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Mapping trawling pressure on the benthic habitats is needed as background to support an ecosystem approach to fisheries management. The
extent and intensity of bottom trawling on the European continental shelf (0–1000 m) was analysed from logbook statistics and vessel moni-

35 toring system data for 2010–2012 at a grid cell resolution of 1 � 1 min longitude and latitude. Trawling intensity profiles with seabed impact
at the surface and subsurface level are presented for 14 management areas in the North-east Atlantic, Baltic Sea and Mediterranean Sea. The
footprint of the management areas ranged between 53–99% and 6–94% for the depth zone from 0 to 200 m (Shallow) and from 201 to 1000
m (Deep), respectively. The footprint was estimated as the total area of all grid cells that were trawled fully or partially. Excluding the
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untrawled proportions reduced the footprint estimates to 28–85% and 2–77%. Largest footprints per unit landings were observed off
Portugal and in the Mediterranean Sea. Mean trawling intensity ranged between 0.5 and 8.5 times per year, but was less in the Deep zone
with a maximum intensity of 6.4. Highest intensities were recorded in the Skagerrak-Kattegat, Iberian Portuguese area, Tyrrhenian Sea and
Adriatic Sea. Bottom trawling was highly aggregated. For the Shallow zone the seabed area where 90% of the effort occurred comprised be-

5 tween 17% and 63% (median 36%) of the management area. Footprints were high over a broad range of soft sediment habitats. Using the lon-
gevity distribution of the untrawled infaunal community, the seabed integrity was estimated as the proportion of the biomass of benthic taxa
where the trawling interval at the subsurface level exceeds their life span. Seabed integrity was low (<0.1) in large parts of the European conti-
nental shelfs, although smaller pockets of seabed with higher integrity values occur. The methods developed here integrate official fishing ef-
fort statistics and industry-based gear information to provide high-resolution pressure maps and indicators, which greatly improve the basis

10 for assessing and managing benthic pressure from bottom trawling. Further they provide quantitative estimates of trawling impact on a con-
tinuous scale by which managers can steer.

Keywords: benthic impact, bottom trawl, fishing pressure, indicators, Mediterranean Sea, Northeast Atlantic, seabed habitat, seabed integrity,
trawling footprint, trawling intensity.

Introduction
15 Fishing is one of the dominant anthropogenic activities affecting

marine ecosystems (Halpern et al., 2008) and there is global con-

cern about adverse effects of particularly bottom trawls on seabed

habitats and the structure and functioning of benthic ecosystems

(Dayton et al., 1995; Jennings and Kaiser, 1998; Watling and
20 Norse, 1998). These mobile, bottom-contacting gears have pro-

ven efficient for catching a range of fish and shellfish species and

their use has increased globally since the 1950s (Valdemarsen,

2001; Watson et al., 2006).

The continental shelf habitats along the European coasts are
25 among the most productive fishing grounds for bottom-dwelling

fish species and have already been trawled for centuries

(Horwood, 1993; Kerby et al., 2012; Bennema and Rijnsdorp,

2015). European bottom trawl fleets target a wide variety of spe-

cies encompassing bottom-dwelling fish species, crustaceans and
30 bivalves.

Bottom trawling will reduce the biomass and biodiversity of

the benthic ecosystem, and may reduce the complexity of seabed

habitats (Collie et al., 2000b; Kaiser et al., 2006; Buhl-Mortensen

et al., 2016) and affect the functioning and productivity of the
35 benthic ecosystem (Jennings et al., 2001; Hiddink et al., 2011; van

Denderen et al., 2013; Pusceddu et al., 2014) through a progres-

sion of state changes (Smith et al., 2016). The ecosystem effects of

bottom trawling will be determined by the type of gear deployed,

the type of seabed, direct effects of the passage of a trawl, the foot-
40 print of the trawl and the trawling frequency and the sensitivity

of the seabed and benthic ecosystem (Jennings et al., 2005;

Lucchetti and Sala, 2012; Rijnsdorp et al., 2016).

In European waters, four main demersal towed gear groups

can be distinguished: otter trawls, seines, beam trawls, dredges.
45 These groups can be further broken up into métiers based on the

target species (Eigaard et al., 2016). The rigging of the gear used

in these métiers (combinations of gear type and target species) is

adapted to the specific target species and seabed habitats. For in-

stance, to catch fish that show a herding response to the gear,
50 fishers deploy long sweeps between the otter board and the net to

increase the horizontal spread of the gear. Alternatively, twin ot-

ter trawls have been developed to increase the horizontal net

opening without increasing the headline height and drag of the

gear, which has proved to be an effective gear to target non-
55 herded species like Nephrops and monkfish (Eigaard et al., 2011).

“Rock hopper” gears, where large rubber discs are fitted on the

ground rope, have been introduced to trawl on rough grounds

(Valdemarsen, 2001).

The differences in the gear characteristics between the métiers
60will lead to different benthic impacts. Otter trawls and seines

mainly sweep the surface of the seabed, whereas shellfish or flat-

fish dredges and tickler chain beam trawls will penetrate deeper

into the sediment (Buhl-Mortensen et al., 2013; O’Neill and

Ivanovic, 2016). For European fisheries, Eigaard et al. (2016) de-
65fined 14 different métiers and collected industry data on the char-

acteristics and dimensions of individual gear-components to

estimate whole-gear footprints of each métier on the seabed sur-

face and subsurface level.

The mortality of benthic invertebrates imposed by the passage
70of a trawl is habitat specific and differs between benthic species

groups and type of fishing gear. Collie et al. (2000a) and Kaiser

et al. (2006) showed in their comprehensive reviews that the most

severe impact occurred in response to scallop dredging in bio-

genic habitats, followed by beam trawls in sandy habitats and ot-
75ter trawls in muddy habitats. In sandy sediments, deposit feeding

macro-fauna were reduced by �20% by beam trawls and otter

trawls and 40% by scallop dredges, whereas suspension feeders

were reduced by 70% by beam trawls, 45% by scallop dredges,

and 5% by otter trawls. The recovery rate will depend on the life
80history characteristics, in particular the rate of reproduction and

dispersal characteristics (Bolam et al., 2014) and may be affected

by environmental conditions such as temperature and hydrody-

namics (Lambert et al., 2014).

The continental shelf of European waters comprises a variety
85of seabed habitats. The European Nature Information System

(EUNIS) has developed a generic and hierarchical habitat classifi-

cation scheme (http://eunis.eea.europa.eu/index.jsp). Seabed hab-

itat classifications are based on environmental variables that

constrain biological communities, such as substrate type, energy
90level, depth, and light penetration. EUNIS habitat maps exist for

several European Sea areas (http://www.emodnet-seabedhabitats.

eu/default.aspx?page¼1974), and therefore provide an appropri-

ate starting point for the analysis of bottom trawling impacts on

the benthic community. The EUNIS habitats classification reflects
95differences in sensitivities to trawling. In general, low energy habi-

tats are rather stable and more vulnerable to trawling distur-

bances than habitats in high energy environments that are

exposed to frequent natural perturbations (Hall, 1994). Poorly-

sorted, gravelly or muddy sediments are more sensitive to bottom

2 O. R. Eigaard et al.
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trawling, while well-sorted, sandy substrates are less sensitive

(Bolam et al., 2014).

