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Abstract :

Biological trait analysis has become a popular tool to infer the vulnerability of benthic species to trawling-
induced disturbance. Approaches using multiple traits are being developed, but their generic relevance
across faunal components and geographic locations remains poorly tested, and the importance of
confounding effects are poorly recognised. This study integrates biological traits of benthic species that
are responsive to instantaneous effects of trawling (i.e. sensitivity) and traits expressing recoverability
over the longer term (i.e. years). We highlight the functional independence between these 2 components
in response to trawling, test the behaviours of single and combined traits and account for potential
confounding effects of environment and trawling intensity on benthic communities through variation
partitioning. Two case studies are considered: epibenthos from the Bay of Biscay and endobenthos of the
Dutch sector of the North Sea. The response to trawling is most pronounced when multiple traits covering
different aspects that determine population dynamics (i.e. sensitivity and recoverability) are combined,
despite confounding effects between gradients of benthic production and trawling intensity, especially for
endobenthos. The integration of traits reflecting both sensitivity and recoverability provides
complementary information on the faunal response to trawling, bridging the gap between fishing impact
assessments and benthic community status assessments.
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1. INTRODUCTION

The state of seabed habitats, and how benthic communities are affected by the physical disturbance
caused by mobile bottom-fishing gears, can be assessed using well-established quantitative methods
(Hiddink et al. 2017, Pitcher et al. 2017, Sciberras et al. 2018, Rijnsdorp et al. 2020). These are based
on a simple equation for relative benthic status that includes parameters for the instantaneous effect
caused by the passing of the gear, termed depletion, and recovery over the longer term. Ecosystem-based
fisheries management now also requires an assessment of the state of seabed habitats in terms of their
typical species composition, the abundance of particularly sensitive or fragile species or their
functioning. At present, there is no consensus on how these different aspects of the benthic community
are affected by fishing-induced physical disturbance in terms of both the depletion and the recovery
processes, thereby hampering support to management decisions.

Assessing the status of benthic communities does not generally take into account differences in life
history characteristics that may affect organism responses to, and capacity of populations to recover
from, changing environments (Tyler-Walters et al. 2009). Depletion and recovery rates following
physical disturbance tend to be estimated for whole benthic communities in generic habitats (Kaiser et



al. 2006, Sciberras et al. 2018) which may not be representative of specific aspects of the benthic
community occurring in a local habitat. Consequently, the use of trait information to infer the
vulnerability of species to disturbance by proxy is increasingly being explored as a complementary
approach (Beauchard et al. 2017).

Tyler-Walters et al. (2009) introduced the concepts of species’ ‘intolerance’ and ‘recoverability’ to
trawling disturbance, subsequently developed further by Bolam et al. (2014) as ‘instantaneous
sensitivity’ and ‘long-term sensitivity’. Here, we expand such approaches, using the term ‘sensitivity’
to indicate the extent to which a species is likely to be affected by the passage of a trawl, and
‘recoverability’ to indicate the capacity of a population to recover from the disturbance and the timescale
over which recovery will occur. Recent studies have considered the use of multiple traits for assessing
the sensitivity of marine benthos to bottom trawling using composite indicators based on scored trait
modalities (de Juan & Demestre 2012, Bolam et al. 2014, Foveau et al. 2017, Gonzélez-Irusta et al.
2018, Mérillet et al. 2018, Hinz et al. 2021). The general relevance of using functional traits in such a
framework was confirmed in a study on the vulnerability of demersal fish assemblages to trawling,
where the combination of catchability and resistance represented sensitivity while resilience represented
recoverability (de Juan et al. 2020).

Scientific consensus exists on the mechanisms underlying the response of benthic communities to
physical disturbance (hereafter ‘trawling’) on the sea floor (International Council for the Exploration of
the Sea 20174, Pitcher et al. 2017, Rijnsdorp et al. 2018). Organism densities can decline following the
passage of a trawl, as a result of death or removal of the affected fauna (i.e. depletion). Recovery may
take place after this initial effect, potentially until the community returns to its untrawled state. The latter
depends on the intrinsic rate of natural increase of the species. Whether full recovery occurs or, if not,
what alternative equilibrium the community may reach, depends on the magnitude and frequency of
trawling, as well as the recovery potential of the community. If trawling is sufficiently frequent,
communities may not have time to recover entirely between trawling events, leading to longer-term
shifts in community composition with increased dominance of less sensitive species and lower densities
or extirpation of the more vulnerable species.

There is a simple trade-off between recoverability and vulnerability. Species with high intrinsic rate
of natural increase are generally considered to have higher potential to recover to pre-disturbance
densities, and consequently to be less vulnerable. The intrinsic rate of natural increase results from a
combination of growth and reproductive traits that favour population expansion. However, other traits
that are not directly related to population growth are also relevant to sensitivity and recovery. The
importance of these traits may manifest at different spatio-temporal scales. For example, a trait related
to sensitivity such as an armoured body may provide some defence from the immediate physical effects
of a trawl, but only if the trawl makes contact with an individual directly. In addition to processes within
the footprint of the trawl, such as growth of surviving fauna, recovery may also be influenced by traits
reflecting larger-scale factors such as the ability of an organism to recruit and recolonise, or to actively
migrate into the trawled area. These processes may be determined by the densities of adult organisms in
adjacent (in case of mobility) or more distant (through larval transport) areas. It follows that species
with low recovery potential may not be sensitive to disturbance, for example slow-growing species
which are deep burrowers (Bergman & van Santbrink 2000). Conversely, species with high
recoverability may be sensitive if disturbance exceeds a frequency at which they are depleted, for
example fragile epibenthic organisms such as Bryozoa including Flustra foliacea (Bitschofsky et al.
2011).

Usually, studies either focus on a single trait (i.e. longevity, Rijnsdorp et al. 2020) or combine several
traits to explain the response of the benthic community to trawling. Such approaches, however, only
cover part of the recovery aspect in case of a single trait and ignore entirely the depletion aspect in all
cases. As part of a more comprehensive and generic approach, we used biological traits representing the
instantaneous effect of the passage of a trawl, i.e. sensitivity, and traits representing the longer-term
recoverability. We applied these to endobenthos from the Dutch sector of the North Sea and epibenthos
from the Bay of Biscay. We hypothesized as follows: (1) traits reflecting the sensitivity and recovery of
a benthic community to trawling are independent and provide complementary information on the
community’s vulnerability; (2) combined traits are more responsive to trawling than individual traits.

To test H1, we defined a series of benthic community traits related to sensitivity and recoverability,
and analysed the relationships between these traits to explore the degree of independence between the 2



components. Based on the 2 case studies, we tested H2 by analysing relationships between field
organism density data weighted by those traits, and data on trawling intensity; these relationships were
expected to be negative. Importantly, while doing this, we corrected for the potentially confounding
effects of environmental variation on these relationships. Although this work is intended to provide
information to support the development of a generic indicator accounting for the interdependence of
sensitivity and recovery, we propose a specific version adapted to areas with long histories of fishing
exploitation.

2. MATERIALS AND METHODS
2.1. Biological traits

Different biological traits from larval, juvenile and adult stages determine population vulnerability
to trawling. Some traits are relevant to the instantaneous effect of the passage of a trawl (‘sensitivity’),
while entirely different traits may represent the capacity of organisms and their populations to recover
from trawling (‘recoverability’).

2.1.1. Sensitivity

Some species are fragile and easily damaged, while others are more robust. A buried organism is less
likely to be exposed to trawling than an epibenthic one, with a greater chance of survival as its burrowing
depth increases. Direct exposure to trawling can be mitigated by body size. Smaller species are generally
less sensitive than larger-bodied taxa, as the former can escape through a net more easily if captured
(Bolam et al. 2014, Gonzéalez-Irusta et al. 2018). The sensitivity (SE) component of a benthic assemblage
can therefore be expected to be a function of standardised body fragility, burrowing depth and body
length. In previous and similar works, composite indicators were built by adding trait scores. In this
context, multiplicative aggregation is preferable due to (possibly irrelevant) compensatory effects of
additive aggregation (Gan et al. 2017). For instance, a small body length (low sensitivity) buffers the
high sensitivity of epibenthic living mode: the low sensitivity score of the former penalizes the high
sensitivity score of the latter, more by multiplication than addition (e.g. 1 x 3 < 1 + 3); such scores are
presented in more detail in Section 2.2 (see also Table 1). With this in mind, SE is defined here as:

SE = FR x BD x BL (1)
where FR is fragility, BD is burrowing depth, and BL is body length.
2.1.2. Recoverability

Mobile species are likely to recolonise a trawled area by migrating more quickly than less mobile
species, so recoverability is likely to be a function of motility (MO). Recoverability also depends on
recruitment from larval settlement and subsequent growth to the adult stage. Late-maturing, slow-
growing or poorly-recruiting species will all have low recoverability (MacDonald et al. 1996). Life span
(LS), as used in the ‘longevity approach’ of Rijnsdorp et al. (2018), and age at maturity (AM) are traits
of critical importance. Some species require a long time to achieve minimal reproductive success,
including those with the naturally high juvenile mortality that is often driven by stochastic environmental
conditions (Kindsvater et al. 2016).

LS is expected to respond negatively to trawling intensity in habitats dominated by species that live
for years or even decades (Rijnsdorp et al. 2020), as are often encountered in rarely disturbed benthic
habitats (e.g. coral reefs). However, in areas where the seafloor has been intensively trawled for more
than a century, such as the European continental shelves, the individual and biomass densities of long-
lived organisms may be too low to detect significant trawling effects. In such areas, and especially under
high trawling frequencies, AM expresses a more relevant critical aspect of the life cycle, namely the
chance of experiencing at least one reproduction before being killed by a trawl, especially if reproductive
life span (RLS = LS — AM), for the same AM, is reduced compared to truly long-lived species. In



general, AM is correlated with LS (Charnov 1993), and AM may account for a potential LS-effect.
However, this relationship is not perfect when considering several phyla or limited spatial biogeographic
extent. The AM/RLS ratio emphasises the critical time necessary to reach maturity and achieve
reproductive success over a shorter RLS. For the same AM, very long-lived species, assumed to be
largely depleted in intensively trawled areas, perform less successfully. However, the simple AM/RLS
ratio can take the same value for species with different AM and RLS, so a species maturing at 1 yr of
age and dying after 2 yr is assigned the same value as another species maturing at 2 yr and dying after
4 yr. To counteract this, the ratio can be multiplied by AM to introduce an appropriate penalty for RLS
in long-lived species with late AM. We call the resultant term relative maturity (RM), with 1 added to
RLS to deal with cases where LS = AM (semelparity, in which case RLS = 0), both measured in years:

AM

M=——— xAM (2)
RLS +1

These age-related aspects are of paramount importance in life history strategies of organisms
(Charnov 1993), but some independent traits relevant to reproduction and offspring may be
complementary. In the marine benthos, offspring can be released by parents at different developmental
stages, depending on the species, with different chances of survival before settling as juveniles.
Broadcasted eggs in the water column are more vulnerable to planktotrophy than brooded larvae, and
both are more vulnerable than juveniles released as ‘miniature adults’ after internal incubation
(Giangrande et al. 1994, Pechenik 1999). Large eggs have a shorter critical pelagic phase, because of
faster development, than smaller ones (Giangrande et al. 1994, Giangrande 1997). The potential for
recovery (RE) of the benthic community will therefore be a function of motility (MO), offspring type
(OT) and offspring size (OS) as well as RM. Generally, OS is negatively correlated with fecundity due
to the constraints of energetic allocation (Kindsvater et al. 2016), whereas OT can be independent of
fecundity (e.g. many bivalves broadcast millions of eggs, and some crabs brood millions of larvae).
Hence, RE includes many relevant aspects of species’ life histories, and is defined here as:

RE =RM x MO x OT x OS (3)
2.1.3. Vulnerability

Finally, we defined vulnerability by combining SE and RE by addition and multiplication (SE + RE
and SE x RE, respectively). Although we preferred multiplicative aggregation within the SE and RE
components, we expected some independence between SE and RE, so that the 2 components could
additively compensate each other without synergy (Gan et al. 2017). Hence, both additive and
multiplicative variants of the combined components were calculated to compare their distributions and
associated variations.

We tested H1 on the fauna from 2 case studies for which we compiled the described traits from the
literature (next sections). Then, prior to testing H2, we compared SE and RE distributions to assess their
degree of variation, especially between the additive and multiplicative variants of vulnerability. As part
of testing H2, for each case study, the taxa x traits matrix (including individual traits, trait combinations,
SE, RE and vulnerability) was combined with survey data to examine relationships between trait-
weighted organism densities and trawling intensity.

2.2. Trait data

Trait data were sought for all taxa found in the 2 case studies (see Table S1), mostly at the species
and genus level. Trait information was obtained from peer-reviewed articles (n = 466), with additional
books and book chapters (27), academic theses (25) and documents from the grey literature (14). Online
data bases (7) were used when source information was not accessible. Trait information for the Bay of
Biscay was complemented using the MERP Trait Explorer (Marine Ecosystem Research Programme
2021). In some cases, in absence of information at the species level, information of species from the
same genus was used. For the Dutch exclusive economic zone (EEZ), we were able to obtain functional



trait information for species that accounted for 94 and 85% of individual and biomass densities,
respectively. For the Bay of Biscay, these percentages reached 87 and 95% respectively, after removing
highly mobile species (fish and large cephalopods). Traits of 330 taxa in total were documented, 195
from the Dutch EEZ and 148 from the Bay of Biscay. Only 13 taxa were common to both case studies.
Functionally, there were 217 unigue trait combinations, 146 for the Dutch EEZ and 92 for the Bay of
Biscay, with 21 trait combinations in common.

Most traits had ordinal modalities. These were ranked according to their responsiveness to trawling
in such a way that all responses to trawling were expected to be negative. No a priori weights could be
attributed to the traits, so they were considered to be of equal importance and simply standardised to
range between 0 and 1. Traits, their modalities and scores are shown in Table 1.

