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It is estimated that within the UK exclusive economic zone (UK EEZ), 524 Mt of
organic carbon (OC) is stored within seabed sediment. However, the stability
and potential vulnerability of OC in these sediments under anthropogenic
stressors, such as bottom trawling activity, remains poorly quantified. To
improve our understanding of the areas where sedimentary OC is likely to be
at greatest risk from trawling events, we have developed a carbon vulnerability
ranking (CVR) to identify areas of the seabed where preventative protection
may be most beneficial to help maintain current OC stocks while further
research continues to shed light on the fate of OC after trawling (e.g.,
remineralization, transport, and consumption). Predictive maps of currently
available fishing intensity, OC and sediment distribution, and sediment OC
lability have been generated within ArcGIS using fuzzy set theory. Our results
show that the west coast of Scotland represents one of the key areas where
sedimentary OC is potentially at greatest risk from bottom trawling activity. This
is due mainly to the high reactivity of these OC rich sediments combined with
the pressures of repetitive trawling activity within inshore waters. Our research
shows that these OC hotspots are potentially at risk of disturbance from
bottom trawling activity and should be prioritized for the consideration of
future safeguarding (management) measures to ensure emissions are
minimized and to provide greater protection of this natural carbon
capital resource.
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1 Introduction

As marine sediments are deposited and accumulate on the
seafloor, they act as a trap and long-term store (> 10> years) of
large quantities of carbon (C). It is estimated that marine
sediments contain 87,000 + 43,000 Mt of organic carbon (OC)
within global surficial sediments (Lee et al., 2019). It has also
been predicted that globally, marine sediments may hold up to
3,117,000 Mt OC within the top 1 m (Atwood et al., 2020). These
global stores of OC are estimated to increase by 160 Mt annually
through accumulation and burial (Hedges and Keil, 1995). Due
to the highly heterogeneous nature of sedimentary marine
environments, OC is not uniformly stored but instead exhibits
a high degree of spatial heterogeneity across the seabed (Hunt
etal., 2020; Smeaton et al., 2021a). Under natural hydrodynamic
processes, OC can accumulate and add to the long-term store
within marine sediments (Berner, 1982; Hedges and Keil, 1995).
However, increasing anthropogenic activity which disturbs the
seabed is potentially putting these OC stores at risk, notably
through elevated rates of OC remineralisation to carbon dioxide
(CO,) (Duplisea et al., 2001), which may potentially contribute
towards global emissions.

Fishing alongside other anthropogenic activities such as
offshore drilling, aggregate dredging, aquaculture farming, and
shipping exert significant pressure on benthic marine
environments (Kavadas et al.,, 2015). Out of all these activities,
bottom trawling is commonly recognised as the most frequent and
widespread cause of anthropogenic disturbance and pressure on
the seabed, putting coastal and shelf sea environments at risk
(Kaiser et al., 2006; Rijnsdorp et al., 2016; Eigaard et al., 2017;
Kenny et al., 2018). During bottom contact fishing disturbance,
the resuspension of sediments occurs. This potentially results in
the exposure of buried OC to oxygen-rich overlying waters,
enhancing organic matter (OM) remineralisation processes
(Arndt et al, 2013) and reducing the quantity of OC stored. In
some regions where accumulation and deposition of OC is low or
where OC is especially reactive (e.g. coastal inlets and fjords)
(Smeaton and Austin, 2022), this could result in a more significant
overall loss of OC from the sediment when disturbed.
Resuspended OC rich sediment may also undergo lateral
sediment transport, resulting in a loss of fine flocculant material
from the trawl site (Epstein et al.,, 2022). Additional biological
factors such as the reduction in biomass of flora and fauna may
also negatively impact OC storage within sediments (Epstein
et al., 2022).

However, it is worth noting that the loss of OC due to
bottom trawling activity may be offset by a reduction of faunal
bioturbation, reduced respiration rates, and an increase in
primary production due to increased nutrient availability
(Epstein et al., 2022). In addition to this, while sediment may
be resuspended and laterally transported during trawling, this
material may be deposited and stored elsewhere. Current studies
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investigating the net impact of bottom trawling have shown
mixed results, highlighting the need for further study within this
field. It is estimated that 1.3% (4.9 million km?) of the global
seabed is trawled annually (Sala et al., 2021). Unlike the
environmental threats to sedimentary OC stores, such as
changes in ocean temperature and oxygen availability, direct
anthropogenic pressures such as bottom trawling can be
monitored and controlled to safeguard the most vulnerable
OC stores. By managing marine protected areas (MPA’s) and
highly protected marine areas (HPMA’s), it may be possible to
alleviate some of this fishing pressure and protect marine life and
sedimentary environments with a high OC storage capacity.
However, globally, only 2.7% of the marine environment is
currently under complete or high-level protection from fishing
impacts, with the majority (577/1,013) of these protected areas
being less than 10 km? (Marine Conservation Institute, 2021).