The assessment of the impact of bottom trawling on the seabed

and benthic ecosystem has been hampered by the lack of data on
5 trawling effort at the appropriate resolution. It is well established

that bottom trawling has a patchy distribution both in space

(Rijnsdorp et al., 1998; Pitcher et al., 2000; Murawski et al., 2005;

Lee et al., 2010) and time (Rijnsdorp et al., 2011; Ellis et al., 2014;

van Denderen et al., 2015a). Hence, for a proper assessment of
10 the impact of bottom trawling on the seabed and benthic ecosys-

tem, it is important to collect and analyse data at the appropriate

scale (Piet and Quirijns, 2009). With the introduction of a

satellite-based vessel monitoring system (VMS) as a surveillance

and enforcement tool since the early 2000s, data have become
15 available to study bottom-trawling effort at the appropriate spa-

tial and temporal scale (Bastardie et al., 2010; Lee et al., 2010;

Hintzen et al., 2012; Gerritsen et al., 2013).

The European Union adopted the Marine Strategy Framework

Directive (MSFD) to more effectively protect the marine environ-
20 ment and aims to achieve good environmental status (GES) by

2020 (EC, 2008). Seabed trawling effects a wide range of habitats,

environmental components and characteristics specifically de-

fined in the MSFD (Smith et al., 2016). The status of the marine

environment, and the human pressures acting upon it, are de-
25 scribed by eleven qualitative descriptors of which the descriptor

on seabed integrity (or D6) states that “the structure and func-

tions of the ecosystems are safeguarded and benthic ecosystems,

in particular, are not adversely affected”. Quantitative indicators

and reference levels are required to assess progress towards GES
30 (Rice et al., 2012). In addition, indicators of fishing pressure have

been proposed that are based on high resolution analysis of fish-

ing effort to estimate the spatial extent of fishing and its impact

on the seabed (Piet and Hintzen, 2012).

The objective of this article is to study the footprint of bottom
35 trawling on the European continental shelf from the period 2010 to

2012 and compare it across management areas. Trawling distribution

and intensity (calculated as swept area in a grid cell divided by sur-

face area of a grid cell) is analysed at a resolution of 1� 1 min longi-

tude and latitude for different EUNIS habitat types and main gear
40 groups, distinguishing between surface and subsurface footprints.

Indicators of trawling pressure and seabed integrity are estimated

and discussed in relation to the sensitivity of the seabed habitats.

Methods
Study area

45 The study area comprises the European continental shelf extend-

ing from the Barents Sea and Norwegian Sea in the north to the

Mediterranean Sea in the south. Bottom trawling was

summarized by ICES and FAO fisheries management areas

(Figure 1).

50 Seabed habitat
EUNIS Level 3 seabed habitat information is available for a sub-

stantial part of the European continental shelf, but does not cover

all the regions where bottom trawling takes place (http://www.

emodnet-seabedhabitats.eu/default.aspx?page¼1974). Therefore
55 it was necessary to produce EUNIS-equivalent habitat maps,

modelled from data of sediment and bathymetry, for the Barents

Sea, the Norwegian Sea and the eastern Mediterranean, which, to-

gether with regional habitat maps of downloaded EUNIS data,

form the basis of the further analyses (Figure 2). Habitat types
60with a small surface area were combined into larger classes with

similar energy level or bathymetric condition and management

areas were summarized separately within the Northeast Atlantic

and the Mediterranean (Table 1). For the Norwegian Sea (IIa,

IIb) and areas west and south of Ireland (VIIb–c, VIIj–k), habitat
65information was missing for a substantial part of the area.

Sublittoral sediments (A5), with sediment ranging from boul-

ders and cobbles, through pebbles and shingle, coarse sands,

sands, fine sands, muds, and mixed sediments, contribute 81.6%

of the seabed in the Deep zone in the Atlantic and 93.4% in the
70Mediterranean (Table 1). Infralittoral rock (A3) and circalittoral

rock (A4), with a substrate of bedrock, clay, hard, non-mobile

boulders or cobbles, contribute 4.5 and 1.1%, respectively, and

the surface area of deep seabed (A6) contributes 1.9 and 3.0%.

Within A5, sublittoral sandy (A5.2), or muddy sediments (A5.3)
75dominate the seabed in both the Atlantic and the Mediterranean.

Coarse (A5.1) or mixed sediments (A5.4) are important in the

Atlantic bathyal zone (12.7 and 11.4%) and sublittoral

macrophyte-dominated sediment (A5.5) and sublittoral biogenic

reefs (A5.6) in the Mediterranean (11.2 and 12.0%). In the Deep
80zone the seabed is largely dominated by deep sea mud (A6.5) in

both the Atlantic [32.5% (53.4% unknown)] and the

Mediterranean (96.3%) (Table 1).

Fishing effort and landings
The European fishing effort with mobile, bottom-contacting gears

85was analysed by the 14 métiers defined by Eigaard et al. (2016)

for two depth zones (Shallow 0–200 m; Deep 201–1000 m). The

gear-footprints of each métier are quite different and these differ-

ences are an integral part of the calculated fishing intensities at

the surface and subsurface level, respectively. For presentation
90purposes, however, footprint results will be aggregated and only

presented for the total bottom trawl fleet and for the four major

gear groups: otter trawls, demersal seines, beam trawls and

dredges.

Although VMS data were available for the period 2010–2012
95for most of the European countries, some countries were missing,

so that bottom trawling will be underestimated in the Bay of

Biscay and the western Mediterranean Sea, and to a lesser extent

in the Celtic Sea (Table 2), due to the lack of data from France

and Spain. Also the absence of Polish and Finnish data leads to an
100underestimation in the eastern Baltic. In the Adriatic Sea, the lack

of data from the former Yugoslavian countries will only have a

small effect as bottom trawling outside their territorial waters is

almost negligible (Scarcella et al., 2014). To estimate the coverage

of our data in the Atlantic (FAO area 27), a comparison was
105made between the total international fishing effort of demersal

trawls, seines and dredges during 2010–2012 (measured in units

of kWh of vessels of at least 12 m length as recorded in the

STECF annual Evaluation of Fishing Effort Regimes in European

Waters; https://stecf.jrc.ec.europa.eu/reports/effort) and the fish-
110ing effort of the bottom trawl métiers covered by our study (effort

with vessels of at least 12 m length from countries having pro-

vided VMS and logbook data) (Supplementary Materials). For

management areas I, IIa, IIb, Vb, and VIb1 information for total

international effort was incomplete. Coverage was estimated us-
115ing the ratio of the demersal landings of the sampled countries to

the total demersal landings reported to ICES (http://www.ices.dk/

marine-data/dataset-collections/Pages/Fish-catch-and-stock-as
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sessment.aspx). For the relevant Mediterranean areas (M1.3, M2.

1, M2.2, and M2.3) information for total effort by country and

vessel size was obtained from Sala and Damalas (2015) to provide

estimates of the coverage in the analyses. Landings of bottom
5 trawlers from Italy and Greece refer to the years 2013–2014,

which were the only years where landings data from all

Mediterranean member states were available (Sala and Damalas,

2015).

Bottom trawl effort was well-represented by the sampled fleets
10 in most of the management areas (Table 2). Coverage in the

Shallow zone was excellent (�95%) in the Skagerrak-Kattegat

(IIIa), the North Sea (IV), the Northwestern Shelf (VIa), VIb2,

and the Irish Sea (VIIa). Good coverage (�60%) was obtained in

the Norwegian Sea (IIa), the western Baltic Sea (III 22–25), the
15 Southwestern Shelf (VIIb,c,j,k), the Channel (VIId), the Celtic

Sea (VIIe,f,g,h), the Iberian Portuguese area [IXa (Management

area IXa was confined to the area south of 42o N)], the

Tyrrhenian Sea (M1.3), the Adriatic Sea (M2.1) and the Aegean

Sea (M3.1). Coverage was reasonable (�50%) for the Ionian Sea
20 (M2.2), and poor in the Barents Sea (I), northern Norwegian Sea

(IIb), eastern Baltic Sea (III 26–32), west of Faroes (Vb), VIb1,

and Bay of Biscay (VIIIa,b,c,d).