Table 1. Traits and their modalities. Scores express the relative degree of responsiveness of each trait
to physical disturbance

Raw  Standardized

Trait Modality
score score
Fragility Robust 1 0.00
Intermediate 2 0.50

1.00
0.00

Fragile
Burrowing depth  >15

2 (cm) 5-15 0.33
2 0-5 0.67
g 0 1.00
< "Body length <1 0.00

(cm) 13 0.25

3-10

10-20

>20
Age at maturity <1

0.50
0.75
1.00
0.00

(years) 1-3 0.50
>3 1.00
Life span <1 0.00
(years) 13 0.33
3-10 0.67
>10 1.00
Motility Crawler-Swimmer 0.00

0.33
0.67
1.00
0.00
0.50
1.00
0.00
0.33
0.67
1.00

Crawler
Tubicolous
Sessile
Offspring type Juvenile
Larva
Egg
Offspring size >1500
(pm) 500-1500
100-500
<100

Recoverability
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2.3. Benthic survey data

The responsiveness to trawling intensity of individual traits, and SE and RE components separately
and in different (additive and multiplicative) combinations, were tested using benthic data from 2 case
studies: endobenthos from the Dutch EEZ and mega-epibenthos from the Bay of Biscay, sampled using
box corer and trawl, respectively (Fig. 1). The trawl proportionally samples larger organisms and more
efficiently epibenthic and dispersed species. Hence, differences in functional attributes of the 2 faunas
were expected given the contrasting sampling techniques.

2.3.1. Dutch EEZ

The study area ranges from 51.62 to 55.47° N. Its bottom, from shallow to deeper areas (50 m), is
mostly sandy with local mud patches, especially in the deep northern part (Oyster Ground), characterised
by much lower tidal velocities than in the south. Stations (n = 79) (Fig. 1a), excluding coastal stations
heavily impacted by shrimp trawling, were sampled annually from 1995 to 2010, and then in 2012 and
2015. Sediment was sampled with a box corer (1 core per station, 0.08 m?, 15 cm deep), and
macrozoobenthos was separated using a 1 mm mesh. Detailed information on the sampling procedure
was provided by Daan & Mulder (2009). The resultant dataset consists of biomass (ash-free dry weight)



and number of individual organisms. Associated abiotic variables were particulate organic matter and
carbon (measured from field samples), means of monthly median bottom current speed (m s™) and
bottom wave energy (Pa) (modelled from Deltares Institute, Delft, The Netherlands), depth (European
Monitoring Observatory and Data Network 2018) and primary productivity (mg C m? d*, modelled
from Baretta et al. 1995).

2.3.2. Bay of Biscay

The study area ranges between 43.7° N at the northern margin of Gulf of Cap Breton in the south
and 48.8° N in the north (Fig. 1b). The slope of the shelf is generally gentle (around 0.5%), and the
bottom is dominated by unconsolidated sediments composed mainly of sand and muddy sand, except in
a large area in the north and on the continental slope where mud dominates. A total of 523 stations were
considered (65 stations on average each year), covering mainly the soft-bottom habitats of the
continental shelf (50-200 m), including some stations on the upper slope (200-735 m). In the ongoing
French Groundfish Survey in the Celtic Sea and Bay of Biscay (Mahe & Laffargue 1987), a 36/47
Grande Ouverture Verticale trawl is used, with a 20 mm mesh cod-end liner, to sample benthic
assemblages. Each haul lasts for approximately 30 min (sampled surface area of about 70000 m?). To
be consistent with available fishing pressure data, we used epibenthic macroinvertebrate data (wet
biomass and number of individuals) covering the period from 2009 to 2016. We also selected data deeper
than 50 m to reduce the bias due to incomplete effort data for fishing vessels smaller than 12 m long that
mainly operate in the shallower areas. Associated abiotic variables include mean annual bottom
temperature, mean bottom salinity and the bottom current speed, obtained from the outputs of the MARS
3D model (Lazure & Dumas 2008), sediment characteristics derived from discrete sediment categories
(Bouysse 1985, SHOM 2014) and depth recorded during the surveys (Mahe & Laffargue 1987).
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Fig. 1. Case studies. (a) Dutch exclusive economic zone (EEZ), (b) Bay of Biscay. Black dots show
sampling stations; grey contours are isobaths displaying depth (m)

2.4. Trawling intensity

In the Dutch EEZ, a large part of the fishery that geographically takes place in the southern North
Sea are beam trawls with gear width of 24 m and penetration depths >2 cm for a large part of the gear
(see Rijnsdorp et al. 2020 and Hintzen et al. 2021 for more details). Shrimp trawls are common all along
the Dutch, German and Danish coastlines with a gear of 9 m on either side. Penetration depth in the



sediment is generally shallow due to the light gear used. Commercial fisheries in the Bay of Biscay
target various stocks in different ways. Bottom trawlers account for nearly 29% of the fleet (slightly
more than 400 vessels). These vessels have an average size of about 15 m and target demersal and
benthic species, using mainly bottom otter trawls with a width of about 50 to 100 m between the trawl
doors, depending on the size or power of the vessels. A proportion of vessels also use twin trawls for
Nephrops norvegicus, especially in the northern part. Gear penetration depth is difficult to evaluate due
to their disparity.

This study covers the period 2010-2015 for the Dutch EEZ, and the period 2009-2016 for the Bay
of Biscay. To estimate fishing pressure, vessel monitoring system (VMS) data in combination with
logbook data were used to estimate the surface area fished in between consecutive to relate VMS pings
to a specific fishing gear and specific fishing practice (speed-based rule, Poos et al. 2014). The logbooks
furthermore provide information on gear width or vessel power that were used to estimate gear width
for otter trawls and flyshoot. Fishing effort was quantified as the sum of the area covered by a fishing
gear over 1 yr divided by a 0.05° x 0.05° grid cell. This swept area ratio (SAR) was calculated for the
year preceding the sampling date in both case studies. In the North Sea study area, trawling intensity
was computed according to van Denderen et al. (2015). For the Bay of Biscay, we utilized the surface
abrasion dataset computed from the International Council for the Exploration of the Sea (2017b) and the
publicly available OSPAR database (Convention for the Protection of the Marine Environment of the
North-East Atlantic 2017).

2.5. Data analyses

To test H1, we investigated the relationships between traits and SE and RE components across taxa,
using centred principal component analysis (PCA) of the species x standardised traits matrices from the
2 case studies. The use of traits independently of field data ensured equal weights for vulnerable and
resilient or resistant taxa to reflect an ideal non-disturbed pattern. Complementarily, we analysed the
distributions of the synthetic SE, RE and vulnerability (SE + RE and SE x RE) traits that could account
for specific benthic signatures such as skewness or multimodality.

To test H2, for each case study, traits were combined with survey data by aggregating organism
densities per station and per trait to generate sampling-stations x response variables matrices
(community weighted mean, CWM; for a community, sum of products between taxon densities and
taxon trait scores; Kleyer et al. 2012). Prior to calculating CWM, all individual and combined traits
within SE and RE were computed in each taxa x standardised traits matrix, generating 26 response
variables, as well as the SE + RE and SE x RE variables.

Six different types of organism densities were incorporated into stations x taxa matrices: biomass m-
2 number of individuals m2 and number of taxa m= as absolute values and also as relative values
calculated by dividing absolute values by sample totals. The testing of several types of faunal data in
the community matrices accounts for the fact that different types of data may be more relevant in
different components of the benthos (macrobenthos or megabenthos) sampled using different gears and
protocols. Analyses based on different types of data may also inform on different processes within the
community. For instance, species biomass provides a more direct measure of resource use than
abundance, as energy flow is known to vary with biomass (Valiela 2015). However, absolute densities
generally reflect faunal responses along gradients of production, and not necessarily specific functional
aspects independent of production. For instance, the use of relative densities is relevant to conservation
purposes when functional aspects are given priority over total abundance. Thus, a habitat may be
considered vulnerable if it is dominated by vulnerable taxa regardless of their total abundance.

Then, in order to compare the relative effects of abiotic variables and trawling intensity on the CWM
traits, we decomposed the variance of each response variable, accounting for the effects of
environmental variables and trawling intensity using variation partitioning (Legendre & Legendre
2012). In general, benthic communities are not randomly distributed, and environmental conditions that
may benefit or exclude some species may also benefit fishing (e.g. benthic primary productivity; Hintzen
et al. 2021). As a consequence, a significant indicator response to trawling can be a spurious effect if an
environmental variable is also correlated with the response and is the true explanation of the variation
(i.e. a confounding effect). Therefore, to capture the pure trawling effect, response variation to trawling
intensity was analysed by partial correlation, after removing the variance of environmental variables



common to response and trawling intensity variables. Variation partitioning proceeds linearly and
variables were therefore In-transformed prior to analysis. For a detailed explanation of the procedure,
see an example from the analyses in Supplement 2. Fig. 2 summarises our analytical approach.

Analyses were done with R 4.0.3 (R Core Team 2020); PCA with the package ‘ade4’ (Chessel et al.
2004), and variation partitioning with the package ‘vegan’ (Oksanen et al. 2010).
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Fig. 2. Summary of data analyses. (a) Sensitivity (SE) and recoverability (RE) components are
calculated from the species x individual traits matrix; PCA and distribution analyses are then used to
test hypothesis 1 (H1). (b) Trait data are combined with organism densities from survey data through
community weighted means (CWMs), enabling representations of SE and RE spatial distributions. (c)
CWM indicator data are then related to observed trawling intensity through variation partitioning; the

net trawling influence is derived by the correlation of the residuals from the regressions of indicator
and trawling variables on abiotic descriptors (partial correlation), assessing H2

3. RESULTS
3.1. Functional aspects of the studied faunas

Despite differences in geography and sampling methods, the distributions of trait modalities were
broadly similar between the 2 faunas (Fig. S3.1 in Supplement 3). As expected, higher proportions of
taxa >3 cm body length with shallower burrowing ability were found in the trawls from the Bay of
Biscay. To a lesser extent, higher proportions of robust taxa and taxa with larvae of large size were also
more characteristic of the Bay of Biscay. Species with short life spans (<1 yr) and dispersing as juveniles
were more prevalent in the Dutch EEZ endobenthos.

3.2. Trait relationships
PCA ordinations (Fig. 3) display the relationships between traits for each of the 2 faunas. In both

case studies, all recoverability traits covaried positively along the first axis. Adult traits (life span and
age at maturity) diverged together from the combination of offspring traits (type and size), motility



keeping an intermediate position. In contrast, sensitivity traits, more expressed along the second axis,
were less covariant. Except for body length, traits were more correlated within than between sensitivity
and recovery components; correlation matrices are provided in Table S5.1 in Supplement 5. Sensitivity
and recoverability components were globally independent as displayed by their orthogonality (Dutch
EEZ, r = 0.02, p = 0.768; Bay of Biscay, r = 0.13, p = 0.102). Both variables, projected as passive
elements, showed similar norms (vector length), indicating that they contributed similarly to biological
variations between taxa. This functional independence between sensitivity and recoverability suggests
that both components could provide complementary information about short- and longer-term responses
to trawling. Therefore, our first hypothesis was supported.
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Fig. 3. Principal component analysis of biological trait covariances from taxa x standardised traits
matrices. (a) Endobenthos from the Dutch EEZ. (b) Epibenthos from the Bay of Biscay. Bar diagrams,
eigenvalues (black, axes 1 and 2). Grey arrows show traits of the sensitivity (SE) component; black
arrows indicate traits of the recovery (RE) component. Dashed arrows, SE and RE components are
projected as passive elements. Grey squares represent taxa. ‘d’ indicates the grid scale. AM: age at
maturity; BD: burrowing depth; BL: body length; FR: fragility; LS: life span; MO: motility; OS:
offspring size; OT: offspring type. Table S4.1 in Supplement 4 provides correlations between traits

3.3. Synthetic trait distributions

The density distributions of sensitivity and recoverability components are shown in Fig. 4, indicating
low proportions of sensitive and slow-to-recover taxa in both faunas. Individually, sensitivity and
recoverability components of both communities were distributed similarly (Fig. 4a,b). Differences were
observed between the 2 variants of vulnerability (SE + RE and SE x RE), both indicating slightly higher
proportions of vulnerable taxa in the Bay of Biscay (Fig. 4c,d).
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Fig. 4. Density distributions of (a) sensitivity (SE) and (b) recoverability (RE) components, and (c,d)
vulnerability (SE + RE and SE x RE, respectively); x-axis, standardised indicator score. As the
number of taxa differs between the 2 case studies, data are standardised in order to only compare the
shapes of the curves through probability densities. Below-curve area represents the density of taxa

Fragile epibenthic species, including pennatulaceans (e.g. Funiculina quadrangularis, Pteroeides
griseum), Alcyonium spp., Hymenodiscus coronata and crinoids (Antedon sp. and Leptometra celtica),
were the most sensitive species encountered in the Bay of Biscay. Similarly, fragile species including
shallow burrowers Acrocnida brachiata, Amphiura filiformis, Eupolymnia nebulosa, Phaxas pellucidus,
Poecilochaetus serpens, Psammechinus miliaris, Ophiura sp. and Spiophanes bombyx were among the
most sensitive taxa in the Dutch EEZ. Conversely, least sensitive taxa were deep burrowers, including
the mud shrimps Callianassa sp. and Upogebia deltaura mostly sampled in the Dutch EEZ, hard-shelled
taxa such as Pagurus bernhardus found in both study areas and small-bodied taxa including species of
the amphipod genus Bathyporeia. In the Dutch EEZ, some highly abundant taxa, including A. brachiata,
A. filiformis, Arctica islandica, Brissopsis lyrifera, Echinocardium sp., Mya spp., Pholoe minuta and
Scoletoma fragilis, had higher vulnerability scores (SE + RE; range 0.25-0.92). In the Bay of Biscay,
vulnerability scores among the most abundant taxa were relatively lower, with the exception of the
urchin Gracilechinus acutus and crinoids (Antedon sp. or Leptometra sp.) that ranged between 0.5 and
0.6. As expected, vulnerability scores for other abundant species were all below 0.5. Species of
pennatulaceans (e.g. Funiculina quadrangularis), although relatively less abundant, had the highest
vulnerability scores (RE + SE, range 0.63-1.00).



3.4. Trawling intensity and confounding effects with environmental variables

Trawling intensity (as SAR) was similarly distributed in both study areas, with low values
dominating (Fig. 5a,b). However, the range of SAR values was significantly wider for the Bay of Biscay
(25% of SAR values above 4.6) than for the Dutch EEZ (maximal SAR = 4.7). In the Dutch EEZ,
trawling intensity was strongly predicted by abiotic variables (trawling intensity regressed on abiotic
variables, R? = 0.78). Most response variables were also strongly predicted by abiotic variables (Table
S5.1). Consequently, increasing trawling intensity was inexorably accompanied by an increase in
confounded effects of trawling intensity and environmental characteristics. This hampered the detection
of true trawling effects on response variables following variation partitioning (Fig. 5¢; Table S5.1). A
similar trend, although detected (trawling vs. environment, R? = 0.14), was less pronounced in the Bay
of Biscay (Fig. 5d; Table S5.2).

