait
modalities due to unavoidable trade-offs of energetic
allocation in the 3 fitness components. This has been
largely accepted in the general ecology literature,
with a recent demonstration in marine benthic eco-
logy supported by field data (Beauchard et al. 2022).
The outcomes of our study support the fact that eco-
system engineering can result in fundamentally dif-
ferent diversity patterns compared to fitness. Trade-
offs of energetic allocation limit the diversification of
life strategies as evidenced by the existence of life
history invariants (Charnov 1993). On the contrary,
no evolutionary mechanism seems to rule marine
benthic ecosystem engineering in the current state of
knowledge, and the question of an equivalent of life
history invariants for ecosystem engineering seems
elusive. Rather than 3 or 4 functional groups as gen-
erally encountered in life strategies (Southwood
1988, Kindsvater et al. 2016), we highlighted 15 dif-
ferent groups consisting of species encompassing
quite contrasting sea floor functions (at least 6-9
major extremities appear; Figs. 3-5). In the absence
of a predictive mechanism, we could not expect
fewer or more groups, but benthic functional diver-
sity based on effect traits and in light of our results
seems to be considerably greater than based on
response traits.
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4.5. Conclusions

The effect trait data set presented in this study
offers interesting large-scale research opportunities
in benthic ecology as shown by analytical support for
key hypotheses related to ecosystem functioning. We
must underline the usefulness of trait information at
the species level, such as functional niche and origi-
nality, that bring mechanistic understanding of func-
tional diversity patterns. Our exploratory analyses
provided outcomes that, although supported at the
biogeographic scale, might not be general at the
local scale. Indeed, local species composition and rel-
ative abundances can be determined by environ-
mental filtering (Beauchard et al. 2022). As we have
shown, benthic ecosystem engineering can also
depend on environmental conditions such as substra-
tum, so local specific ecosystem engineering may
correspond to specific life strategies, with conse-
quently more specific sea floor function vulnerability.
This advocates for empirical studies based on these
effect traits and combined with field data along vari-
ous habitat gradients in order to draw on what is gen-
eral or context-dependent in benthic ecosystem
engineering patterns. At least, our data, hypotheses
and methodology offer directions for future empirical
research in European waters.

Although the potentially higher soft substratum
functional diversity found in this study may not
always apply due to local exceptions, this outcome
strongly emphasises the potential importance of soft
sediment habitats in the marine ecosystem when
compared to rocky habitats and their more charis-
matic species. As already stressed (Jones 1992, Jen-
nings & Kaiser 1998, Houziaux et al. 2011, Steadman
et al. 2021), the worldwide soft sediment shelf and
slope ecosystems, that can be wrongly considered as
flat, deprived of emergent structures and invariant,
are experiencing a long-running devastation, espe-
cially through bottom trawling, while we are not able
to completely address the question of historical eco-
system functioning. Current large-scale benthic
impact or health status assessments (Eigaard et al.
2017, Mazor et al. 2021), which do not consider his-
torical benthic state and are biased toward infauna,
certainly do not account for large epibenthic species
that are key drivers of functional diversity expansion
in soft substrata, and may only reveal the tip of the
iceberg. Our vulnerability assessment was insightful,
as species vulnerability may not necessarily reflect
vulnerability of ecosystem functioning. Conse-
quently, protecting only species of low recoverability
may not necessarily preserve the integral function-

ing, as many fast-recovering communities of high
functional importance may be found in areas already
heavily trawled. In addition to biodiversity conserva-
tion, the increasing concern about ecosystem capac-
ity to supply services requires not only a focus on
benthic organisms, but also on their short- and long-
term effects on ecosystem functioning. In European
waters, sea floor functions are expected to sustain-
ably supply services (European Community 2008:
Descriptor D6 of the Marine Strategy Framework
Directive), but how best to conserve or to what extent
this may be compromised by existing or future activ-
ities clearly requires further work.
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