In the following, results for the management areas with less

than good coverage (<60%) are only briefly presented and are

25not included in general analyses and comparisons of fishing

pressure.

Analysis of trawling intensity
VMS data were coupled to logbook data for the years 2010–2012,

based on methodology developed by Bastardie et al. (2010),
30Hintzen et al. (2012), Russo et al. (2014), and Maina et al. (2016).

Individual logbook observations from 13 countries were assigned

to 14 different functional gear groups (métiers) based on target

species and gear type information (Eigaard et al., 2016).

Relationships between gear dimensions and vessel size (e.g.
35trawl door spread and vessel power) for each métier (Eigaard

et al., 2016) were used to assign the swept-width of gear to each

logbook trip. In addition to the total width of the gear used to es-

timate the surface impact, the subsurface impact was estimated

based on information on the dimensions of the gear components
40that penetrate into the seabed (Eigaard et al., 2016).

The extended logbook data were combined with interpolated

vessel tracks from VMS data (Hintzen et al., 2010). In this way,

the total seabed area swept by a given vessel and fishing gear over

the 3-year period could be estimated taking into account the gear
45footprint of the métiers.

Figure 1. The ICES (www.ices.dk) and FAO (www.fao.org/gfcm) management units and bathymetry of the case study area. The bathymetry
layer is obtained from the general bathymetry chart of the oceans (gebco.net; GEBCO one-minute grid, last updated in 2008) downloaded
from the British Oceanographic Data Centre.
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Figure 2. Habitat distribution of the case study area based on a) EUNIS Habitat level 3 and Baltic Habitat data downloaded from: http://
www.emodnet-seabedhabitats.eu/default.aspx?page¼1974) and b) habitat data information for Norwegian waters (provided by Institute of
Marine Research, Bergen) and the eastern Mediterranean (provided by the Hellenic Centre for Marine Research) combined with bathymetric
information to match EUNIS Habitats level 3 categories (data processing done by DTU Aqua).
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The area swept annually was estimated within grid cells of

1x1 minute longitude and latitude, which corresponds to

�1.9 km2 at 56�N with cell size gradually increasing or decreasing

the further south or north it is located. This grid cell size as a ba-
5 sis for the intensity calculations is consistent with results of previ-

ous studies showing that, at this resolution bottom trawling can

be considered to be randomly distributed within a grid cell on an

annual basis (Rijnsdorp et al., 1998; Lee et al., 2010) and become

uniform at longer time scales (Ellis et al., 2014).

10The swept area estimations were performed at the national

level using a standardized R workflow through a common web-

based platform. Swept area estimates were subsequently com-

bined across countries.

Indicators of trawling pressure
15Four different indicators for trawling pressure, which relate to the

EU Data Collection Framework indicators 5–7 (EC, 2008; Piet and

Table 1. Percentage surface area of major EUNIS seabed habitats in the Northeastern Atlantic and the Mediterranean Sea

Surface area (%) NE Atlantic Mediterranean Sea

EUNIS habitat 0–200 m 201–1000 m 0–200 m 201–1000 m

A3, Infralittoral rock 0.91 0.00 0.00 0.00
A4, Circalittoral rock 3.56 0.02 1.10 0.11
A5.1, Sublittoral coarse sediment 12.68 0.09 0.00 0.00
A5.2, Sublittoral sand 36.36 0.19 36.05 0.09
A5.3, Sublittoral mud 21.12 0.25 34.07 0.40
A5.4, Sublittoral mixed sediments 11.43 0.14 0.02 0.00
A5.5, Sublittoral macrophyte-dominated sediments 0.00 0.00 11.22 0.82
A5.6, Sublittoral biogenic reefs 0.00 0.00 12.04 0.99
A6.1, Deep sea rock 0.01 0.26 0.00 0.00
A6.2, Deep sea mixed sediments 0.24 3.58 0.00 0.00
A6.3, Deep sea sand 0.32 2.63 0.72 0.69
A6.4, Deep sea muddy sand 0.18 6.94 0.00 0.00
A6.5, Deep sea mud 1.13 32.48 2.28 96.26
Unknown 12.05 53.42 2.49 0.65
Total (1000 km2) 2215 3164 478 1990

Table 2. Total seabed area, yearly swept area, average trawling intensity, coverage (%) and landings of the fleets/countries included in this
study by management area and depth zone. The landings were allocated in proportion to the effort by depth zone

Management area

Shallow zone (0–200 m) Deep zone (201–1000 m)

Seabed
area
(1000 km2)

Swept
area
(1000 km2)

Intensity
(year�1)

Coverage
(%)

Landings
sampled
countries
(1000 t)

Seabed
area
(1000 km2)

Swept
area
(1000 km2)

Intensity
(year�1)

Coverage
(%)

Landings
sampled
countries
(1000 t)

Barents Sea (I1) 433 26 0.06 362 0.4 504 23 0.05 362 2.2
Norwegian Sea (IIa1) 86 127 1.48 752 19.9 1304 119 0.09 752 20.1
North. Norwegian Sea (IIb1) 201 50 0.25 402 3.0 648 22 0.03 402 3.6
West. Baltic Sea (III 22–25) 83 84 1.00 72 26.4
East. Baltic Sea (III 26–32) 288 8 0.03 24 2.6 2 0 0.00 0.0
Skagerrak-Kattegat (IIIa) 41 147 3.63 100 24.5 14 36 2.56 100 7.1
North Sea (IV) 517 648 1.25 98 402.1 75 49 0.66 88 24.9
West of Faroes (Vb1) 0 0 2 0.1 0 0 0.06 2 1.0
Northwestern Shelf (VIa) 105 55 0.52 100 17.5 124 9 0.07 56 9.3
West of Scotland (VIb11) 0 0 0.42 442 0.0 110 3 0.03 442 0.6
West of Scotland (VIb2) 6 6 1.04 992 0.0 100 3 0.03 992 4.1
Irish Sea (VIIa) 46 70 1.51 100 21.1 0 0 0.61 0.0
Southwestern Shelf (VIIbc, jk) 79 49 0.62 62 20.5 247 57 0.23 42 7.2
Channel (VIId) 32 57 1.78 60 12.4
Celtic Sea (VIIefgh) 174 140 0.80 65 44.7 2 0 0.01 2 0.1
Bay of Biscay (VIIIa–d) 90 2 0.02 2 0.8 19 0 0.00 3 0.6
Iberian Portuguese area (IXa) 23 110 4.85 812 1.0 7 44 6.39 812 0.4
Tyrrhenian Sea (M1.3) 43 173 4.01 822 4.3 236 116 0.49 822 6.1
Adriatic Sea (M2.1) 36 303 8.50 722 26.6 2 6 3.12 722 0.9
Ionian Sea (M2.2) 41 141 3.45 532 5.5 318 70 0.22 532 19.5
Aegean Sea (M3.13) 52 87 1.65 752 1.5 205 51 0.25 752 3.8

1) Coverage estimated from contribution of the countries in the analysis to the total demersal landings reported in ICES data base; 2) Landings and percentage
coverage were estimated for the depth zone 0–1000 m.AQ13
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Hintzen, 2012; ICES, 2014), were estimated. The first indicator

(I1; “Trawling footprint”) shows the extent of bottom trawling,

and reflects the proportion of the total seabed area (management

area or habitat type) that is trawled annually during the three years
5 of the analysis. Under the assumption of uniform distribution

within grid cells the extent of bottom trawled was calculated in

two ways: (i) percentage of the grid cells of a management area or

habitat type (after standardization for differences in grid cell size)

where any quantity of trawling has been recorded irrespective of
10 its intensity; (ii) area of the seabed area trawled at least once a

year. This first metric (i) includes the untrawled parts of grid cells

where trawling intensity was less than once a year. The second

metric (ii) was calculated as the sum of the surface area of the fully

trawled grid cells (trawled � 1 year�1) plus the sum of the swept
15 areas of partially trawled grid cells (trawled less than once a year).