3.5. Trait responses to trawling

The results of our analyses (Table 2) show that, in general, trait combinations were more responsive
to trawling intensity than single traits. Therefore, our second hypothesis (H2) was supported. As
expected, when significant, all traits responded negatively to trawling, except offspring type and size,
especially in the Bay of Biscay. Tables S5.1 & S5.2 display complementary results for different sub-
combinations of traits within SE and RE components, including confounding effects.

Table 2. Trait responses to trawling intensity. Values are partial r, Pearson’s r-correlation coefficient
between trait and trawling intensity after controlling for the effect of abiotic variables (partial
regression). EEZ: exclusive economic zone; ns: not significant (p > 0.05); SE: sensitivity; RE:

recoverability

Absolute density Relative density

Case study Component Response variable - — - —
Biomass Individual Taxon Biomass Individual Taxon
Dutch EEZ Individual traits Body length ns ns ns ns -0.25 ns
Fragility ns ns ns ns -0.24 ns
Burrowing depth ns ns ns -0.20 ns ns
Motility ns ns ns ns ns ns
Age at maturity ns ns ns ns ns ns
Life span ns ns ns ns -0.25 ns
Offspring type ns ns ns ns -0.23 ns
Offspring size ns ns ns —0.41 ns ns
Sensitivity SE ns ns ns —0.39 —0.30 ns
Recoverability RE —0.25 -0.32 —0.28 —0.39 —0.23 —0.37
Vulnerability SE +RE ns ns ns —0.44 -0.29 ns
SE x RE —0.25 ns ns —0.43 —0.25 ns
Bay of Biscay  Individual traits Body length -0.21 -0.22 -0.24 ns ns -0.35
Fragility -0.34 -0.28 -0.29 -0.24 -0.28 -0.32
Burrowing depth —0.30 —0.24 —0.25 —0.24 —0.20 —0.30
Motility -0.32 —0.34 —-0.35 —0.25 -0.29 —0.31
Age at maturity -0.22 -0.23 —-0.25 ns —-0.09 -0.31
Life span -0.23 -0.20 -0.21 ns ns -0.14
Offspring type -0.30 -0.28 -0.29 —0.33 -0.27 —-0.42
Offspring size —0.35 —0.38 —0.39 —0.29 —0.38 —0.41
Sensitivity SE —0.36 -0.38 —0.39 —0.29 —0.42 —0.42
Recoverability RE —0.39 —0.36 —0.35 —0.26 —0.28 —0.26
Vulnerability SE + RE —0.41 —0.40 —0.41 —0.36 —-0.45 —0.43
SE x RE -0.29 —0.32 -0.27 —0.20 -0.22 —0.21

In the Dutch EEZ, relative biomass density was the most responsive to trawling, and not confounded
with responses to environmental variables (Table S5.1, adjusted R? ranging from 0.02 to 0.15). Overall,
individual trait responses were mostly insignificant, except offspring size based on relative biomass.
Trait responses were highly obscured by confounding effects of abiotic variables, masking the effect of
trawling intensity (Fig. 5c), with limited amounts of explained variance left when controlling for the
effect of the environment (Table S5.1). In general, SE was less responsive than RE, in spite of smaller



confounding effects (average adjusted R? = 0.12 for SE against 0.33 for RE). Whereas all densities
returned similar latitudinal contrasts in SE, RE and vulnerability (Figs. S6.1 & S6.2 in Supplement 6;
higher values in the north), the main spatial differences between SE and RE components were observed
for absolute and relative biomass densities. Vulnerability based on the additive combination of SE and
RE for relative biomass responded most strongly (Fig. 6a—c) and SE and RE spatial patterns were the
most contrasted with marked local complementarities (Fig. 7a—c).
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Fig. 5. Frequency distributions of trawling intensities expressed as swept area ratio for (a) the Dutch

EEZ and (b) the Bay of Biscay. Also shown is the variance of response variables for individual traits

and combinations of traits concurrently explained by abiotic variables and trawling intensity
(confounding effect) plotted against variance explained by raw trawling intensity only for (c) the
Dutch EEZ and (d) the Bay of Biscay. Each dot refers to a response variable (individual trait or
combination of traits) for which the conditional trawling effect was significant (see Tables S5.1 &
S5.2 in Supplement 5)

In the Bay of Biscay, the 3 types of densities (and their relative counterparts) responded similarly,
with higher partial correlations for relative individual and taxon densities. The spatial distribution of the
2 components corresponded largely to some of the major habitats in the Bay of Biscay (Fig. 7d,e; Figs.
S6.3 & S6.4). In addition to smaller confounding effects, explained variances were often higher than in
the Dutch EEZ (Tables S5.1 & S5.2). Vulnerability responded most strongly, and this was also the case
with the additive combination of SE and RE (Fig. 6d,e). The additive combination of SE and RE, as
well as the 2 components separately, showed similar spatial patterns notwithstanding the type of
densities. Both components corresponded largely to some of the major habitats in the Bay of Biscay
(Fig. 7d,e; Figs. S6.3 & S6.4).



Indicator response | Abiotic effect

Trawling intensity | Abiotic effect

Fig. 6. Strongest indicator responses obtained for each case study. (a—c) Dutch EEZ, relative biomass
density; (d—f) Bay of Biscay, relative number of taxa. Variables are standardised residuals from
regression on abiotic variables (symbol ‘|’, partial regression). (a,d) Sensitivity. (b,e) Recoverability.
(c,f) Vulnerability = Sensitivity + Recoverability

Fig. 7. Interpolation maps of the most responsive variables for (a—c) Dutch EEZ, (d-f) Bay of Biscay.
(a,d) Sensitivity (SE), (b,e) recoverability (RE) and (c,f) vulnerability (SE + RE). Values are organism
densities multiplied by trait scores, rescaled to the interval [0-1]



4. DISCUSSION
4.1. Responsiveness of benthic community traits to trawling

The response of benthic community traits to trawling was consistent with our expectations.
Corroborating the findings of Bolam et al. (2014), our results clearly advocate for the use of multiple
traits rather than a single trait in synecological studies. While recent studies proposed life span as the
single trait determining the benthic community response (e.g. the ‘longevity approach’, Hiddink et al.
2019, Rijnsdorp et al. 2020), this (1) assumes that the single trait adequately represents the recoverability
component (RE) and (2) ignores the sensitivity component (SE). Out of 12 tests (6 densities in each case
study), life span was significant only 5 times compared to RE, which was always significant. This
supports the contention that densities of long-lived species may lose their indicator potential beyond a
certain level of trawling intensity, whereas the alternative, relative maturity (RM), may indicate fishing
effects, even at high and prolonged trawling intensities.

In the Dutch EEZ, the lower SE responsiveness may be due to a much higher proportion of buried
species compared to purely epibenthic ones. Only 13 taxa with a high (> median) SE score (7% of the
total) were epibenthic, against 35 taxa (18%) of deep burrowers (>5 cm). In contrast, 68 taxa with high
SE scores (40%) in the Bay of Biscay were epibenthic and none were deep burrowers, probably
explaining the regular SE responsiveness there. Significant responses of SE in the Dutch EEZ, only
observed for relative biomass and individual densities, may have been due to dominant epibenthic or
shallow-dwelling taxa with high SE scores. We cannot provide accurate estimates of trawl mortality as
a function of burrowing depth, as no information on gear penetration depth was available, and it is
known that the same gear can have different effects in different sediment types (Kaiser et al. 2006).
However, 2 reasons support that burrowing depth is likely a driving characteristic of vulnerability,
especially in the Bay of Biscay. Firstly, Tiano et al. (2020) experimentally compared the effects of 2
contrasting trawling techniques (pulse and tickler chain trawls; both in soft mud) on benthic fauna; as
expected, epibenthic and shallow burrower densities were depleted, but no significant difference was
detected between the 2 trawling techniques. Secondly, a larger proportion of the fauna from the Bay of
Biscay was epibenthic (Fig. S3; almost 70% of the taxa, compared to less than 15% in the Dutch EEZ)
and was likely more exposed to trawling gears than the fauna from the Dutch EEZ, where >35% of the
taxa could be found >5 cm deep (cf <10% in the Bay of Biscay). Comparatively, the usual penetration
depths of bottom trawls rarely exceed 5-10 cm (Eigaard et al. 2016).

Our analyses using biomass densities of endobenthos in the Dutch EEZ recorded a large area of low
sensitivity centred on the Frisian Front (Fig. 7a—c, around 54° N). There, the very deep burrowers
Callianassa sp. and Upogebia deltaura comprise a large proportion of total benthic biomass. In contrast,
vulnerability based on number of taxa is higher in this area due to high SE and/or RE scores of many
species with relatively low biomass densities (Fig. S6.1i—k). In the Bay of Biscay, the continental shelf
encompasses a patchwork of habitats, resulting in different processes driving apparently similarly low
SE values. In the north-eastern part (Fig. 7d, 45.5-46.5° N), a muddy area named ‘Grande Vasiére’, low
SE values result from the dominance of burrowing organisms and the presence of the most sensitive
epibenthic species with densities greatly reduced by intensive fishing in that area over several decades.
In the sandy habitats of the transitional area between the Celtic Sea and the Bay of Biscay (around 47.5°
N), low SE values reflect high biomass of some trawling-resistant species including the anemone
Actinauge sp. and the paguroid Pagurus prideaux. Highest SE values in the southernmost areas were
mainly due to the dominance of sensitive species including pennatulaceans (Pteroeides spp. or
Funiculina spp.) and crinoids (Leptometra celtica). The latter species is also found in patches in the
central area of the Bay of Biscay between the 100 m isobath and the shelf-break where high SE values
were also recorded.

For benthic community status assessments, the choice of biomass, individual or taxon densities may
be determined by the focus of the assessment. For example, trawling effects on biodiversity might best
be assessed using taxon densities. Conversely, effects on foodweb functioning would be more
meaningfully established based on biomass, and individual density may be less appropriate (as it is
biased towards representing the most abundant species) for expressing multi-faceted and often ill-
defined concepts such as community health or seafloor integrity (as used in the Marine Strategy



Framework Directive). In the Dutch EEZ, stronger relationships for traits weighted by biomass were
found than for traits weighted by individual or taxon densities, especially when relative densities were
applied. High biomass densities can indicate the presence of old individuals of vulnerable species (i.e.
those requiring sufficient time without disturbance to ensure reproductive success), whereas high
numbers of individuals can simply reflect high numbers of young vulnerable organisms at the beginning
of a recovery period or high numbers of resilient smaller and shorter-lived organisms, as evidenced by
abundance-biomass comparisons along successions in the marine benthos (Pearson & Rosenberg 1978,
Warwick & Clarke 1994, Diaz & Rosenberg 1995). In the Bay of Biscay, the consistent responsiveness
among the different types of densities may be explained by steeper species richness gradients compared
to other densities (Figs. S6.3 & S6.4), coupled with the negligible confounding effects of environmental
variables in this area (see Section 4.2).

4.2. Confounding effects

The strong confounding environmental effects encountered in the Dutch EEZ were probably
responsible for the absence of significant responses for many variables, as explained variances were of
similar magnitudes (Table S5.1). Consequently, removing the confounding effect from the total effect
left only small amounts of variance in the benthic community traits to be explained by trawling intensity.
In the Dutch EEZ, trawling intensity increases from the deeper water in the north to the shallow water
in the south, as does primary productivity (correlated to trawling intensity, r = 0.66, p < 0.001), so that
it is difficult to appraise the true trawling effect on what is effectively a correlated gradient. The response
of benthic communities could therefore be the result of an increase in trawling intensity, a change in
habitat, or both. This was also observed for species richness by Duineveld et al. (1992). In our study,
this is demonstrated by the generally high level of variance in abiotic variables (Table S5.1). Besides,
opposing directions of change in trawling intensity and a given indicator could mask the effects of
trawling disturbance buffered by environmental suitability (i.e. compensating depletion). As observed
in the Dutch EEZ, the use of relative densities may, to some extent, mitigate the confounding effect of
production gradients by emphasising the functional nature of communities more compared to analyses
based on species richness or total organism density (Beauchard et al. 2017).

Few benthic studies have explicitly taken confounding effects into account (Lindegarth et al. 2000,
Hinz et al. 2009, Reiss et al. 2009, Jac et al. 2020). To our knowledge, no work developing composite
trait indicators has sought to statistically validate this important aspect. Several studies were previously
carried out along gradients of commercial fishing intensity, some of which probably involved
correlations with other forms of anthropogenic physical disturbance and, importantly, environmental
variability. The conclusions drawn from such studies should be considered with caution. Variation in
fishing intensity often follows variation in fish abundance and habitat suitability, both of which are
driven by variation in the environment (Pommer et al. 2016). To truly disentangle fishing effects, long-
term fishing exclusion from different habitats (i.e. those with different degrees of vulnerability) would
offer better experimental contexts (Hall 1999, Gray et al. 2006).

4.3. Developing a trait-based vulnerability indicator

Here, we present a generic approach that can be used to develop a trait-based indicator to assess the
vulnerability of benthic communities to fishing-induced physical disturbance. This approach is based
on 2 processes derived from a mechanistic understanding of trawling effects on the benthic community,
i.e. sensitivity and recoverability, and is well-grounded in benthic ecological theories. We chose to offer
a generic approach so that it can be adjusted to fit specific contexts in terms of data availability,
knowledge of the benthic fauna and traits selected to express both SE and RE processes. As trait scores
take the value 0 in species that are not vulnerable, null scores of combined variables are likely to increase
with more traits, leading to a larger number of species that do not contribute to the community score.
This ensures that non-null scores arise from vulnerable species which are not resistant and with limited
resilience. In areas where benthic communities are extremely impoverished, it may be necessary to limit
the number of traits considered, in order to minimise the number of null scores. However, in the case of
correlated traits such as in the RE component, the number of null scores of combined variables is limited
as vulnerable species have high scores for most of the traits. Conversely, the use of the SE component



may be more conservative for the detection of trawling effects, given the strong independence of SE
traits.