It is estimated that 52% (1,606,000 Mt) of the global 1 m OC
stock is located within the 200-mile Exclusive Economic Zones
(EEZ) (Atwood et al., 2020). In the case of the UK EEZ, it is
estimated that these marine sediments store greater quantities of
OC (524 Mt) than their terrestrial equivalents (Smeaton
et al.,, 2021a).

The UK EEZ has one of the most comprehensively mapped
seabeds in terms of available sedimentary datasets. In recent
years, there have been multiple studies looking at the
distribution and content of OC within marine sediments in
the greater North Sea region (Diesing et al., 2017; Luisetti et al,
2019; Legge et al., 2020; Diesing et al., 2021). However, more
recently, fjords, estuaries, and deep-water environments have
been included in these efforts, allowing the first complete spatial
dataset of OC in the UK EEZ to be developed (Smeaton et al.,
2021a). This improved understanding of OC distribution within
the UK EEZ allows the development of new tools to assess the
vulnerability of these OC stores to anthropogenic disturbances.

In this study, we use a multi-criteria decision analysis
approach using open-source data to calculate and spatially
define the relative vulnerability of OC in marine sediments
within the UK EEZ. We evaluate the impacts of different
fishing gear pressures (e.g. otter trawls, beam trawls, and
towed dredging) by creating a sedimentary OC vulnerability
ranking (CVR) map. This CVR map details areas of the UK EEZ
seabed where surficial OC stores are at the highest risk from
bottom-contact fishing activity and may highlight areas that
would benefit from some form of management intervention to
deliver OC safeguarding alongside other criteria for marine
protection. The calculations and outputs presented for the UK
EEZ represent one of the first detailed mapping efforts to
understand the potential vulnerability of sedimentary OC from
bottom trawling.

Within this study, vulnerability is taken to be a relative
measure of the probability that an aspect (i.e. OC content) of a
pre-defined geographical area is likely to be damaged or
disrupted by the impact of a particular hazard, in this case,
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bottom trawling. In addition, we define the “loss” of OC from the
seabed as the OC which is disturbed from its original
depositional location after a trawling event, with the potential
to be either transported and re-deposited, remineralised, or
consumed. This model-based approach aims to determine
which areas of the seabed contain OC that is most vulnerable
to bottom trawling. However, our study does not determine the
fate of these sediments after they are disturbed by trawling;
neither do we consider ongoing natural processes at the seafloor.
Instead, the results from this study are intended to support new
decision making related to the monitoring, prioritisation of
research, implementation of preventative management, and
protection of the seabed within the UK EEZ.

2 Methods
2.1 Study area

The UK EEZ covers an area of 743,470 km? (including
Rockall and the Isle of Man). Within this study, the term EEZ is
used to define the entire area under the exclusive jurisdiction of
the UK as a coastal state. Throughout the UK EEZ, there is
considerable variation in sediments across both water depth and
environment type (e.g. fjordic, coastal and inshore, continental
shelf etc.) (See Figure 1A), all of which play a critical role in the

10.3389/fmars.2022.892892

various biogeochemical processes which occur, most notably in
the C cycle (Burrows et al., 2017; Smeaton and Austin, 2017;
Smeaton et al., 2021a). The surficial sediments of the UK EEZ
are estimated to hold 524.4 + 68.4 Mt of OC (Smeaton et al.,
2021a), much of this is concentrated in distinct accumulation
hotspots such as fjords, estuaries, and coastal muds, where OC
supply is enhanced by proximity to land and higher marine
productivity rates (Figure 1B). The influence of fjordic and
sheltered environments is most notable in the estimates for
Scottish sedimentary OC stores, which are estimated to contain
356.5 + 72.2 Mt OC compared to English sedimentary OC stores
estimated to contain 142.1 + 28.5 Mt OC (Smeaton et al., 2021a).
There are also muddy sediment areas with higher OC content on
the shelf. However, it is unknown whether or not OC is
continuously deposited and stored within these sediments as
elsewhere, such as in the southern North Sea, sediment
accumulation rates are low (De Haas et al, 1997; De Haas
et al., 2002; Diesing et al., 2021).

2.1.1 Benthic trawling activity

Benthic trawling activity is the most frequent and
widespread cause of disturbance to the seabed (Jones, 1992;
Amoroso et al,, 2018), including within the UK EEZ (de Groot,
1984; Kaiser et al, 1996; Hiddink et al., 2006; Dunkley and
Solandt, 2020). As of December 2019, the UK fishing fleet was
the seventh-largest fleet within the EU by the number of vessels
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(A) Simplified five classification scheme sediment map of the UK EEZ, (B) Estimated Organic Carbon (OC) content (%) of marine sediments in the
UK EEZ. Raster pixel resolution in both figures have been decreased for this study. For higher resolution rasters, see Smeaton et al. (2021a).
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and the second-largest by gross tonnage (Uberoi et al., 2020). In
2020, the UK fishing fleet consisted of 4,301 active vessels; 61%
were 10 metres or under in length and operated predominantly
within inshore waters. The types of fishing gear used by British
vessels vary with vessel size, power, and target species.
Approximately 64% of vessels use static or passive gear types
(e.g. pots, traps, hooks, drift and fixed nets etc.) (Quintana et al.,
2021). Due to this, vessels under 10 meters in length only
account for around 5% of the annual UK catch (Uberoi
et al., 2021).