The first footprint calculation (i) acknowledges that our data

(2010–2012) only covers a relatively short time-step. If a longer

time step would be considered the untrawled parts of the grid cells

would be increasingly likely to be trawled.
20 The second indicator (I2; “Trawling aggregation”) reflects the

seabed area where most of the trawling is concentrated. It is esti-

mated as the smallest combined surface area of grid cells within

which 90% of the trawling occurred in proportion to the total

management area (Piet and Hintzen 2012). This area will also re-
25 flect the area where most of the catches will be taken.

The third indicator (I3; “Untrawled seabed”) estimates the

untrawled proportion of the seabed area as percentage of grid

cells where no trawling was recorded.

A fourth indicator (I4; “Seabed integrity”) evaluates the trawl-
30 ing intensity in the light of the sensitivity of the seabed to trawling

impact. The indicator combines trawling intensity with the lon-

gevity distribution of the benthic community (Rijnsdorp et al.,

2016). The longevity distribution describes how the cumulative

biomass (CB) of the community is distributed over the longevity
35 classes, in other words what proportion of the benthic biomass is

composed of taxa with a certain longevity. Assuming that the CB

of the community has a log-linear relationship with the longevity

of the taxa, we fitted a logistic regression CB �aþb ln(Longevity)

through the CB proportions for longevity classes <1, <3, and
40 <10 years observed in eight soft sediment study areas in the

North Sea and Irish Sea using the data sets compiled by van

Denderen et al. (2015b). The regression parameters were esti-

mated as a ¼�2.9807 and b ¼ 1.9695 (r2 ¼ 0.838, n ¼ 24). In

this first exploration, we ignored the possible differences in the
45 longevity distribution of the benthic community across habitats.

If the reciprocal of the trawling intensity, which reflects the aver-

age time interval between two successive trawling events, is less

than the life span of an organism, the integrity of the seabed habitat

to provide a place to live for the organism may be compromised
50 (Thrush et al., 2005; Rijnsdorp et al., 2016). The seabed integrity in

a grid cell can now be estimated as the biomass proportion of the

benthic community where the reciprocal of the trawling intensity

(1
t
) is larger than the longevity of the taxa (Rijnsdorp et al., 2016):

SBI ¼ exp aþ b ln
1

t

� �
= 1þ exp aþ b ln

1

t

� �� ���

where a and b are the coefficients of the logistic regression of the

CB against the loge of the life span of the taxa. The seabed integ-
55 rity indicator (SBI) ranges between 0 (all taxa potentially im-

pacted) and 1 (none of the taxa impacted). The seabed integrity

of a habitat or management area is estimated as the average over

its constituent grid cells, taking account of their different sizes.

Because the longevity distribution refers to infaunal samples, sea-
60bed integrity values were estimated with the trawling intensity at

the subsurface level.

Results
Distribution of bottom trawling
Bottom trawling is widely distributed over the continental shelf

65of Europe, although large parts are trawled at an intensity of less

than once in every 2 years (Figure 3). Grid cell trawling intensities

between 1 and 10 times per year occur in larger areas in the

Norwegian Sea around Bjørnøya and along the coast off northern

Norway, in large areas of the northern and southern North Sea,
70in Skagerrak-Kattegat, around Bornholm in the Baltic Sea, south

and west of Ireland in the Celtic Sea and along the narrow conti-

nental shelf off Portugal. In the Mediterranean Sea, grid cell

trawling intensities between 1 and 10 occur in larger areas in the

Tyrrhenian Sea, the waters east of Tunisia, the Adriatic Sea and
75along the coasts of Greece. The trawling hot spots with significant

areas of single cell intensities exceeding 10 times per year occur

mostly in localized areas, along the coast of northern Norway,

along the edge of the Norwegian deep in the northern North Sea

and Skagerrak-Kattegat, in areas off the coasts of Ireland and
80United Kingdom, south and west of Portugal, along the coasts of

Italy and in larger parts of the Adriatic Sea.

At the subsurface level, bottom trawling intensities are gener-

ally much lower (Figure 4). The lower subsurface intensities are

due to the lower subsurface penetration of most of the bottom
85trawl métiers (Eigaard et al., 2016). The relatively high subsurface

footprint in the southern North Sea, Irish Sea, Celtic Sea and the

Channel are largely due to the trawling activities of the beam

trawl and dredge fisheries, which have similar surface and subsur-

face contact areas, but also some of the otter trawl métiers con-
90tribute significantly in some areas. In the Northern North Sea,

Skagerrak-Kattegat, Irish Sea, Iberian Portuguese area, and

Adriatic Sea the high subsurface footprint is mainly a result of

high fishing intensities with bottom trawls targeting crustaceans

and mixed fish, which have a significant subsurface contact area
95(Eigaard et al., 2016).

The intensity of bottom trawling largely follows the bathyme-

try of the European waters, where the majority of fishing effort

and seabed impact (area swept) takes place at depths <200 m

(Figure 5). For the Skagerrak-Kattegat and the Iberian Portuguese
100area in the Atlantic, and the Tyrrhenian and Adriatic Seas in the

Mediterranean, the depth zone from 200 to 500m is also fished

rather intensively (from two to five times annually when averaged

across the full management area), whereas the intensity below

500 m is limited for all management areas (Figure 5).
105The gear types deployed also relate to the bathymetry (Figure

6); where beam trawls and dredges are deployed in shallower wa-

ters (almost exclusively at depths from 20 to 100 m) the demersal

otter trawls and seines are universal gears that are deployed at all

depths. The otter trawl has by far the largest distribution area in
110both the Atlantic and Mediterranean shelf areas (Figure 6).

Demersal seines have a wide distribution in the Norwegian Sea,

North Sea, waters around the United Kingdom and the Baltic

Sea, beam trawls are mostly deployed in the southern North Sea,

the Celtic Sea, the Channel, the Bay of Biscay and the Adriatic
115Sea, while dredging is restricted to coastal waters around the

Footprint of bottom trawling in European waters 7
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United Kingdom and France, and to a lesser extent the Belgian,

Dutch and Danish coasts.

Indicators of trawling footprint and seabed integrity
Bottom trawling pressure on the seabed can be summarized in a

5 trawling intensity profile, which shows the relationship between

the annual trawling intensity and cumulative area of the grid cells

in decreasing order of their trawling intensity. Trawling intensity

profiles at the surface and subsurface level were estimated for

each management area by depth zone.
10 A comparison of the Shallow zone profiles across the fourteen

management areas with good coverage (�60%) shows that the

proportion of the seabed with trawling intensities > 0.1 per year

ranges between 50–95% and 25–85% for the surface and subsur-

face intensity, respectively (Figure 7). Management areas not only
15 differ in the extent of trawling but also in the relative importance

of the subsurface intensity. In the most intensively fished area

Adriatic (M2.1), surface and subsurface intensities are high in

large parts of the management area. Also in the Skagerrak-

Kattegat (IIIa), Celtic Sea (VIIefgh), and Irish Sea (VIIa), the sur-
20 face and subsurface intensity profiles are relatively close. In con-

trast, surface and subsurface profiles are far apart in West Baltic

Sea (III 22–25), West of Scotland (VIb2), and Aegean Sea (M3.1),

reflecting subsurface intensity in only a small part of the manage-

ment area. In the other management areas surface and subsurface
25profiles are at intermediate distance.