Further work, using data collected under controlled conditions, is recommended before deciding on
a definitive version of an indicator combining both SE and RE components. Indeed, there may not be a
single ‘best’ vulnerability indicator but a range of similar ones that are tailored to the benthic community
being studied, how it was sampled and the overall local conditions. For example, a benthic community
not impacted by trawling previously, would be characterised by a large spread of SE and RE scores due
to higher proportions of vulnerable species. When trawling commences, the relative contributions of SE
and RE components to the decreasing vulnerability indicator are expected to change over time, i.e. first
dominated by the SE and later by the RE component. After the initial trawl pass, it can reasonably be
assumed that the first responding individuals/species will be those with higher SE scores (e.g. sea pens).
Then, under continued and frequent trawling that does not allow recovery, only species with sufficient
resilience relative to trawling intensity will survive continued trawling, so the SE score remains low.
Once fishing ceases, indicator response is determined, chronologically, by the SE component, followed
by the RE component dominated initially by high relative maturity (RM) scores and later by life span.
After implementation of a marine protected area, for example, the indicator responsiveness would be
determined in the short term by SE and in the long term by RE. In our case study areas, both of which
involved trawled communities, SE responses may be considerably smaller than what might have been
expected under pristine, or at least less degraded, circumstances. As such, both SE and RE need to be
included in a benthic vulnerability indicator that is expected to perform well under very different
circumstances.

The range of variation in trawling intensity was large enough in our study to detect significant
responses of some trait-based indicator components. However, the general lack of responsiveness of life
span, an important recoverability trait, may be explained in both case studies by temporal contingencies.
In both areas, the presence of species with potentially high scores for both SE and RE was observed
long ago (Houziaux et al. 2011). The long history of sustained bottom trawling may have extirpated a
substantial proportion of the vulnerable epibenthic fauna. Bottom trawling is known to have affected
European coastal areas since the 13th century (de Groot 1984), expanding to further and deeper areas in
the following centuries (Joubin 1922). The resulting lack of lightly impacted areas, and hence a limited
variation in SE, RE and vulnerability among both endo- and epibenthic communities, may have masked
greater RE responsiveness. Nevertheless, we cannot exclude some limitations from our spatial sampling
resolution to properly detect local patches of vulnerable epibenthic fauna as evidenced by the recent
discovery of a Sabellaria spinulosa reef in an area of intense demersal fishing within the Dutch EEZ
(van der Reijden et al. 2019).

Lastly, the inclusion of other important traits could have enhanced the performance of our approach.
In the SE component, body regeneration could have been relevant, but its documentation remains
questionable for many species such as bivalves exposing their siphons to predators or regenerating shell.
Also, as illustrated by the noticeable responsiveness of offspring type and size, offspring traits should
deserve more attention. Besides, information on larval settlement cues could have improved the RE
component. Different species with differing growth rates and life spans require cues for settling, such
as the presence of adults or aspects of the physico-chemical nature of the sea floor (Pechenik 1990,
Pawlik 1992). Given the effects of bottom trawling on the sediment (Schwinghamer et al. 1998), larval
settlement is likely to be impaired by removing adults or by altering the nature of the sediment.

4.4. Conclusions

Based on a theoretically sound mechanistic understanding of trawling effects on the benthic
community, this study advocates the use of multiple biological traits for assessing the status of seabed
habitats specifically in relation to trawling-induced physical disturbance. We emphasise the
complementarity of SE and RE components and their relative importance depending on the study
context. In this study, their independence is a major finding, implying that vulnerability cannot be fully
understood using a single trait or several ones only reflecting the intrinsic rate of natural increase. Our
results show that an assessment of the status of seabed habitats, and how these are affected by physical
disturbance, requires the full consideration of the benthic community, including both endo- and
epibenthic components, each needing different sampling techniques.



Our generic approach to the development of a benthic community vulnerability indicator can be
adapted to specific contexts. Depending on the availability of data from monitoring programmes, such
as type of fauna sampled (endo- or epibenthos), faunal data recorded (numbers, biomass) and traits were
distinguished, an indicator can be created that is likely to perform well even in areas with a long history
of exploitation.

Acknowledgements. O.B. acknowledges funding from the Gieskes Strijbis Fonds as part of the
DISCLOSE project (https://discloseweb.webhosting.rug.nl/). M.S. acknowledges support from the UK
Department for Environment, Food and Rural Affairs via project SLA44: Marine Biodiversity Advice;
and from the Natural Environment Research Council and the UK Department for Environment, Food
and Rural Affairs via grant NE/L003279/1 (Marine Ecosystems Research Programme). P.J.S.
acknowledges support from the UK Natural Environment Research Council (NE/L003279/1, Marine
Ecosystems Research Programme and NE/R015953/1, Climate Linked Atlantic Sector Science). G.J.P.
acknowledges funding from the Dutch Ministry of Agriculture, Nature and Food Quality for the
purposes of Policy Support Research (project no. BO-43-021.02-002). This work was achieved as part
of the ICES Working Group on Biodiversity Science. We thank 3 anonymous reviewers for constructive
comments on the manuscript.

LITERATURE CITED

Baretta JW, Ebenhoh W, Ruardij P (1995) The European regional seas ecosystem model, a complex
marine ecosystem model. Neth J Sea Res 33:233-246 doi:10.1016/0077-7579(95)90047-0

Beauchard O, Verissimo H, Queirés AM, Herman PMJ (2017) The use of multiple biological traits in
marine community ecology and its potential in ecological indicator development. Ecol Indic 76:81-
96 doi:10.1016/j.ecolind.2017.01.011

Bergman MJN, van Santbrink JW (2000) Mortality in megafaunal benthic populations caused by trawl
fisheries on the Dutch continental shelf in the North Sea in 1994. ICES J Mar Sci 57:1321-1331
d0i:10.1006/jmsc.2000.0917

Bitschofsky F, Forster S, Scholz J (2011) Regional and temporal changes in epizoobiontic bryozoan-
communities of Flustra foliacea (Linnaeus, 1758) and implications for North Sea ecology. Estuar
Coast Shelf Sci 91:423-433

Bolam SG, Coggan RC, Eggleton J, Diesing M, Stephens D (2014) Sensitivity of macrobenthic
secondary production to trawling in the English sector of the Greater North Sea: a biological trait
approach. J Sea Res 85:162-177 doi:10.1016/j.seares.2013.05.003

Bouysse P (1985) Carte des sédiments superficiels du plateau continental du Golfe de Gascogne — Partie
septentrionale au 1/500000. BRGM & IFREMER

Charnov EL (1993) Life history invariants. Some explorations of symmetry in evolutionary ecology.
Oxford University Press

Chessel D, Dufour AB, Thioulouse J (2004) The ade4 package — I — One-table methods. R News 4:5—
10

Convention for the Protection of the Marine Environment of the North-East Atlantic (2017) OSPAR
data and information management.
https://odims.ospar.org/layers/geonode:ospar_bottom_f_intensur_2009_01_002

Daan R, Mulder M (2009) Monitoring the invertebrate benthic fauna in the Dutch sector of the North
Sea 1991-2005: an overview. Rep 2009-5. NIOZ

de Groot SJ (1984) The impact of bottom trawling on benthic fauna of the North Sea. Ocean Coast
Manag 9:177-190 doi:10.1016/0302-184X(84)90002-7

de Juan S, Demestre M (2012) A trawl disturbance indicator to quantify large scale fishing impact on
benthic ecosystems. Ecol Indic 18:183-190 doi:10.1016/j.ecolind.2011.11.020

de Juan S, Hinz H, Sartor P, Vitale S and others (2020) Vulnerability of demersal fish assemblages to
trawling activities: a traits-based index. Front Mar Sci 7:44

Diaz RJ, Rosenberg R (1995) Marine benthic hypoxia: a review of its ecological effects and the
behavioural response of benthic macrofauna. Oceanogr Mar Biol Annu Rev 33:245-303



Duineveld GCA, de Wilde PAWJ, Kok A (1992) A synopsis of the macrobenthic assemblages and
benthic ETS activity in the Dutch sector of the North Sea. Neth J Sea Res 28:125-138

Eigaard OR, Bastardie F, Breen M, Dinesen GE and others (2016) Estimating seabed pressure from
demersal trawls, seines, and dredges based on gear design and dimensions. ICES J Mar Sci 73(Suppl
1):i27-i43 doi:10.1093/icesjms/fsv099

European Monitoring Observatory and Data Network (2016) Bathymetry — understanding the
topography of the European seas. http://doi.org/1012770/c7b53704-999d-4721-b1a3-04ec60c87238

Foveau A, Vaz S, Desroy N, Kostylev VE (2017) Process-driven and biological characterisation and
mapping of seabed habitats sensitive to trawling. PLOS ONE 12:¢0184486 PubMed

Gan X, Fernandez IC, Guo J, Wilsond M, Zhaoe Y, Zhou B, Wu J (2017) When to use what: methods
for weighting and aggregating sustainability indicators. Ecol Indic 81:491-502
doi:10.1016/j.ecolind.2017.05.068

Giangrande A (1997) Polychaete reproductive patterns, life cycles and life histories: an overview.
Oceanogr Mar Biol Annu Rev 35:323-386

Giangrande A, Geraci S, Belmonte G (1994) Life-cycle and life-history diversity in marine invertebrates
and the implications in community dynamics. Oceanogr Mar Biol Annu Rev 32:305-333

Gonzélez-lrusta JM, De la Torriente A, Punzon A, Blanco M, Serrano A (2018) Determining and
mapping species sensitivity to trawling impacts: the BEnthos Sensitivity Index to Trawling
Operations (BESITO). ICES J Mar Sci 75:1710-1721 doi:10.1093/icesjms/fsy030

Gray JS, Dayton P, Thrush S, Kaiser MJ (2006) On effects of trawling, benthos and sampling design.
Mar Pollut Bull 52:840-843 PubMed doi:10.1016/j.marpolbul.2006.07.003

Hall SJ (1999) The effects of fishing on marine ecosystems and communities. Blackwell Science

Hiddink JG, Jennings S, Sciberras M, Szostek CL and others (2017) Global analysis of depletion and
recovery of seabed biota after bottom trawling disturbance. Proc Natl Acad Sci USA 114:8301-8306
PubMed doi:10.1073/pnas.1618858114

Hiddink JG, Jennings S, Sciberras M, Bolam SG and others (2019) Assessing bottom trawling impacts
based on the longevity of benthic invertebrates. J Appl Ecol 56:1075-1084 do0i:10.1111/1365-
2664.13278

Hintzen N, Aerts G, Poos JJ, Van der Reijden KJ, Rijnsdorp AD (2021) Quantifying habitat preference
of bottom trawling gear. ICES J Mar Sci 78:172-184 doi:10.1093/icesjms/fsaa207

Hinz H, Prieto V, Kaiser MJ (2009) Trawl disturbance on benthic communities: chronic effects and
experimental predictions. Ecol Appl 19:761-773 PubMed doi:10.1890/08-0351.1

Hinz H, Tornroos A, de Juan S (2021) Trait-based indices to assess benthic vulnerability to trawling and
model loss of ecosystem functions. Ecol Ind 126:107692 10.1016/j.ecolind.2021.107692

Houziaux JS, Fettweis M, Francken F, Van Lancker V (2011) Historic (1900) seafloor compaosition in
the Belgian—Dutch part of the North Sea: a reconstruction based on calibrated visual sediment
descriptions. Cont Shelf Res 31:1043-1056 d0i:10.1016/j.csr.2011.03.010

International Council for the Exploration of the Sea (2017a) Report of the Workshop to evaluate regional
benthic pressure and impact indicator(s) from bottom fishing (WKBENTH). 28 February — 3 March
2017, Copenhagen, Denmark. ICES CM 2017/ACOM

International Council for the Exploration of the Sea (2017b) Spatial data layers of fishing
intensity/pressure per gear type for surface and subsurface abrasion, for the years 2009 to 2016 in
the OSPAR regions (ver2, 22 January, 2019): ICES data product release.
https://doi.org/10.17895/ices.data.4685

Jac C, Desroy N, Certain G, Foveau A, Labrune C, Vaz S (2020) Detecting adverse effect on seabed
integrity. Part 1: Generic sensitivity indices to measure the effect of trawling on benthic mega-
epifauna. Ecol Indic 117:106631 doi:10.1016/j.ecolind.2020.106631

Joubin ML (1922) Les coraux de mer profonde nuisibles aux chalutiers. Notes et Mémoires 18. Office
Scientifique et Techniques des Péches Maritimes, Paris

Kaiser MJ, Clarke KR, Hinz H, Austen MCV, Somerfield PJ, Karakassis | (2006) Global analysis of
response and recovery of benthic biota to fishing. Mar Ecol Prog Ser 311:1-14
doi:10.3354/meps311001

Kindsvater HK, Mangel M, Reynolds JD, Dulvy NK (2016) Ten principles from evolutionary ecology
essential for effective marine conservation. Ecol Evol 6:2125-2138 PubMed doi:10.1002/ece3.2012



Kleyer M, Dray S, de Bello F, Leps J and others (2012) Assessing species and community functional
responses to environmental gradients: which multivariate methods? J Veg Sci 23:805-821
d0i:10.1111/j.1654-1103.2012.01402.x

Lazure P, Dumas F (2008) An external—internal mode coupling for a 3D hydrodynamical model for
applications at  regional scale (MARS). Adv  Water Resour  31:233-250
doi:10.1016/j.advwatres.2007.06.010

Legendre P, Legendre L (2012) Numerical ecology, 3rd edn. Elsevier

Lindegarth M, Valentinsson D, Hansson M, Ulmestrand M (2000) Interpreting large-scale experiments
on effects of trawling on benthic fauna: an empirical test of the potential effects of spatial
confounding in experiments without replicated control and trawled areas. J Exp Mar Biol Ecol
245:155-169 PubMed d0i:10.1016/S0022-0981(99)00158-6

MacDonald DS, Little M, Eno NC, Hiscock K (1996) Disturbance of benthic species by fishing
activities: a sensitivity index. Aquat Conserv 6:257-268 doi:10.1002/(SIC1)1099-
0755(199612)6:4<257::AID-AQC194>3.0.CO;2-7

Mahe JC, Laffargue P (1987) EVHOE - EValuation Halieutique Ouest de I’Europe.
https://doi.org/10.18142/8

Marine Ecosystem Research Programme (2021) Marine Ecosystem Research Programme Trait
Explorer. https://www.marine-ecosystems.org.uk/Trait_Explorer

Meérillet L, Mouchet M, Robert M, Salalin M, Schuck L, Vaz S, Kopp D (2018) Using underwater video
to assess megabenthic community vulnerability to trawling in the Grande Vasiere (Bay of Biscay).
Environ Conserv 45:163-172 doi:10.1017/S0376892917000480

MyOQOcean (2015) MyOcean project, funded by HORIZON 2020 (EU Research and Innovation
programme 2014-2020). http://www.myocean.eu