For the Deep zone only four management areas have trawling

intensities > 0.1 per year over a substantial proportion of the sea-

bed; the Skagerrak-Kattegat (IIIa), North Sea (IV), Iberian

Portuguese area (IXa), and Adriatic Sea (M2.1) have between 40
30and 90% of the seabed trawled at the surface level, and between

25 and 80% at the subsurface level (Figure 8).

Table 3 gives an overview of the indicators by management

area and depth zone. The trawling footprint estimated by metric

(i) (the percentage of all the grid cells trawled, irrespective of in-
35tensity), varied between 53% (IIa) and 99% (VIb2) for the

Shallow zone, and between 6% (IIa) and 94% (IXa) for the Deep

zone (Table 3, Figure 9). These estimates include the untrawled

parts of the seabed of those grid cells that were trawled less than

once a year. Excluding the untrawled parts of these grid cells
40(metric ii), the trawling footprint is considerably less, ranging be-

tween 28% (VIa) and 85% (M2.1) for the Shallow zone, and be-

tween 2% (VIIefgh) and 77% (IXa) for the Deep zone.

The indicator for the aggregation of bottom trawling

shows that 90% of the fishing effort occurs in 17–63% (me-
45dian 36%) of the total management area for the Shallow

zone (Table 3, Figure 9). For the Deep zone 90% of the effort is

Figure 3. Mean annual trawling intensity in the period 2010–2012 at the surface level (sediment abrasion < 2 cm). The intensity is estimated
from VMS and logbook data of bottom trawl fleets as the total area swept yearly in grid cells of 1 � 1 min divided by grid cell size. Countries
marked dark grey provided data.

8 O. R. Eigaard et al.
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concentrated in 2–46% (median 9%) of the total management

area.

Per unit of landings, the median footprint of bottom trawling

was 1.39 km2 t�1 (mean ¼ 3.36, SD ¼ 4.45) across all depths and

5management areas, when calculated using metric ii. Highest foot-

prints were observed in the Iberian Portuguese area (IXa) and

Aegean Sea (M3.1) in the Mediterranean (Table 3). For the man-

agement areas for which both landings and effort data were

Figure 4. Mean annual trawling intensity in the period 2010–2012 at the subsurface level (sediment abrasion � 2 cm). The intensity is esti-
mated from VMS and logbook data of bottom trawl fleets as the total area swept yearly in grid cells of 1 � 1 min divided by grid cell size.
Countries marked dark grey provided data.

Figure 5. Trawling intensity by depth zone for the nine management areas with the highest observed trawling intensities (intensity > 2
year�1 in at least one depth zone).

Footprint of bottom trawling in European waters 9
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available by depth zone, the median footprint was 1.43 km2 t�1

(mean ¼ 4.26, SD ¼ 6.33) and 1.47 km2 t�1 (mean ¼ 3.33, SD ¼
3.81) for the Shallow and Deep zone, respectively.

The proportion of the seabed that is untrawled (as the comple-
5 ment of the trawl footprint calculated by metric (i), varied be-

tween 1% and 47%, and between 6% and 94%, for the Shallow

and Deep zone, respectively (Table 3). For the Shallow zone, the

management areas west of Scotland (VIb2) – 1% and the North

Sea (IV)—7% had very little untrawled seabed. In the
10 Mediterranean Sea, the untrawled areas ranged between 14 and

25% for M1.3, M2.1, and M3.1. For the Deep zone, the untrawled

areas were generally larger: areas west of Scotland (VIb2)—87%,

North Sea (IV)—49% and in the Mediterranean Sea from 24 to

81%. If the untrawled seabed is calculated as the complement of
15 metric ii (the actual seabed swept, rather than grid cells with any

effort), the proportion of untrawled seabed increases to a value

between 15 and 72%, and between 23 and 98% for the Shallow

and Deep zone, respectively.

Seabed integrity estimated at the subsurface level for the well
20covered management areas revealed that grid cells either have a

low (<0.18) or a high (>0.82) integrity (Figure 10). Within the

extensive areas of low seabed integrity, small islands with high in-

tegrity values are visible. The mean seabed integrity varied be-

tween management areas (Table 3); at the subsurface level, seabed
25integrity ranged between 0.16 (M2.1) and 0.77 (III 22–25) for the

Shallow zone. For the Deep zone, the seabed integrity values

ranged between 0.29 (IXa) and 0.98 (IIa). Evaluated at the surface

level, where trawling intensities are higher, seabed integrity esti-

mates were lower and ranged between 0.15–0.57 and 0.16–0.95 in
30the Shallow and Deep zones, respectively.

Figure 6. Fishing intensity at the surface level by main gear groups (a: demersal otter trawls, b: beam trawls, c: demersal seines, and d:
dredges) for the areas analysed.

10 O. R. Eigaard et al.
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Trawling footprint by habitat
The footprint of bottom trawling by seabed habitats was assessed

for the Northeast Atlantic and the Mediterranean Sea separately.

Figure 11 shows the footprints estimated by metric i (the percent-
5 age of all the grid cells trawled, irrespective of intensity) and met-

ric ii (area of the seabed trawled at least once a year) alongside the

surface area of the habitat. The analysis shows that bottom trawl-

ing is not restricted to a particular habitat. All soft sediment habi-

tats in both the Northeast Atlantic and Mediterranean Sea are
10 trawled extensively with the proportion of the grid cells trawled

ranging between 50 and 90%.Lower footprints are observed in

infralittoral rock and other hard substrata (A3), unknown habitat

in the shallow Atlantic (0–200 m) and unknown and deep Sea

habitat (A6) in the deep Atlantic (201–1000 m). Assessed by met-
15 ric ii, the habitats trawled most extensively are sublittoral sand

(A5.2) and sublittoral mud (A5.3) followed by sublittoral mixed

sediments (A5.4) and sublittoral coarse sediment (A5.1). In the

Mediterranean, Sublittoral biogenic reefs (A5.6), sublittoral

macrophyte-dominated sediments (A5.5) and deep sea sediments
20 (A6) are trawled extensively with a footprint of around 50%.

Discussion
We discuss bottom trawling in light of the four indicators ana-

lysed: I1) Trawling footprint, I2) Trawling aggregation, I3)

Untrawled seabed, and I4) Seabed integrity.

25Trawling footprint
Large parts of the continental shelf and the slope of the continen-

tal shelf of Europe are trawled by bottom gears. The Trawling

footprint in the Shallow zone ranged between 28 and 99% in the

management areas of the Northeastern Atlantic and between 57
30and 86% in the Mediterranean Sea. In the Deep zone the

Trawling footprint was lower with a maximum of 94% in the

Atlantic and 76% in the Mediterranean Sea.

The ratio of the Trawling footprint over the landings shows

that highest ratios occurred in the management areas in the
35Iberian Portuguese area and in the Mediterranean Sea, reflecting

the higher level of exploitation in the latter as compared with

some of the Atlantic management areas where fishing effort has

been reduced since the mid-2000s (Vasilakopoulos et al., 2014;

STECF, 2014). The larger degree of oligotrophy in many parts of
40the Mediterranean Sea may also be part of the explanation why

much more seabed has to be covered to exploit one ton of fish.

The relatively low ratio observed in the North Sea may be related

to the substantial contribution of industrial fisheries in this area,

which target low value species [e.g. sandeel (Ammodytes marinus)
45and Norway Pout (Trisopterus Esmarkii)] and high catch vol-

umes. The results do not suggest that bottom trawling in the

Deep zone may have a higher footprint-to-landings ratio. A more

detailed analysis is needed to investigate how the ratio of the

bottom-trawling footprint over the landings and revenue is

Figure 7. Trawling intensity profiles at the surface (open circles) and subsurface level (dots) for all well-represented management areas
(inclusion of� 60% of total effort) for the depth range 0–200 m.
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Figure 8. Trawling intensity profiles at the surface (open circles) and subsurface level (dots) for all well-represented management areas
(inclusion of� 60% of total effort) for the depth range 201–1000 m.