Oksanen J, Blanchet G, Kindt R, Legendre P and others (2010) Vegan: community ecology package. R
package version 2.5-3. http://cran.r-project.org/package=vegan

Pawlik JR (1992) Chemical ecology of the settlement of benthic marine invertebrates. Oceanogr Mar
Biol Annu Rev 30:273-335

Pearson TH, Rosenberg R (1978) Macrobenthic succession in relation to organic enrichment and
pollution of the marine environment. Oceanogr Mar Biol Annu Rev 16:229-311

Pechenik JA (1990) Delayed metamorphosis by larvae of benthic marine invertebrates: Does it occur?
Is there a price to pay? Ophelia 32:63-94 doi:10.1080/00785236.1990.10422025

Pechenik JA (1999) On the advantages and disadvantages of larval stages in benthic marine invertebrate
life cycles. Mar Ecol Prog Ser 177:269-297 doi:10.3354/meps177269

Pitcher CR, Ellis N, Jennings S, Hiddink JG and others (2017) Estimating the sustainability of towed
fishing-gear impacts on seabed habitats: a simple quantitative risk assessment method applicable to
data-limited fisheries. Methods Ecol Evol 8:472-480 doi:10.1111/2041-210X.12705

Pommer CD, Olesen M, Hansen JLS (2016) Impact and distribution of bottom trawl fishing on mud-
bottom communities in the Kattegat. Mar Ecol Prog Ser 548:47-60 doi:10.3354/meps11649

R Core Team (2020) R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna

Reiss H, Greenstreet SPR, Sieben K, Ehrich S and others (2009) Effects of fishing disturbance on
benthic communities and secondary production within an intensively fished area. Mar Ecol Prog Ser
394:201-213 doi:10.3354/meps08243

Rijnsdorp AD, Bolam SG, Garcia C, Hiddink JG, Hintzen NT, van Denderen PD, van Kooten T (2018)
Estimating sensitivity of seabed habitats to disturbance by bottom trawling based on the longevity of
benthic fauna. Ecol Appl 28:1302-1312 PubMed do0i:10.1002/eap.1731

Rijnsdorp AD, Hiddink JG, van Denderen PD, Hintzen NT and others (2020) Different bottom trawl
fisheries have a differential impact on the status of the North Sea seafloor habitats. ICES J Mar Sci
77:1772-1786 doi:10.1093/icesjms/fsaa050

Schwinghamer P, Gordon DC, Rowell TW, Prena J, McKeown DL, Sonnichsen G, Guigné JY (1998)
Effects of experimental otter trawling on surficial sediment properties of a sandy-bottom ecosystem
on the Grand Banks of Newfoundland. Conserv Biol 12:1215-1222 doi:10.1046/j.1523-
1739.1998.0120061215.x

Sciberras M, Hiddink JG, Jennings S, Szostek CL and others (2018) Response of benthic fauna to
experimental bottom fishing: a global meta-analysis. Fish Fish 19:698—715 doi:10.1111/faf.12283



SHOM (Service hydrographigque et océanographique de la marine) (2014) Information géographique
maritime et littorale de référence. https://datashom.fr

Tiano JC, van der Reijden KJ, O’Flynn S, Beauchard O and others (2020) Experimental bottom trawling
finds resilience in large-bodied infauna but vulnerability for epifauna and juveniles in the Frisian
Front. Mar Environ Res 159:104964 PubMed doi:10.1016/j.marenvres.2020.104964

Tyler-Walters H, Roger SI, Marshall CE, Hiscock K (2009) A method to assess the sensitivity of
sedimentary communities to fishing activities. Aquat Conserv 19:285-300 doi:10.1002/agc.965

Valiela | (2015) Marine ecological processes, 3rd edn. Springer-Verlag

van Denderen PD, Hintzen NT, van Kooten T, Rijnsdorp AD (2015) Temporal aggregation of bottom
trawling and its implication for the impact on the benthic ecosystem. ICES J Mar Sci 72:952-961
doi:10.1093/icesjms/fsul83

van der Reijden KJ, Koop L, O’Flynn S, Garcia S and others (2019) Discovery of Sabellaria spinulosa
reefs in an intensively fished area of the Dutch Continental Shelf, North Sea. J Sea Res 144:85-94
doi:10.1016/j.seares.2018.11.008

Warwick RM, Clarke KR (1994) Relearning the ABC: taxonomic changes and abundance/biomass
relationships in disturbed benthic communities. Mar Biol 118:739-744 doi:10.1007/BF00347523



Supplement to Beauchard et al. (2021) — Mar Ecol Prog Ser XX:XXX-XXX — https://doi.org/10.3354/meps13840

Supplement S1

Table S1.1. Biological traits. Abbreviations: BL, body length; FR, fragility; BD, burrowing depth;
MO, motility; AM, age at maturity; LS, life span; OT, offspring type; OS, offspring size; CS, case
study (1, Dutch EEZ; 2, Bay of Biscay). See Table 1 for code attributions. References are listed below.

Taxon BL FR BD MO AM LS OT OS CS References
Abludomelita obtusata 51,162,230,521
Abra alba 124,129,290
Abra nitida 60,129,523
Abra prismatica 124,129,159,320
Abra tenuis 129,134,249,290

Acanthocardia sp.
Acrocnida brachiata
Acteon tornatilis
Actinauge sp.
Aequipecten opercularis
Alcyonium digitatum
Alcyonium glomeratum
Alitta virens

Alpheus glaber
Ampelisca brevicornis
Ampelisca diadema
Ampelisca macrocephala
Ampelisca spinipes
Ampelisca tenuicornis
Ampharete sp.
Amphipholis squamata
Amphiura chiajei
Amphiura filiformis
Anseropoda placenta
Antedon sp.

Antedon petasus
Aonides paucibranchiata
Aphelochaeta marioni
Aphrodita sp.

Aphrodita aculeata
Aporrhais pespelecani
Aporrhais serresianus
Arcopagia crassa
Arctica islandica
Aristaeomorpha foliacea
Armina loveni
Asbjornsenia pygmaea
Astarte montagui

Astarte sulcata

Asterias sp.

Asterias rubens
Astropecten sp.
Astropecten irregularis
Atelecyclus sp.
Atelecyclus rotundatus
Atelecyclus undecimdentatus
Atlantopandalus propingvus
Atrina pectinata
Balanus crenatus
Bathyporeia elegans
Bathyporeia gracilis
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193,227,228,244,339,468,478,479
179,278,375
271,350,385,390,420
105,122,320
105,190,266,319,322,355
266,322
266,319,322,417,428,537
322,455,489,509
125,199,319,322,402
155,263,322
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52,62,352,509

230,337
26,141,230,282,285,286,303,325,358
26,141,230,282,285,286,303,325,358
170,190,319,320,530
125,167,202,203
75,179,190,319,522
75,179,190,319,522
129,297,322,388
129,297,322,388
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69,129,348,416,487
112,172,230,378

160
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129,430,450
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179,185,209,322
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230,337

230,337

230,337
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176,177,243,322,361
114,177,190,320,361
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Table S1.1. Continued.

Taxon BL FR BD MO AM LS OT OS CS References
Bathyporeia guilliamsoniana 3 1  114,176,177,243,361
Bathyporeia pelagica 1 114,176,177,361
Bathyporeia sarsi 1 114,190,361,510
Bathyporeia tenuipes 1 114,177,239,319,361
Bela nebula 1 129135

Bodotria arenosa 1  261,264,322,454,539
Bodotria scorpioides 1  261,264,319,322,454,539
Branchiostoma lanceolatum 1 36,139,238,293
Brissopsis lyrifera 12 64,173,230,239
Buccinum humphreysianum 2 66,129,251,252,253,269,270,323,343

Buccinum undatum
Bylgides sarsi

Calliactis parasitica
Callianassa sp.
Calliostoma granulatum
Calocaris macandreae

Cancer bellianus

Cancer pagurus
Capitella capitata
Carcinus maenas
Caryophyllia sp.
Caryophyllia smithii
Chaetopterus variopedatus
Chaetozone setosa
Chamelea striatula
Cheirocratus sundevalli
Chlorotocus crassicornis
Cidaris cidaris

Colus gracilis

Colus islandicus
Corbula gibba
Corophium sp.

Corystes cassivelaunus
Crangon allmanni
Crangon crangon
Diastylis bradyi

Diastylis lucifera
Diastylis rathkei
Dichelopandalus bonnieri
Diogenes pugilator
Donax vittatus

Doris pseudoargus
Dosinia exoleta

Dosinia lupinus
Dyopedos monacantha
Ebalia sp.

Ebalia granulosa

Ebalia tuberosa
Echinocardium sp.
Echinocardium cordatum
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129,269,270,323
3,322,438
179,230,337
243,280,423,424
179,230,337
61,230,356

34,39,40,71,78,179,230,248,322,331,411,415,
439,457,493,517,535,538

34,40,179,322,535
4,46,243,336
35,179,322,342
179,230,337
179,230,337
149,156,230,485
88,230,237,243,319,376
17,129,219,243,534
105,261,319,484,521
337

337

230,337

230,337

129,247
180,322,334
179,226,255,319,322
9,44,230
108,179,232,397
138,243,264,322,508
102,380,389

389,508

230,337
309,317,318,490
19,129

129,230,486
129,190,496,499
129,190,497

322,483
230,295,319,445,446
230,295,319,445,446
230,295,319,445,446
63,81,243

63,81,243
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Table S1.1. Continued.

Taxon

FR

BD MO AM

LS

OT OS

CS

References

Echinocardium pennatifidum
Echinocyamus pusillus
Echinus sp.

Echinus esculentus
Echinus melo

Ensis ensis

Ensis leei

Ensis magnus

Ensis siliqua

Eteone flava

Eteone longa

Eulalia sp.

Eumida sanguinea
Eunereis longissima
Eupolymnia nebulosa
Eurydice pulchra
Eusergestes arcticus
Euspira catena
Euspira fusca

Euspira nitida
Fabulina fabula
Funiculina quadrangularis
Galathowenia oculata
Gammaropsis sp.
Gammarus sp.

Gari fervensis
Gastrosaccus spinifer
Gattyana cirrhosa
Gilvossius tyrrhenus
Glycera sp.
Glycymeris glycymeris
Gnathophausia sp.
Goneplax rhomboides
Goniada maculata
Gracilechinus sp.
Gracilechinus acutus
Gracilechinus elegans
Harmothoe sp.
Harpinia antennaria
Haustorius arenarius
Hediste diversicolor
Henricia sp.
Heteromastus filiformis
Hiatella arctica
Homarus gammarus
Hyalinoecia tubicola
Hymenodiscus coronata
Hypereteone foliosa
Idotea linearis
Inachus sp.

Inachus dorsettensis
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95,151,165,179,183,230,344
129,233,319

129,305,319
115,129,179,236
116,129,164,233
111,230,284,319,376
230,243,409,410
154,190,230,319,322,371
65,243,319,322

190,322,474
37,38,211,212,320
181,230,262

152,230,327

18,129,298

18,129,273,298
129,273,298

129,319,518

150,210

174,274,333
257,319,322,354

15,103

129,131
42,179,313,319,410
111,243
148,322,383,480,481
73,106,107,319,322,366,533
21,189,230,443

335,527

230,337
190,243,274,319,320,329
67,187,188,230,308,504,505
188,230,308,505
67,187,188,230,308,504,505
111,118,179,243,319,322,410
230,243,322,425,521
137,142,320,506
144,158,179,322,444
179,230,337

41,182,453

129,319,449
30,246,359,456,513
230,337

337

319,322,376,532
179,184,230

224,225,294

224,225,294
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Table S1.1. Continued.

Taxon BL FR BD MO AM LS OT OS CS References
Inachus leptochirus 224,225,294
Inachus phalangium 224,225,294
Iphinoe trispinosa 101,322,454
Jassa marmorata 92,322,429,448
Jorunna tomentosa 179,230,337
Kellia suborbicularis 129,300
Kurtiella bidentata 129,230,365
Laetmonice sp. 230,337
Lagis koreni 125,243,360,482
Lamellaria perspicua 179,230,337

Lanice conchilega
Laonice sp.

Lepas sp.

Lepidonotus squamatus
Leptometra celtica
Leptosynapta inhaerens
Limecola balthica
Liocarcinus sp.
Liocarcinus depurator
Liocarcinus holsatus
Liocarcinus marmoreus
Liocarcinus pusillus
Liocarcinus vernalis
Lucinoma borealis
Luidia sp.

Luidia ciliaris

Luidia sarsii
Lumbrineris sp.
Lutraria lutraria
Macomangulus tenuis
Macropipus tuberculatus
Macropodia sp.
Macropodia rostrata
Macropodia tenuirostris
Mactra stultorum
Magelona filiformis
Magelona johnstoni
Magelona mirabilis
Magelona papillicornis
Maja brachydactyla
Maja squinado
Malacoceros fuliginosus
Malmgrenia lunulata
Marthasterias glacialis
Mediomastus fragilis
Megaluropus agilis
Mesopodopsis slabberi
Mimachlamys sp.
Modiolus sp.

Munida intermedia
Munida rugosa
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2,25,56,84,85,91,171,179,229,230,319,322
2,25,56,84,85,91,171,179,229,230,319,322
119,129,214,498

221,230,502

221,230,502

221,230,502

230,243,319,392,440

129,268

20,29,129,133,190,472
216,230,357,367

179,254,319

179,254,319

179,254,319

82,129

175,320,322,347,529
175,319,347,529

175,347,413,529
175,243,322,347,529
74,191,217,230

217,230,292

47,179,215,319

190,322,395,547

33,179,230,291,387
190,223,319,410,515
161,176,243,382,484
136,179,400,520

55,129,412,452

129,130

208,230,296
86,208,230,296,394,419,421,435,476
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Table S1.1. Continued.

Taxon BL FR BD MO AM LS OT OS CS References
Munida speciosa 2 86,230,394,435
Musculus sp. 1 129,310,338

Mya arenaria 1 5859129

Mya truncata 1 11,12,129,319
Mysia undata 1 129,190,328
Mytilus sp. 2 129,250

Mytilus edulis 12 129,250
Nassarius reticulatus 1 79,129
Natatolana borealis 1  260,265,314,477,484
Nephrops norvegicus 1,2 166,168,169,495
Nephtys sp. 1 ;3,29’2,7134’2,72:25244;2674,284,319,320,322,326,
Notomastus latericeus 1 170,200,230,524,528
Nucula nitidosa 1 125,126,129,413,531
Nucula nucleus 1 129,319
Ocenebra erinaceus 2 179,324,460,466
Opbhelia sp. 1 274,319,403
Ophiocomina nigra 2 179,230,337
Ophiothrix sp. 2 127,179,234,469,470
Ophiothrix fragilis 2 127,179
Ophiothrix luetkeni 2 127,179,234,469,470
Ophiura sp. 12 49,117,179,319,503
Ophiura albida 2 49,117,179,319
Ophiura ophiura 2 49,117,179,319,503

Orchomenella nana
Owenia fusiformis
Oxydromus flexuosus
Pagurus sp.

Pagurus alatus

Pagurus bernhardus
Pagurus carneus
Pagurus cuanensis
Pagurus excavatus
Pagurus forbesii
Pagurus prideaux
Palaemon serratus
Palinurus elephas
Palinurus mauritanicus
Paraonis fulgens
Parapenaeus longirostris
Parastichopus regalis
Parastichopus tremulus
Paromola cuvieri
Pasiphaea multidentata
Pasiphaea sivado
Pasiphaea tarda

Pecten maximus
Pennatula phosphorea
Peringia ulvae
Perioculodes longimanus
Petricolaria pholadiformis

W PR PBEDWWWOODROCOWOWOOIWWNDNDNDNOWODNMNDNWWEREWWWEREREEDMNWWOWNDNDNDNO B OO PNDOWREROWWENDDS

W NDNNPEPNMNNMNNPRPPRPPRPEPNEPEPRPNMNNNRPRPRPRPRPRPRPRPRPRPOONOMO®WOWWWWONEPRPPOODNPPPPPORPEPDNLEE

NEFE, WArDEEEEDMMEEDMDMNREPRERPAEREDDEEREDDEREDWONERROWOREREREDOWEANWE N PNWOBMBAMNMNNDE MW

NEFEPNPRPPRPPRPRPEPEPNNNMNNNEPENMNPRPREPNNNMNPNDNPNNPNDNPNDNNMNNNEPRP ORPERPNENNNNNNNNNDNNNNNNDDN P DMNENMNEREENNDNREDDBRDN

W R P WNMNMNMNNNDNNONNWWOWNEPEOWORNDNNNDNNDRNODNDNDNONNDMNDNNENDMNNDNNNMNDNDNDORNDNNDMNDRNNE D WONWODNMNNDNDWWNONDND

W R NDEBRNMNNONMNNOWWWNEBRBEBNNDNDNDNNDNONNWNDNNMNDNNRERPEWWONWWRERPNNNWOWE W WONWOWEEBEENNEDdODN

W EFE WWWMNMNRNONNWWWWNRNNPNONNNNNNONNNMNNNDNONNWWEWWWWWWWWWWWW W NP WWWWWWNDDN

AP OWPARPRPPPPWOWWODNMNWPRPRPRPRPPPPPPPPPOMONOWWWWWWWWNWWW WO FPPOSMEEEEDEDdWDN

PR P RNRNRONRNROMRNNMNRNNERENRNNRDNDRDNDNDG DN - -

346,484
13,125,179,196,322,362
220,381
128,179,275,276,288,321
128,179,275,276,288,321
128,179,288,321
128,179,275,276,288,321
128,179,275,276,288,321
128,179,275,276,288,321
128,179,275,276,288,321
128,179,275,276,288,321
178,179,230,414

207,242

207,242
157,319,410,418,536
241,272,461

337

337

337
22,72,96,152,230,327
72,96,230,327,526
22,152,230,327

129

230,337

14,129,179,462
31,243,484
8,129,147,426
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Table S1.1. Continued.

Taxon BL FR BD MO AM LS OT OS CS References
Phaxas pellucidus 129,299
Philine aperta 179,245

Philocheras echinulatus
Philocheras trispinosus
Pholoe minuta
Phoronis sp.

Photis longicaudata
Phyllodoce sp.

Pisidia longicornis
Pisione remota
Plesionika heterocarpus
Plesionika martia
Poecilochaetus serpens
Polybius henslowii
Polycheles typhlops
Polydora sp.
Pontocrates altamarinus
Pontocrates arcticus
Pontocrates arenarius
Pontophilus norvegicus
Pontophilus spinosus
Porania pulvillus
Portumnus latipes
Prionospio sp.
Processa sp.

Processa canaliculata
Processa nouveli
Psammechinus miliaris
Pseudocuma longicorne
Pteria hirundo
Pteroeides griseum
Pycnogonum litorale
Pygospio elegans
Rissoides desmaresti
Rostanga rubra
Scalibregma inflatum
Scaphander lignarius
Schistomysis sp.
Scolelepis squamata
Scoletoma fragilis
Scoloplos armiger
Sergia robusta

Sigalion mathildae
Solenocera membranacea
Spatangus purpureus
Sphenia binghami

Spio decoratus

Spio filicornis

Spio martinensis
Spiophanes bombyx
Spirobranchus triqueter

N WNDNDNDNDEWWWWOOWNWWNWNDNOOBRREPOWONDNDNDNNWWPRERWWERPRERPEPNMWODNMWWWWEWEWENDNDNDWW
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N

P P RPRPRPRPNNMNRPNRRPRPRPRERPNRPNNR,NNNRE

230,283,368,369,391
230,283,368,369,391
87,231,322

153
261,345,353,484,525
230,243,302,349
230,431,459
146,319,320,471
6,7,94,97,192,241,289,315,377,379,408,434,46
241,315
132,170,190,319,322
230,337
1,5,98,242,492
16,90,120,179,215,311,322,545
31,243

31,32,320
31,176,320,514
230,337

230,337

230,337
100,230,301,501
319,322,363

230,337

230,337

230,337
50,179,230,267
101,319,322 ,454
197,340,341,441,442,464,516
337

23,179,256,491
16,320

235,242,511
83,204,205,230
45,143,170,312
230,337
230,319,330,400,432,433
47,121,243 ,465,473
230,376,507
77,201,243,279,447
337

179,199,243,333
337

179,230,337
129,222,319,540
123,199,218,230
243,467,475
123,215,230,319,475
47,113,243,413
104,179,281
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Table S1.1. Continued.

Taxon BL FR BD MO AM LS OT OS CS References
Spisula elliptica 2 1 3 2 2 3 3 4 1 129,190,319
Spisula solida 3 1 3 2 3 4 3 4 1 129,163,179,259
Spisula subtruncata 2 1 3 2 2 3 3 4 1 68125129
Stichastrella rosea 3 2 4 2 2 3 3 3 2 230,337
Streblospio shrubsolii 2 2 3 3 1 1 1 2 1 76,230,277,436
Streptosyllis websteri 1 2 3 2 3 3 3 3 1 194,230,333
Synchelidium maculatum 1 2 3 1 1 1 1 1 1 31,484,514,543
Tellimya ferruginosa 1 3 2 2 1 2 2 4 1 129,230,300,370
Terebellides stroemii 2 3 2 3 1 2 3 3 1 111,145170,384
Tethyaster subinermis 5 2 4 2 3 4 3 3 2 337

Tharyx sp. 2 3 3 2 2 2 3 3 1  48125167,203,393
Thelepus cincinnatus 4 2 3 3 1 1 2 3 1 190,258,332
Thracia convexa 3 3 2 2 2 3 2 3 1 10,80,129,319,437
Thracia phaseolina 2 3 1 2 2 4 2 3 1 10,129,319,437
Thracia pubescens 3 3 2 2 2 4 2 3 1 10,129,319,364,437
Thyasira flexuosa 1 1 2 2 2 2 3 3 1 43,125,129,306
Turritella communis 3 1 3 2 2 3 3 4 12 129,297,322
Upogebia deltaura 3 3 1 2 2 3 2 1 1 319,322,500,519
Urothoe brevicornis 1 2 2 1 1 2 1 1 1 6599,132,243,319
Urothoe marina 1 2 2 1 1 2 1 1 1 6599,132,179,319
Urothoe poseidonis 1 2 2 1 1 2 1 1 1 6599,132,179,243,319
Venerupis corrugata 3 1 2 4 2 3 3 4 1 129

Venus sp. 3 1 3 2 3 4 3 4 1 24,129,178,399
Venus casina 2 1 3 2 2 3 3 4 2 24,129,178,399
Westwoodilla caecula 1 2 3 1 1 1 1 1 1 32320
Xylophaga dorsalis 2 1 3 3 1 1 3 4 2 109,110,195,422
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Supplement S2

Variation partitioning

Variation partitioning has been used for a long time in different research fields; Legendre and
Legendre (2012) provide a very detailed description of it. This analytical procedure quantifies the
amounts of variance from a response variable or matrix explained by several predictor variables or
matrices (individual and combinations of those predictors). The procedure is based on partial
regression. As an example, here is an illustration from our Dutch case study. We chose the
recoverability component RE based on absolute number of taxa given its pertinence: it is strongly
correlated with both environmental variables (R%g. = 0.65) and trawling intensity (R%g. = 0.47). Figure
S2.1 displays the relationships between the raw data (trawling and abiotic data In-transformed).
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Fig. S2.1. Relationships between recoverability (RE, based on absolute taxon density), trawling
intensity and abiotic variables. In b and c, abiotic prediction is the predicted value from the multiple
regression of RE (b) and trawling intensity (c) on abiotic descriptors; vertical segments represent
residual values of these relationships.

Trawling intensity, RE and abiotic descriptors are all strongly correlated to each other. It follows that
there are two possible sources of RE variation, trawling and habitat characteristics. While habitat
preferences of benthic organisms are to be expected, one cannot conclude immediately that trawling
does affect benthos. Here, trawling effort is distributed according to habitat characteristics (b), but the
relationship in (a) does not show if trawling affects RE within a habitat (i.e. in the way one would use
a controlled experiment to establish cause-effect relationships between varying levels of trawling
intensity and responses of benthos within specific environments). Hence, trawling intensity and abiotic
descriptors jointly explain some of the RE variance, called “confounding effect” (here, 0.45 %, Table
S5.1). However, abiotic descriptors do not fully explain RE and trawling variances as indicated by
residuals in (b) and (c). These residuals reflect an element of variation in which there is no
environmental effect, as illustrated in Figures S2.1a and S2.1b. The two sets of residuals are used as
new variables, independent of environmental effect to assess the true effect of trawling intensity (Fig.
S2.2¢).
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As indicated in Table 2 and Table S5.1, the amount of RE variance explained by trawling intensity,
when controlling for the abiotic variation, is R%g = 0.02. This very low value results from the division
of the explained variance in Figure S2.2c by the total variance of RE in Figure S2.1a. Consequently,
from RE (Fig. S2.1a) to RE | Abiotic prediction (Fig. S2.2c), a large amount of variance is removed:
45 % from the confounding effect plus 20 % from Abiotic prediction | trawling intensity
(environmental effect independent from trawling effect, see Table S5.1), leaving only 100 — (45 + 20)
= 35 % of RE variance for which one tries to find an effect of trawling intensity, itself constrained by
abiotic variables.
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Fig. S2.2. a and b) Relationships between residual values from Figures S2.1b and S2.1c and abiotic
prediction (the symbol “|” means “when controlling for”’). These two sets of residuals are used in (c) to
assess the response of RE to trawling intensity in the absence of abiotic interference (i.e. organism
habitat preferences and habitats preferably trawled). ¢) Partial regression of the two variables of
interest.

The greater the confounding effect, the lower the amount of explain variance that can be expected
from the partial regression (Fig. S2.2c). However, the sign of variation of the final relationship is not
affected by variance removal if there is a real effect, and it keeps all its functional meaning. The pure
effect of trawling intensity on the response variable here, as expected according to our mechanistic
rationale, is clearly negative, as indicated by the partial r-correlation coefficient equalled to —0.28 (p =
0.009). The very conservative nature of this approach ensures the rejection of false or unrelated effects
in spite of variance removal.
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Fig. S3.1. Proportions of taxa for each biological trait modality in each of the two faunas.
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Supplement S4

Table S4.1. Pearson’s r correlation coefficients between traits within each case study. Rejection level:
“, p<0.001; 7, p<0.010; %, p < 0.050

Burrowing

Age at

Offspring

Offspring

Body length  Fragility depth Motility maturity Life span type sire SE

Dutch EEZ Fragility 0.19 **

Burrowing depth  — 0.34 ™™ - 0.23 **

Motility 0.38 ™ 0.04 0.01

Age at maturity 050 ™ - 0.12 -018 * 0.27 **

Life span 048 ™~ -018 " - 0.08 0.34 ™ 0.80 ***

Offspring type 0.59 ™= 0.07 -019 ** 0.55 *** 0.51 ™ 0.54 ***

Offspring size 0.38 ™ 0.03 - 0.08 0.57 *** 0.45 *** 0.47 ™ 0.81 ***

SE 0.47 ™ 0.58 *** 0.20 ** 0.20 ** 0.12 0.12 0.29 *** 0.18 *

RE 029 ™™ -0.16 " - 0.05 0.46 ™ 0.68 ™~ 0.54 *** 0.33 ™ 041 0.02
Bay of Biscay  Fragility - 0.04

Burrowing depth  — 0.10 0.12

Motility 0.13 0.00 017 *

Age at maturity 0.42 ** - 0.05 -018* 0.27 **

Life span 0.37 ™ - 0.02 -0.10 0.33 ™ 0.73 ™

Offspring type 017 * 0.27 ** 0.19 * 0.39 ™* 028 ** 0.38 ***

Offspring size 0.09 0.25 ** 0.24 ™ 0.47 = 017 ~* 0.29 ™~ 0.82 ***

SE 0.36 ™ 0.80 *** 0.30 ™ 0.05 0.11 0.08 0.34 *** 0.27 **

RE 0.22 ** 0.06 0.12 0.64 ™~ 0.63 ™~ 0.52 ™ 0.45 ™ 0.46 ™ 0.13
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Supplement S5

Table S5.1. Complete output of variation partitioning for the Dutch EEZ. Symbols: “|”, conditional
effect; “N”, confounding effect between environmental variables and trawling intensity (intersection).
AM, age at maturity; BD, burrowing depth; BL, body length; FR, fragility; LS, life span; MO,
motility; OS, offspring size; OT, offspring type; RE, recoverability; SE, sensitivity. Partial r indicates
the Pearson’s r-correlation coefficient between the response variable and trawling intensity when
controlling for the effect of abiotic variables; it also indicates the sign of variation of the relationship.