Table 3. Indicators of trawling pressure in management areas, as percentage area of: grid cells with effort (I1, metric i), seabed trawled 1 or
more times yearly (I1, metric ii), grid cells with 90% of effort (I2), untrawled grid cells (I3), seabed integrity (I4) and seabed trawled per unit of
landings for the depth zones 0–200 m and 201–1000 m

Depth zone 0–200 m Depth zone 201–1000 m

area

Footprint
grid cells
(%)

Footprint
seabed (%)

90%
effort
(%)

Untrawled
grid cells
(%)

SBI
subsurface

Seabed
trawled per
unit landing
(km2t�1)

Footprint
grid cells
(%)

Footprint
seabed
(%)

90%
effort
(%)

Untrawled
grid
cells (%)

SBI
subsurface

Seabed
trawled per
unit
landing
(km2t�1)

Norwegian Sea (IIa) 52.6 39.4 23.0 0.76 1.7 5.6 3.1 1.7 94.4 0.98 1.9
West. Baltic Sea

(III 22–25)
62.7 40.7 29.9 37.3 0.77 1.3

Skagerrak-Kattegat (IIIa) 75.8 63.1 37.6 24.2 0.43 1.0 67.8 51.0 30.1 32.2 0.52 1.0
North Sea (IV) 93.0 63.1 45.4 7.0 0.46 0.8 51.4 30.7 20.5 48.6 0.77 0.8
Northwestern Shelf (VIa) 70.1 27.8 21.5 29.9 0.76 1.7 17.6 5.6 4.7 82.4 0.95 1.3
West of Scotland (VIb2) 99.2 66.2 54.2 0.8 0.58 13.0 3.0 2.6 87.0 0.97 1.7
Irish Sea (VIIa) 84.7 33.0 17.4 15.3 0.58 0.7
Southwestern Shelf

(VIIbcjk)
83.7 44.4 36.2 16.3 0.66 1.7 23.2 12.2 9.2 76.8 0.90 2.4

Channel (VIId) 76.1 46.0 30.1 23.9 0.57 1.2
Celtic Sea (VIIefgh) 75.3 36.9 27.3 24.7 0.58 1.4 11.3 2.0 1.8 88.7 0.98 1.4
Iberian Portuguese

area (IXa)
88.5 76.8 46.1 11.5 0.29 16.8 93.6 76.6 40.7 6.4 0.29 12.6

Tyrrhenian Sea (M1.3) 76.9 63.8 35.1 23.1 0.39 6.5 18.8 14.1 9.4 81.2 0.86 5.9
Adriatic Sea (M2.1) 86.0 84.8 63.1 14.0 0.16 1.1 76.2 66.8 46.0 23.8 0.36 1.2
Aegean Sea (M3.1) 74.8 56.8 40.7 25.2 0.56 19.4 24.3 13.3 10.5 75.7 0.90 10.8

12 O. R. Eigaard et al.
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related to depth. Clark et al. (2016) showed that the bycatch of

sensitive fish species increased in deep-sea trawl fisheries of the

Northeast Atlantic around 800 m depth, so adding to the concern

about the impacts of deep water trawling.
5 No clear differences occurred in the trawling footprints of the

different seabed habitats. The broad diversity of habitats trawled,

ranging from muddy or sandy sediments, via coarse and mixed

sediments to gravel and other hard substrata, is related to the wide

range of bottom trawls and technology that has evolved over time
10 and that allowed fishers to move into formerly untrawlable habitats

(Valdemarsen, 2001; Rijnsdorp et al., 2008; Eigaard et al., 2014).

Aggregation of bottom trawling
The maps of trawling intensity show a heterogeneous distribution

pattern with intensive bottom trawling in localized areas, and
15low-intensity trawling elsewhere. The heterogeneity is observed in

all management areas, for all four gear types and for all habitats.

It is likely that the trawling hotspots may reflect certain morpho-

logical features, such as gradients in bathymetry, changes in bot-

tom type or the occurrence of un-trawlable grounds. Some of the
20fine grained patterns shown in the maps in the north-eastern

North Sea reflect steep depth gradients along the Norwegian

trench. Similar patterns exist along all the continental shelf in the

Figure 10. SBI values corresponding to the subsurface trawling intensities (sediment abrasion � 2 cm) in the well-represented areas in the
Atlantic and Mediterranean Sea. For the SBI, 0 ¼ all taxa impacted and 1 ¼ no taxa impacted. The white areas show grid cells that were
untrawled.

Figure 9. Indicators of trawling pressure: I1, trawling Footprint (greyþ black); I2, trawling aggregation (black) and I3, untrawled Seabed
(white) by management area in the Northeastern Atlantic and the Mediterranean Sea for two depth zones: 0–200 m (left panel) and 201–
1000 m (right panel). The trawling footprint is expressed as the percentage of grid cells that are trawled in the management area (metric i).
Management areas with coverage below 60% are not shown.
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NE Atlantic and along the Italian and Greek coasts in the

Mediterranean. In the Celtic Sea and Irish Sea, much of the fish-

ing effort is concentrated on mud patches and muddy gullies

(Gerritsen and Lordan, 2014). A second mechanism generating
5 trawling hotspots is related to the patchiness in the distribution

patterns of the target fish and their prey (Rijnsdorp et al., 2011;

Ellis et al., 2014). Flatfish beam trawls aggregate on local fishing

grounds of around �25 nautical miles2 with an above average

catch rate. These hot spots are transient, lasting from a few days
10 up to 1–2 weeks (Poos and Rijnsdorp, 2007AQ6 . If the trawling hot

spots are related to morphological features, it is likely that these

patterns will be stable; if they are transient, the trawling pattern

will become homogenized when evaluated over longer time

periods.
15 As a result of the heterogeneity in bottom trawling, the area

where 90% of the fishing effort is concentrated ranges between

17% for the Irish Sea and 63% for the Adriatic Sea, with the re-

maining areas evenly distributed in between. This 90% effort area

also represents the area where most of the landings are taken. The
20 heterogeneity in the distribution of bottom trawling implies that

a substantial part of the footprint is inflicted by a minor part of

the effort and landings. A reduction in footprint may be achieved

by restricting the bottom trawling to the seabed where most bot-

tom trawling takes place (Jennings et al., 2012).

25 Untrawled seabed
In all management areas between 15 and 72% of the seabed in the

most intensively fished depth zone (0–200 m) was untrawled dur-

ing the 3-year study period. On this short time scale, the

proportion untrawled seabed will be higher since bottom trawling
30is randomly distributed within grid cells (Rijnsdorp et al., 1998;

Pitcher et al., 2000; Lee et al., 2010) and even in a grid cell with

an average trawling intensity of 1 year�1, part of the grid cell will

be untrawled.

When assessed on a longer time scale, the proportion of
35untrawled seabed will be lower. Based on the footprint including

the surface area of the grid cells trawled less than once a year

(metric i), the untrawled proportions were estimated to between

1 and 47%. We expect that these parts of the grid cells will be

trawled when studied over longer time periods since random dis-
40tribution on the annual time scale will become a uniform distri-

bution at a time scale of multiple years (Ellis et al., 2014). In

addition it is possible that grid cells without any trawling activity

during the study period may be trawled in future.

Whether the grid cells that were not trawled during the study
45period will remain untrawled when studied over longer time pe-

riods will depend on the stability of the spatial distribution of the

fisheries. There is some support for the stability in the effort dis-

tribution patterns assessed at the scale of ICES rectangles (30 �
30 nautical miles) (Jennings et al., 1998; Piet and Quirijns, 2009).

50However, can we expect that the distribution of bottom trawling

at the spatial resolution required for assessing the impact on the

seabed and benthic communities will be stable on a decadal time

scale? Piet and Quirijns (2009) showed that over a period of 11

years the effort distribution patterns of the Dutch beam trawl fleet
55was stable at the scale of the ICES rectangle. However, when ana-

lysed at smaller grid cells sizes, the correlation between annual

patterns reduced, to around 0.20–0.30 when the time interval in-

creased from 2 to 5 years. The Dutch beam trawl fishery operates

Figure 11. Indicators of trawling pressure per EUNIS habitat and depth zone in the Northeast Atlantic and the Mediterranean Sea. The
trawling footprint (I1) is estimated by metric i (the percentage of all the grid cells trawled, irrespective of intensity, grey bars) and metric ii
(area of the seabed trawled at least once a year, white bars) and plotted alongside the relative surface area of each habitat type.AQ12
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in rather homogeneous soft-sediment habitats and when assessed

over longer time periods the heterogeneity will gradually reduce

over time. For fisheries where the distribution is determined by

morphological features of the seabed, the heterogeneous distribu-
5 tion pattern may be more stable. Comparison of the observed dis-

tribution of bottom trawling of the Norwegian fleet in our study,

which shows zones of intensive trawling related to specific mor-

phological features such as steep depth gradients near the shelf

break, the flanks of banks and more level areas of certain banks,
10 shows close similarity to the distribution between 2003 and 2007

(Buhl-Mortensen et al., 2016). Overall, we expect that the esti-

mates of proportion of seabed that is untrawled will decrease

when a longer time period is considered, particularly in areas

with a homogeneous seabed habitat.

15 Seabed integrity
The average seabed integrity of the management areas and habi-

tats varied substantially. Lowest seabed integrity was observed in

the Adriatic (M2.1) and the Iberian Portuguese area (IXa) in the

Shallow zone. For the Deep zone, seabed integrity values were
20 higher. The estimated seabed integrity is closely related to the

proportion of the management area trawled at the subsurface

level <0.1 year�1, that relates to a longevity of � 10 years. Our

study showed that more than 30% of the soft-sediment habitats

in the Northeastern Atlantic and Mediterranean Sea were
25 untrawled or trawled at an intensity of <0.1 year�1, which may

not compromise the integrity of the habitat. This conclusion

applies to all management areas, except for the Adriatic Sea

(M2.1) and the Iberian Portuguese area (IXa) where smaller pro-

portions of the seabed (15 and 23%, respectively) were trawled
30 <0.1 year�1at the subsurface level.

In the well covered management areas, the seabed integrity of

grid cells was either high (>0.82) or low (<0.18). Areas with in-

termediate seabed integrity were sparse (Figure 10). This dichot-

omy relates to the trawling intensity profile and the longevity
35 distribution of the benthic community. High seabed integrity will

be restricted to grid cells with a trawling intensity of <0.1 year�1,

because taxa with a life span of >10 years comprise 17% of the

biomass of the benthic community. It is only a narrow range of

intensity (0.1–0.5 year�1) for which SBI takes middling/moderate
40 values. Most cells have either high or low intensity and so the SBI

is either high (>0.82) or low (<0.18), respectively.

Within the areas of low seabed integrity islands of high integ-

rity can be observed. Areas with a high seabed integrity value oc-

cur in the western and northern North Sea, as well as in localized
45 areas in the coastal zone. In addition to these, small pockets of

untrawled seabed will occur that are not shown in our analysis.

These pockets will be related to the safety zone around oil or nat-

ural gas platforms, and the untrawlable seabed around wrecks

and other physical obstacles that can obstruct the safe deploy-
50 ment of bottom trawls. Duineveld et al. (2007) showed that the

benthic community in the safety zone of a platform showed a

higher density of mud shrimps and fragile bivalves. These areas

are too small to be detected at the resolution used in this study

and we can expect that at a higher resolution more islands of high
55 integrity will appear.

For the German Bight, where similar impact assessments of

seabed integrity have been conducted before, results for SBI at the

0.9 level resemble patterns for Fock et al.’s (2011) disturbance in-

dicator I at the 90% probability level representative of self-

60sustaining communities taking into account inter-annual vari-

ability in trawling intensity.

Biogenic habitats are known to be particularly vulnerable to

bottom trawling (Watling and Norse, 1998; Collie et al., 2000a,b;

Kaiser et al., 2006). With the exception of Sublittoral
65macrophyte-dominated sediments (A5.5) and sublittoral biogenic

reefs (A5.6) in the Mediterranean, biogenic habitats were not rep-

resented in the EUNIS level 3 habitat maps available to this study.

Most biogenic habitats are classified in EUNIS level 4 or 5

(Davies et al., 2004) and are an integrative part of the broader
70EUNIS level 3 habitat classes used in this study. Examples are

mearl beds (A5.1), eel grass beds (A5.5332), Seagrass meadows

(A5.535), sublittoral polychaete worm reefs on sediment (A5.61),

mussel beds (A5.62), cold water coral reefs (A6.61), and sponge

beds (A6.62). This also refers to reef habitats (type 1170) pro-
75tected under the EU Habitats Directive (92/43/EEC). In the

Mediterranean, our analyses indicated that �40% of the

macrophyte-dominated sediments and biogenic habitats (A5.5

and A5.6) are trawled. Although these two habitat types contrib-

ute 11% and 12% of the seabed, it is likely that the smaller level 4
80and 5 habitats will be patchily distributed (and impacted) within

these two lower-level habitat types. Some specific habitat types

such as seagrass or coralligenous habitats are protected by regula-

tion (EC, 1967/2006). In the Atlantic, cold water coral habitats

have been mapped in recent years and management measures
85have been put in place to protect them from bottom trawling

(Ardron et al., 2014).

As biogenic habitats and macrophyte-dominated sediments are

only partly reflected in the currently available EUNIS maps, our

study focussed on assessing the trawling impact on the soft sedi-
90ment habitats (A5.1–A5.4) that dominate the continental shelf

areas of Europe, and the SBI is for infauna only in any case. For

these habitats we expect that the subsurface level contact will be

most relevant for assessing the impact on the seabed habitat and

the benthic community. The subsurface level contact represents
95the heavier gear components that penetrate into the seabed

(Eigaard et al. 2016) and will be more closely related to the physi-

cal disturbance of the seabed as well as to the mortality imposed

on benthos (Collie et al., 2000a; Kaiser et al., 2006).

Critical trawling intensity
100We considered an annual trawling intensity of 0.1 year�1 to be a

critical intensity beyond which bottom trawling may start

compromising the integrity of the seabed and associated benthic

community. This critical intensity was based on the data

from van Denderen et al. (2015b) showing that about 15% of the
105infaunal biomass comprised of taxa with longevity of 10 years or

more. For biogenic habitats, the critical intensity will be (much)

lower, as the longevity of biogenic habitats may be in the order

of decades or even centuries (Clark et al., 2016; Pitcher et al.,

2016).
110The critical trawling intensity based on the longevity composi-

tion can be considered to be a low risk reference. It does not

mean that taxa that are trawled at least once during their life-

span will no longer be able to maintain themselves. Since the typi-

cal mortality imposed by bottom trawling range between a few %
115to >50% (Collie et al., 2000a; Kaiser et al., 2006), one trawling

event will only temporarily reduce the biomass but will not wipe

out the population. Less cautious threshold values for trawling in-

tensity can be derived by taking account of the direct mortality

Footprint of bottom trawling in European waters 15
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imposed by bottom trawling and the recovery rate of the biota

(Pitcher et al., 2016), or can take the distribution of the onset of

reproduction as a reference.