Density Component Response variable Abiotic Trawling Abio. + Trawl. Abio. | Trawl. Abio. N Trawl. Trawl. | Abio. Partial r
Absolute  Individual traits BL 0.38 0.05 0.38 0.32 0.06 ns ns
biomass FR 0.40 ns 0.40 0.38 0.02 ns ns
BD 0.25 0.06 0.24 0.19 0.06 ns ns
MO 0.37 0.07 0.36 0.29 0.08 ns ns
AM 0.32 ns 0.31 0.30 0.02 ns ns
LS 0.30 ns 0.30 0.27 0.04 ns ns
oT 0.34 0.04 0.34 0.30 0.05 ns ns
0os 0.27 0.10 0.28 0.19 0.08 ns ns
Sensitivity BLxFR 0.36 0.05 0.35 0.30 0.05 ns ns
BLxBD 0.25 0.09 0.24 0.16 0.09 ns ns
FRxBD 0.28 0.05 0.29 0.24 0.04 ns ns
SE 0.26 0.10 0.27 0.18 0.09 ns ns
Recoverability MOxOT 0.29 0.08 0.28 0.20 0.09 ns ns
MOxOS 0.25 0.13 0.26 0.13 0.12 ns ns
OTx0S 0.26 0.09 0.27 0.19 0.08 ns ns
MOxOTxOS 0.24 0.12 0.25 0.13 0.11 ns ns
RM 0.26 0.05 0.27 0.22 0.04 ns ns
RMxMO 0.25 0.06 0.26 0.20 0.05 ns ns
RMxOT 0.23 0.05 0.25 0.19 0.04 ns ns
RMx*OS 0.19 0.12 0.23 0.11 0.08 0.04 -0.24
RMxMOxOT 0.23 0.06 0.25 0.18 0.05 ns ns
RMxMOx*0S 0.19 0.13 0.23 0.10 0.09 0.04 —0.26
RMxOTxOS 0.19 0.11 0.22 0.11 0.08 0.04 —0.24
RE 0.19 0.13 0.23 0.10 0.09 0.04 —0.25
Vulnerability SE+RE 0.26 0.12 0.28 0.16 0.10 ns ns
SExRE 0.23 0.24 0.26 ns 0.20 0.04 —0.25
Absolute  Individual traits BL 0.75 0.19 0.75 0.55 0.20 ns ns
number of FR 0.67 0.20 0.66 0.46 0.20 ns ns
individuals BD 0.61 0.20 0.61 0.41 0.20 ns ns
MO 071 0.24 0.70 0.46 0.24 ns ns
AM 0.75 0.27 0.75 0.48 0.28 ns ns
LS 0.69 0.29 0.68 0.39 0.30 ns ns
oT 0.68 0.23 0.67 0.44 0.24 ns ns
oS 0.66 0.24 0.65 0.41 0.25 ns ns
Sensitivity BLxFR 0.74 0.19 0.74 0.55 0.19 ns ns
BLxBD 0.74 0.20 0.74 0.53 0.21 ns ns
FR*BD 0.66 0.19 0.66 0.47 0.19 ns ns
SE 0.73 0.18 0.73 0.54 0.19 ns ns
Recoverability MOxOT 0.70 0.26 0.70 0.44 0.26 ns ns
MOx0S 0.71 0.27 0.70 0.43 0.28 ns ns
OTx0S 0.69 0.26 0.68 0.42 0.26 ns ns
MOxOT*OS 0.71 0.29 0.71 0.42 0.29 ns ns
RM 0.77 0.24 0.77 0.53 0.24 ns ns
RMxMO 0.76 0.39 0.76 0.37 0.39 ns ns
RMxOT 0.76 0.24 0.75 0.51 0.25 ns ns
RMxOS 0.80 0.31 0.80 0.48 0.32 ns ns
RMxMO*OT 0.75 0.41 0.75 0.35 0.40 ns ns
RMxMOx*0S 0.76 0.47 0.78 0.31 0.45 0.02 —0.31
RMxOTxOS 0.80 0.31 0.79 0.48 0.32 ns ns
RE 0.75 0.47 0.77 0.30 0.45 0.02 —0.32
Vulnerability SE+RE 0.79 0.29 0.79 0.50 0.29 ns ns
SEXRE 0.81 0.35 0.82 0.47 0.35 ns ns
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Table S5.1. Continued.

Density Component Response variable Abiotic Trawling Abio. + Trawl. Abio. | Trawl. Abio. N Trawl. Trawl. | Abio. Partial r
Absolute  Individual traits BL 0.71 0.20 0.71 0.50 0.21 ns ns
number of FR 0.66 0.21 0.65 0.44 0.21 ns ns
taxa BD 0.61 0.19 0.61 0.42 0.18 ns ns
MO 0.73 0.28 0.73 0.45 0.28 ns ns
AM 0.65 0.28 0.65 0.37 0.28 ns ns
LS 0.64 0.28 0.64 0.35 0.29 ns ns
oT 0.68 0.24 0.67 0.44 0.24 ns ns
0os 0.66 0.26 0.66 0.40 0.26 ns ns
Sensitivity BLxFR 0.70 0.18 0.70 0.52 0.18 ns ns
BLxBD 0.68 0.18 0.68 0.51 0.18 ns ns
FRxBD 0.63 0.17 0.63 0.46 0.17 ns ns
SE 0.66 0.13 0.66 0.53 0.13 ns ns
Recoverability MOxOT 0.73 0.29 0.73 0.44 0.30 ns ns
MOx0S 0.74 0.32 0.73 0.42 0.32 ns ns
OTx0S 0.69 0.27 0.69 0.42 0.27 ns ns
MOxOT*OS 0.74 0.33 0.73 0.41 0.33 ns ns
RM 0.64 0.23 0.64 0.41 0.24 ns ns
RMxMO 0.66 0.41 0.67 0.26 0.40 ns ns
RMxOT 0.63 0.23 0.62 0.39 0.24 ns ns
RMxOS 0.68 0.30 0.67 0.37 0.31 ns ns
RMxMOxOT 0.65 0.42 0.66 0.24 0.41 ns ns
RMxMOx*0S 0.66 0.47 0.68 0.20 0.45 0.02 —0.28
RMxOT*OS 0.67 0.30 0.67 0.37 0.30 ns ns
RE 0.65 0.47 0.67 0.20 0.45 0.02 —0.28
Vulnerability SE+RE 0.72 0.25 0.71 0.46 0.25 ns ns
SExRE 0.74 0.37 0.74 0.37 0.37 ns ns
Relative Individual traits BL 0.10 0.05 ns ns 0.06 ns ns
biomass FR 0.36 ns 0.36 0.37 0.00 ns ns
BD 0.34 ns 0.37 0.34 0.00 0.03 -0.20
MO 0.55 0.14 0.55 0.41 0.14 ns ns
AM 0.10 ns 0.13 0.14 0.00 ns ns
LS 0.19 ns 0.22 0.23 0.00 ns ns
oT 0.31 ns 0.34 0.35 0.00 ns ns
oS 0.32 0.06 0.42 0.36 0.00 0.11 —0.41
Sensitivity BLxFR 0.24 0.10 0.24 0.15 0.09 ns ns
BLxBD 0.25 0.07 0.30 0.22 0.03 0.04 -0.27
FR*BD 0.28 0.06 0.37 0.30 0.00 0.08 -0.36
SE 0.21 0.16 0.32 0.16 0.05 0.11 —0.39
Recoverability MOxOT 0.38 0.13 0.39 0.26 0.12 ns ns
MOx0S 0.32 0.19 0.39 0.20 0.12 0.07 -0.33
OTx0S 0.32 0.04 0.40 0.36 0.00 0.08 -0.37
MOxOT*0S 0.31 0.16 0.36 0.20 0.11 0.05 -0.30
RM 0.12 ns 0.18 0.17 0.00 0.06 —0.28
RMxMO 0.19 ns 0.24 0.21 0.00 0.06 -0.29
RMxOT 0.15 ns 0.21 0.20 0.00 0.06 -0.29
RMxO0S 0.12 0.08 0.25 0.17 0.00 0.13 —0.40
RMxMOxOT 0.20 ns 0.26 0.23 0.00 0.06 -0.30
RMxMOx*0S 0.16 0.10 0.29 0.18 0.00 0.12 —0.40
RMxOTxOS 0.13 0.08 0.25 0.17 0.00 0.12 -0.39
RE 0.17 0.10 0.28 0.18 0.00 0.12 —0.39
Vulnerability SE+RE 0.23 0.16 0.37 0.21 0.02 0.14 —0.44
SEXRE 0.14 0.31 0.29 ns 0.16 0.15 -0.43

30


https://doi.org/10.3354/meps13840

Supplement to Beauchard et al. (2021) — Mar Ecol Prog Ser XX:XXX-XXX — https://doi.org/10.3354/meps13840

Table S5.1. Continued.

Density Component Response variable Abiotic Trawling Abio. + Trawl. Abio. | Trawl. Abio. N Trawl. Trawl. | Abio. Partial r
Relative Individual traits BL 0.30 0.10 0.33 0.23 0.06 0.04 —0.25
number of FR 0.22 0.10 0.26 0.16 0.06 0.03 —0.24
individuals BD 0.46 0.06 0.46 0.40 0.06 ns ns
MO 0.50 0.05 0.50 0.44 0.05 ns ns
AM 0.60 0.16 0.60 0.44 0.16 ns ns
LS 0.40 0.21 0.43 0.21 0.19 0.03 —0.25
oT 0.32 0.11 0.35 0.24 0.09 0.03 —0.23
0os 0.36 0.12 0.37 0.25 0.11 ns ns
Sensitivity BLxFR 0.33 0.17 0.37 0.20 0.13 0.05 -0.29
BLxBD 0.49 0.21 0.53 0.32 0.17 0.03 —0.28
FRxBD 0.38 0.22 0.39 0.17 0.21 ns ns
SE 0.45 0.25 0.49 0.25 0.20 0.04 —0.30
Recoverability MOxOT 0.44 0.06 0.44 0.38 0.06 ns ns
MOx*0S 0.40 0.05 0.40 0.36 0.04 ns ns
OTx0S 0.43 0.13 0.45 0.32 0.11 ns ns
MOxOT*0S 0.39 0.05 0.39 0.34 0.05 ns ns
RM 0.60 0.19 0.61 0.41 0.19 ns ns
RMxMO 0.68 0.27 0.68 0.42 0.26 ns ns
RMxOT 0.58 0.21 0.59 0.38 0.20 ns ns
RMxOS 0.60 0.23 0.61 0.38 0.22 ns ns
RMxMOxOT 0.66 0.28 0.67 0.39 0.27 ns ns
RMxMOx*0S 0.64 0.28 0.65 0.37 0.27 ns ns
RMxOT*OS 0.60 0.23 0.61 0.38 0.22 ns ns
RE 0.64 0.28 0.65 0.37 0.27 0.02 —0.23
Vulnerability SE+RE 0.52 0.26 0.55 0.29 0.23 0.03 -0.29
SExRE 0.50 0.23 0.53 0.29 0.21 0.02 —0.25
Relative Individual traits BL 0.53 ns 0.53 0.50 0.03 ns ns
number of FR 0.34 ns 0.34 0.34 0.00 ns ns
taxa BD ns ns ns ns 0.01 ns ns
MO 0.66 0.21 0.67 0.46 0.20 ns ns
AM 0.48 0.19 0.47 0.28 0.19 ns ns
LS 0.45 0.25 0.46 0.21 0.24 ns ns
oT 0.51 0.10 0.51 0.41 0.11 ns ns
0os 0.42 0.17 0.42 0.25 0.17 ns ns
Sensitivity BLxFR 0.48 ns 0.47 0.47 0.01 ns ns
BLxBD 0.63 ns 0.63 0.60 0.03 ns ns
FRxBD 0.26 ns 0.25 0.26 0.00 ns ns
SE 0.51 ns 0.51 0.51 0.00 ns ns
Recoverability MOxOT 0.60 0.22 0.61 0.39 0.21 ns ns
MOx0S 0.60 0.27 0.61 0.34 0.25 ns ns
OTx0S 0.53 0.18 0.53 0.35 0.18 ns ns
MOxOT*0S 0.58 0.27 0.60 0.33 0.26 0.02 —0.24
RM 0.35 0.09 0.34 0.25 0.10 ns ns
RMxMO 0.53 0.39 0.57 0.18 0.35 0.04 —0.31
RMxOT 0.27 0.08 0.26 0.19 0.09 ns ns
RMx*OS 0.37 0.18 0.37 0.19 0.18 ns ns
RMxMOxOT 0.49 0.39 0.53 0.15 0.34 0.04 —0.31
RMxMOx*0S 0.48 0.44 0.55 0.11 0.37 0.06 -0.37
RMxOTxOS 0.35 0.17 0.34 0.17 0.17 ns ns
RE 0.47 0.44 0.54 0.10 0.37 0.07 —0.37
Vulnerability SE+RE 0.63 0.15 0.65 0.50 0.14 ns ns
SEXRE 0.66 0.32 0.67 0.35 0.31 ns ns
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Table S5.2. Complete output of variation partitioning for the Bay of Biscay. Symbols: “”, conditional
effect; “N”, confounding effect between environmental variables and trawling intensity (intersection).
AM, age at maturity; BD, burrowing depth; BL, body length; FR, fragility; LS, life span; MO,
motility; OS, offspring size; OT, offspring type; RE, recoverability; SE, sensitivity. Partial r indicates
the Pearson’s r-correlation coefficient between the response variable and trawling intensity when
controlling for the effect of abiotic variables; it also indicates the sign of variation of the relationship.