Methodological improvements
5 In our analysis, effort data from a few countries could not be in-

cluded and, although we restricted our estimations of the SBI to

the well-covered management areas, there is still some effort

missing. The coverage by rectangle shows underestimates in the

Bay of Biscay, the southern parts of the Channel and Celtic Sea as
10 well as along the edge of the continental shelf west of Ireland

(Supplementary Figure S1–S3). If the fisheries that were not cov-

ered occurred in the already heavily trawled areas, our estimates

of seabed integrity would not be affected. If the fisheries, however,

are operating in areas where we observed little or no fishing, even
15 light trawling may have already compromised seabed integrity.

This could also apply in the high integrity areas observed in some

of the coastal waters because we have not included data of vessels

<12 m length in our analysis, but in general trawlers and seiners

<12 m are not common. Most likely, coverage is over-estimated
20 from the assumption that all STECF registered effort with vessels

>12 m are included in our analyses (which is only true for 2012,

as the threshold was 15 m in 2010 and 2011), but the bias due to

the 12–15 m vessel group is likely to be small.

The seabed integrity estimated in this paper should be consid-
25 ered as a first attempt. The same longevity distribution, suggest-

ing a critical trawling intensity of 0.1 year�1, was applied to all

EUNIS habitats. It is likely that the longevity distribution of the

benthic community will differ across habitats. Hence, the critical

trawling intensity of 0.1 year�1 will not be appropriate for bio-
30 genic habitats which are characterized by taxa with much longer

life spans (Clark et al., 2016). On the other hand, in habitats ex-

posed to high natural variations, taxa with relatively short life

spans may dominate. Hence, the critical trawling intensity may be

refined when information on the longevity distribution of the
35 benthic community becomes available for different habitat types.

Further improvements can be expected when more refined

EUNIS level 4 or 5 habitat maps can be used in combination with

the longevity distribution of the untrawled community. Also the

use of trawling intensities with impact at the subsurface level for
40 estimating seabed integrity (based on the soft-sediment focus of

this study) may alternate with the use of surface intensities (e.g.

in habitats dominated by emergent fauna) according to improved

information of habitat types and community composition.

We assumed that the gear components that only contact the
45 surface of the seabed have a negligible impact. Although this may

be a reasonable assumption for the soft-sediment habitats, it may

not apply to hard bottoms (A3 and A4) and mixed sediments

(A5.4) which are inhabited by emergent sessile epifauna that may

be sensitive to sweeps or other gear components only contacting
50 the surface of the seabed (Collie et al., 2000a,b; Davies et al.,

2004; Gage et al., 2005). As the trawling intensity at the surface

level is higher than at the sub-surface level, seabed integrity of

these habitats may be overestimated.

In estimating seabed integrity, we assumed that all taxa are
55 equally vulnerable to the gear. The seabed integrity estimate,

therefore, is a minimum estimate because taxa that are robust or

live in the sediment beyond the reach of the gear are unlikely to

be affected. A more refined indicator of the seabed integrity can

be calculated by restricting the analysis to the taxa which are

60vulnerable to the fishing gear. Selection criteria can be based on a

biological traits analysis (Bolam et al., 2014).

Seabed integrity was assessed herein for the impact of bottom

trawling on the benthic community composition. Bottom trawl-

ing will affect the functioning of the benthic ecosystem as it will
65reduce benthic biomass and shift the species composition from

long-lived, suspension-feeding taxa to opportunistic detritus

feeders and predators (Kaiser et al., 2006; van Denderen et al.,

2015b). By linking the trawling intensity profile with the longevity

distribution of a functional group, the SBI can also be estimated
70for different functional groups (Rijnsdorp et al., 2016).

Bottom trawling remobilizes sediment through the turbulence

generated in the wake of the gear (O’Neill and Summerbell,

2011). This resuspension may reduce the organic material in the

sediment and may enhance the transport of fine sediment
75(Pusceddu et al., 2014). The detailed maps of the footprint and

intensity of trawling presented in this article, in combination with

the métier-specific towing speed (Eigaard et al., 2016), will pro-

vide a solid basis to estimate the amount of sediment that will be

remobilized by bottom trawling (Oberle et al., 2016).

80Management implications
The use of the longevity distribution of the benthic community

that is typical for a seabed habitat offers a simple and transparent

quantitative alternative to the sensitivity and resistance/resilience

matrix approaches described by e.g. Eno et al (2013), Grabowski
85et al. (2014), Knights et al. (2015) that are based on expert judge-

ment. These matrix approaches are mostly broad threat/impact

assessments that consider a range of human activities, pressures

and ecological components (species or habitats), or focus on a

single impacting activity, e.g. fishing, comparing various types
90and gears. These qualitative approaches are very useful as screen-

ing tools for risk assessment and management action priori-

tization, where categorical data are used as proxies in the absence

of spatial extent or frequency data. Assumptions (made for exam-

ple on the extent of a habitat trawled and how often) based on ex-
95pert knowledge and backed up by extensive stakeholder

consultations are used to reach a consensus on the habitat sensi-

tivity matrices (Eno et al., 2013; Knights et al., 2015). These as-

sumptions incorporate several relevant concepts such as the

degree of impact (acute mortality, chronic with detrimental ef-
100fects), susceptibility (percentage feature removal or damage) and

recovery, but scales and scores would vary greatly between studies

depending on fisheries examined and habitats/components in-

cluded (e.g. to <2 years to þ100 years to recovery) and on levels

of expertise. Although based on scientific knowledge about the
105impact of fishing on seabed habitats and benthic ecosystems, such

approaches are difficult to reproduce and apply directly to other

systems. They require very complex matrices and their strength is

in demonstrating the range and order of magnitude of effects.

The longevity distribution approach presented here focuses on
110the taxa longevity concept coupled with accurate spatial trawling

intensity data, gear component information and fishery-relevant

habitat maps. The approach and outputs are easy to visualize and

to communicate to managers and stakeholders by, for example,

showing hotspots of trawling intensity or areas of compromised
115seabed integrity (where subsurface levels of trawling intensity ex-

ceeds benthic life span). It provides managers a tool to demon-

strate distance to conservation targets or high-level objectives and

monitor the evolution of trawling impact over time. For example,

16 O. R. Eigaard et al.
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recommended protection levels for certain European marine sites

under the Natura 2000 ranges between 20 and 60% of total habi-

tat area, and NGOs advocate even higher levels for rare habitats

such as seagrass beds and maerl (Anon, 2014). In many cases
5 such protection would require as a first step the identification (as

shown here) of the overlap of the pressure with the habitat in

question, to be followed by footprint reduction. The method pro-

posed here should not be interpreted as a metric of the reduction

in benthic biomass due to bottom trawling, but does allow, as a
10 first step, to define maximum local fishing pressure by which

managers can steer towards biodiversity targets. Furthermore, the

approach provides a useful way to investigate whether fishing on

previously untrawled or trawled areas is more beneficial in reach-

ing biodiversity targets, thereby facilitating the discussion on the
15 usability of marine protected areas. Insights to this discussion are

both timely and relevant, especially as EU Member States are pre-

paring their Programme of Measures to fulfil the aims of the

MSFD, in which further inclusion of spatial protection measures

and MPAsAQ7 is expected to be an important step towards fulfilling
20 the commitments undertaken at the World Summit on

Sustainable Development and in the Convention on Biological

Diversity.AQ8
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Supplementary material is available at the ICESJMS online ver-

25 sion of the article.
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