Density Component Response variable Abiotic Trawling Abio. + Trawl. Abio. | Trawl. Abio. N Trawl. Trawl. | Abio. Partial r
Absolute  Individual traits BL 0.01 0.03 0.06 0.03 ns 0.04 —0.21
biomass FR 0.02 0.08 0.10 0.02 0.01 0.08 —0.34
BD 0.03 0.07 0.11 0.03 ns 0.07 -0.30

MO 0.03 0.08 0.12 0.04 ns 0.08 -0.32

AM 0.03 0.04 0.08 0.04 ns 0.05 -0.22

LS 0.03 0.04 0.08 0.04 ns 0.05 -0.23

oT 0.03 0.07 0.10 0.03 ns 0.07 -0.30

(o8} 0.05 0.09 0.14 0.05 0.01 0.08 —0.35

Sensitivity BLxFR 0.02 0.09 0.10 0.01 0.01 0.09 -0.36

BLxBD 0.03 0.09 0.11 0.02 ns 0.08 —0.34

FRxBD 0.03 0.09 0.12 0.02 0.01 0.08 —-0.35

SE 0.03 0.09 0.11 0.02 0.01 0.09 —0.36

Recoverability MOxOT 0.07 0.11 0.17 0.06 0.01 0.10 —0.38

MOx0S 0.09 0.10 0.18 0.08 0.01 0.09 —0.38

OTx0S 0.07 0.11 0.16 0.05 0.01 0.09 —0.40

MOxOT*0S 0.10 0.12 0.20 0.09 0.02 0.10 —0.41

RM 0.06 0.03 0.10 0.07 ns 0.04 —-0.19

RM*xMO 0.07 0.05 0.13 0.08 ns 0.06 -0.26

RMxOT 0.09 0.07 0.16 0.09 ns 0.07 -0.30

RMx*OS 0.13 0.07 0.20 0.13 0.01 0.06 -0.31

RMxMOxOT 0.11 0.09 0.19 0.11 0.01 0.08 -0.35

RMxMOx*O0S 0.15 0.07 0.22 0.15 0.01 0.07 -0.33

RMxOTxOS 0.15 0.10 0.23 0.13 0.02 0.08 -0.38

RE 0.17 0.10 0.25 0.15 0.02 0.08 —0.39

Vulnerability SE+RE 0.08 0.12 0.18 0.06 0.01 0.11 —0.41

SEXRE 0.04 0.06 0.09 0.03 0.01 0.05 —0.29

Absolute  Individual traits BL ns 0.05 0.07 0.02 ns 0.06 —0.22
number of FR ns 0.08 0.08 ns ns 0.08 —0.28
individuals BD 0.02 0.06 0.09 0.03 ns 0.07 —0.24
MO ns 0.10 0.11 0.01 ns 0.10 —0.34

AM 0.06 0.05 0.12 0.07 ns 0.06 -0.23

LS 0.03 0.04 0.08 0.04 ns 0.05 —-0.20

oT 0.02 0.07 0.10 0.02 ns 0.08 -0.28

0os 0.03 0.12 0.14 0.02 0.01 0.11 —0.38

Sensitivity BLxXFR ns 0.11 0.12 ns ns 0.11 —0.35

BLxBD ns 0.10 0.10 ns ns 0.10 -0.32

FRxBD ns 0.10 0.10 ns ns 0.10 -0.32

SE ns 0.13 0.13 ns ns 0.12 —0.38

Recoverability MOxOT 0.02 0.12 0.14 0.02 0.01 0.11 -0.38

MOx0S 0.03 0.12 0.14 0.02 0.01 0.11 -0.37

OTx0S 0.04 0.14 0.17 0.03 0.01 0.13 -0.43

MOxOTxOS 0.04 0.13 0.16 0.02 0.01 0.12 -0.41

RM 0.15 0.04 0.20 0.16 ns 0.05 -0.21

RMxMO 0.06 0.07 0.14 0.07 ns 0.08 -0.28

RMxOT 0.14 0.10 0.23 0.13 ns 0.09 -0.32

RMx*OS 0.12 0.11 0.23 0.11 0.01 0.10 -0.36

RMxMOxOT 0.07 0.09 0.16 0.07 ns 0.09 -0.33

RMxMOx*O0S 0.09 0.09 0.18 0.09 ns 0.08 -0.32

RMxOTxOS 0.14 0.14 0.26 0.12 0.02 0.12 —0.41

RE 0.10 0.10 0.19 0.09 0.01 0.10 —0.36

Vulnerability SE+RE 0.02 0.14 0.15 0.01 ns 0.14 —0.40

SEXRE 0.02 0.06 0.08 0.02 ns 0.07 -0.32
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Table S5.2. Continued.

Density Component Response variable Abiotic Trawling Abio. + Trawl. Abio. | Trawl. Abio. N Trawl. Trawl. | Abio. Partial r
Absolute  Individual traits BL ns 0.06 0.08 0.03 ns 0.07 —0.24
number of FR ns 0.08 0.08 ns ns 0.08 -0.29
taxa BD 0.03 0.06 0.10 0.04 ns 0.06 -0.25
MO ns 0.10 0.11 ns ns 0.10 —0.35
AM 0.05 0.06 0.12 0.06 ns 0.07 -0.25
LS 0.03 0.04 0.09 0.04 ns 0.06 -0.21
oT 0.02 0.08 0.11 0.03 ns 0.08 -0.29
0os 0.03 0.13 0.15 0.02 0.01 0.12 —-0.39
Sensitivity BLxFR ns 0.11 0.12 ns ns 0.12 —0.36
BLxBD ns 0.10 0.11 0.01 ns 0.11 -0.33
FRxBD ns 0.10 0.10 ns ns 0.10 -0.33
SE ns 0.13 0.13 ns ns 0.13 —0.39
Recoverability MOxOT 0.01 0.12 0.12 ns 0.01 0.11 —0.38
MOx0S 0.02 0.11 0.12 0.01 0.01 0.11 -0.38
OTx0S 0.04 0.14 0.17 0.03 0.02 0.13 —-0.42
MOxOT*OS 0.02 0.13 0.14 ns 0.01 0.12 —0.40
RM 0.12 0.06 0.19 0.13 ns 0.07 -0.26
RMxMO 0.04 0.07 0.12 0.04 ns 0.08 -0.30
RMxOT 0.11 0.11 0.22 0.11 ns 0.11 -0.35
RMxOS 0.11 0.12 0.22 0.09 0.01 0.11 -0.38
RMxMOxOT 0.04 0.09 0.13 0.04 ns 0.09 -0.33
RMxMOx*0S 0.06 0.09 0.15 0.06 ns 0.08 —0.33
RMxOT*OS 0.11 0.14 0.24 0.09 0.02 0.12 -0.41
RE 0.06 0.10 0.15 0.06 ns 0.09 —0.35
Vulnerability SE+RE ns 0.14 0.15 0.01 ns 0.14 —0.41
SExRE 0.02 0.05 0.09 0.03 ns 0.06 —0.27
Relative Individual traits BL 0.10 ns 0.10 0.10 ns ns ns
biomass FR 0.06 0.06 0.10 0.04 0.02 0.04 —0.24
BD 0.08 0.06 0.11 0.05 0.03 0.03 -0.24
MO 0.07 0.05 0.11 0.06 0.01 0.04 -0.25
AM 0.10 ns 0.10 0.10 ns ns ns
LS 0.23 ns 0.23 0.23 ns ns ns
oT 0.16 0.10 0.22 0.12 0.04 0.06 -0.33
oS 0.10 0.08 0.14 0.07 0.03 0.05 —0.29
Sensitivity BLxFR 0.04 0.08 0.10 0.02 0.02 0.06 -0.28
BLxBD 0.07 0.10 0.13 0.03 0.03 0.07 -0.32
FR*BD 0.07 0.07 0.11 0.05 0.03 0.04 -0.26
SE 0.05 0.09 0.11 0.03 0.02 0.06 —0.29
Recoverability MOxOT 0.12 0.08 0.17 0.09 0.03 0.05 -0.32
MOx0S 0.09 0.06 0.13 0.07 0.02 0.03 —0.26
OTx0S 0.14 0.11 0.20 0.10 0.04 0.06 —0.34
MOxOT*0S 0.12 0.08 0.16 0.09 0.03 0.05 —0.30
RM 0.09 ns 0.09 0.09 ns ns ns
RM>xMO 0.07 ns 0.07 0.07 ns ns —-0.10
RMxOT 0.16 0.03 0.18 0.15 0.01 0.02 —-0.21
RMxO0S 0.16 0.02 0.17 0.15 0.01 0.02 -0.19
RMxMOxOT 0.11 0.03 0.14 0.10 0.01 0.03 -0.23
RMxMOx*0S 0.13 0.03 0.15 0.12 0.01 0.02 —0.20
RMxOTxOS 0.18 0.06 0.22 0.16 0.02 0.04 -0.30
RE 0.14 0.05 0.17 0.13 0.02 0.03 —0.26
Vulnerability SE+RE 0.11 0.12 0.20 0.08 0.03 0.09 -0.36
SEXRE 0.03 0.04 0.06 0.02 0.01 0.03 —-0.20
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Table S5.2. Continued.

Density Component Response variable Abiotic Trawling Abio. + Trawl. Abio. | Trawl. Abio. N Trawl. Trawl. | Abio. Partial r
Relative Individual traits BL 0.14 ns 0.14 0.14 ns 0.01 ns
number of FR 0.04 0.08 0.11 0.03 0.01 0.07 —0.28
individuals BD 0.11 0.03 0.13 0.10 0.01 0.03 —-0.20
MO 0.08 0.07 0.14 0.07 0.02 0.05 -0.29
AM 0.07 ns 0.08 0.08 ns ns —0.09
LS 0.09 ns 0.09 0.09 ns ns ns
oT 0.13 0.06 0.17 0.11 0.01 0.05 -0.27
0S 0.15 0.13 0.24 0.11 0.04 0.10 —0.38
Sensitivity BLxFR 0.05 0.15 0.18 0.04 0.02 0.13 -0.39
BLxBD 0.13 0.13 0.24 0.11 0.02 0.11 -0.37
FRxBD 0.04 0.12 0.13 0.02 0.02 0.10 —0.35
SE 0.04 0.17 0.19 0.02 0.02 0.15 —0.42
Recoverability MOxOT 0.08 0.09 0.14 0.05 0.03 0.06 -0.31
MOx0S 0.06 0.08 0.11 0.03 0.02 0.06 -0.30
OTx0S 0.18 0.16 0.29 0.13 0.05 0.11 —0.41
MOxOTx0S 0.08 0.10 0.14 0.05 0.03 0.07 -0.32
RM 0.13 ns 0.13 0.13 ns ns ns
RMxMO ns 0.02 0.03 ns ns 0.02 -0.17
RMxOT 0.17 0.07 0.22 0.16 0.01 0.05 —-0.30
RMxOS 0.14 0.09 0.21 0.12 0.02 0.07 —0.34
RMxMOxOT 0.02 0.05 0.06 0.02 0.01 0.04 —0.24
RMxMOx*0S 0.04 0.05 0.08 0.04 0.01 0.04 —0.24
RMxOT*OS 0.18 0.13 0.27 0.14 0.04 0.09 —0.40
RE 0.05 0.06 0.10 0.04 0.01 0.05 —0.28
Vulnerability SE+RE 0.04 0.20 0.20 0.01 0.03 0.17 —0.45
SExRE 0.02 0.05 0.07 0.02 ns 0.05 —0.22
Relative Individual traits BL 0.12 0.10 0.22 0.12 0.01 0.09 —0.35
number of FR 0.06 0.11 0.15 0.04 0.02 0.08 -0.32
taxa BD 0.11 0.11 0.18 0.07 0.04 0.07 —-0.30
MO 0.09 0.10 0.15 0.05 0.03 0.06 -0.31
AM 0.09 0.09 0.15 0.06 0.03 0.06 -0.31
LS 0.06 0.02 0.06 0.05 0.01 0.01 —0.14
oT 0.16 0.18 0.27 0.09 0.06 0.12 —0.42
0S 0.15 0.17 0.26 0.09 0.06 0.11 —0.41
Sensitivity BLxFR 0.07 0.16 0.21 0.05 0.02 0.14 —0.40
BLxBD 0.12 0.20 0.27 0.07 0.04 0.15 —0.44
FRxBD 0.06 0.14 0.17 0.03 0.03 0.11 -0.37
SE 0.06 0.18 0.21 0.03 0.03 0.15 —0.42
Recoverability MOxOT 0.08 0.10 0.15 0.04 0.04 0.07 —0.33
MOx0S 0.07 0.10 0.13 0.03 0.03 0.06 —0.31
OTx0S 0.17 0.19 0.29 0.10 0.06 0.12 —0.44
MOxOT*0S 0.07 0.11 0.14 0.04 0.04 0.07 —0.33
RM 0.14 0.04 0.17 0.13 0.01 0.03 —0.21
RMxMO 0.03 0.04 0.06 0.02 0.01 0.03 —-0.20
RMxOT 0.15 0.12 0.24 0.12 0.04 0.08 —-0.36
RMxO0S 0.13 0.12 0.22 0.10 0.04 0.09 —-0.36
RMxMOxOT 0.05 0.06 0.09 0.03 0.01 0.04 —0.24
RMxMOx*0S 0.06 0.05 0.10 0.04 0.01 0.04 —0.24
RMxOTxOS 0.15 0.15 0.25 0.10 0.05 0.10 —0.40
RE 0.06 0.07 0.11 0.04 0.02 0.05 —0.26
Vulnerability SE+RE 0.07 0.19 0.23 0.04 0.03 0.16 —0.43
SExRE 0.03 0.05 0.08 0.03 ns 0.05 —0.21
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Supplement S6

Figure S6.1. Interpolated absolute organism densities in the Dutch EEZ. From left to right, sensitivity
(SE; a, e and i), recoverability (RE; b, f and j), vulnerability SE + RE (c, g and k) and vulnerability SE
x RE (d, h and I). From top to bottom, biomass, number of individuals and number of taxa. Values are
multiplications of organism densities by standardised scores. High values express either high
sensitivity, slow recovery or high vulnerability.
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Figure S6.2. Interpolated relative organism densities in the Dutch EEZ. From left to right, sensitivity
(SE; a, e and i), recoverability (RE; b, f and j), vulnerability SE + RE (c, g and k) and vulnerability SE
x RE (d, h and I). From top to bottom, biomass, number of individuals and number of taxa. Values are
multiplications of organism densities by standardised scores. High values express either high
sensitivity, slow recovery or high vulnerability.
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Figure S6.3. Interpolated absolute organism densities in the Bay of Biscay. From left to right,
sensitivity (SE; a, e and i), recoverability (RE; b, f and j), vulnerability SE + RE (c, g and k) and
vulnerability SE x RE (d, h and I). From top to bottom, biomass, number of individuals and number of
taxa. Values are multiplications of organism densities by standardised scores. High values express
either high sensitivity, slow recovery or high vulnerability.

0.18

0.10

37


https://doi.org/10.3354/meps13840

Supplement to Beauchard et al. (2021) — Mar Ecol Prog Ser XX:XXX-XXX — https://doi.org/10.3354/meps13840

Figure S6.4. Interpolated relative organism densities in the Bay of Biscay. From left to right,
sensitivity (SE; a, e and i), recoverability (RE; b, f and j), vulnerability SE + RE (c, g and k) and
vulnerability SE x RE (d, h and I). From top to bottom, biomass, number of individuals and number of
taxa. Values are multiplications of organism densities by standardised scores. High values express
either high sensitivity, slow recovery or high vulnerability.
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