Under European legislation, all vessels greater than 12
meters in length must report their spatial fishing activity via
vessel monitoring systems (VMS) to monitor fishing activity
spatially and temporally within European waters (Gerritsen and
Lordan, 2011; Rouse et al., 2017). By coupling logbook and VMS
datasets, the International Council for the Exploration of the Sea
(ICES) data centre can analyse this information to estimate the
spatial and temporal distribution of bottom trawling activity and
its pressure on the seabed within the OSPAR maritime region.
Due to the lack of implementation of VMS on vessels under 12
meters in length, there is currently a large knowledge gap
surrounding the spatial and temporal fishing patterns of the
inshore fishing fleet.

As shown in Figure 2A, fishing activity (e.g., the total time
spent fishing) typically occurs within coastal “hotspot” areas
primarily on the west coast of Scotland, west of the Isle of Man,
and off southwest and southern England. Figure 2B presents the

15°00W 10°00°W S00W S00E
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swept area ratio (SAR, see section 2.3.5) for all fishing gear types
across the UK EEZ. However, this information can be broken
down further to detail the specific gear usage patterns
throughout UK waters.

Within the UK EEZ, bottom trawling activity can be
grouped into one of the four main gear types: otter trawls
(Figure 3A), beam trawls (Figure 3B), dredges (Figure 3C),
and seine trawls (Figure 3D). All of these differ in the trawling
technique used and the sediment penetration depth of the gears.

The activity of these four gear types for vessels >12 meters is
reported by The Convention for the Protection of the Marine
Environment of the North-East Atlantic (OSPAR Convention)
and ICES as VMS data. As this data is only reported for
vessels >12 meters, there is an underestimation of trawling
occurring within British waters, particularly within coastal
areas where vessels are typically under 12 meters. Otter trawls
are the most widely used due to their compact nature, allowing
for their use across various vessel sizes. As a result, they have a
widely used spatial distribution throughout the entire UK EEZ
(Figure 4B). Beam trawling activity occurs primarily within
English and Welsh waters, with no records from vessels >12
meters reported within Scottish waters (Figure 4A). Dredging is
concentrated mainly within coastal environments across the UK,
predominantly around the entire Scottish coast, western Welsh
coast, and western and southern English coast (Figure 4C).
There is reduced dredging activity reported along the east
coast of England. This study did not include seine fishing due

1500W 10°00W S00W 000 SO0E

Average SAR (2009 - 2017)
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o High: 39.4878

B Low:o

000N

S500N
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FIGURE 2
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(A) Average fishing effort in hours within the UK EEZ between 2009 — 2017 for all bottom trawling types. (B) Average Swept Area ratio within the
UK EEZ between 2009 - 2017 for all bottom trawling types (Data Source: OSPAR, 2016). White patches are areas of no data.
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FIGURE 3

The four main bottom trawling gear types used within the UK EEZ. (A) Otter Trawl, (B) Beam Trawl, (C) Towed Dredge, and (D) Seine Trawl
(Source: FAO, Technology Fact Sheets. https://www.fao.org/fishery/en/geartype/104/en). .

to the limited data availability regarding gear penetration depth
for Danish and Scottish seining gear (Eigaard et al., 2016).

2.2 Selection of criteria and data
processing

Previously, attempts at estimating the impact of bottom
trawling activity on sedimentary OC stores have been
conducted at various scales, from local (Paradis et al., 2019;
Tiano et al., 2019; Paradis et al., 2020) to global (Sala et al., 2021).
However, due to the nature of the underlying calculations
required to estimate these impacts, great care is required
before any reliable estimates of risk can be made. Here, we
present a revised methodology for generating sedimentary CVR
maps to determine areas of seabed where OC is most at risk
following disturbance by bottom trawling within the UK EEZ.
Our methodology is modified after that of Sala et al. (2021).
However, several significant modifications to the data,
underlying assumptions, and methods of ranking used in this
calculation have been made possible due to the availability of
high-quality data sources for the UK EEZ (e.g. Smeaton et al.,
2021a), which help overcome some of the limitations of applying
the original methodology at the global scale (Epstein et al., 2021).

To estimate the potential vulnerability of OC in marine
sediments, we used multiple data sources to generate a sufficient
dataset to be implemented within a multi-criteria decision
analysis (MCDA). MCDA is a process where conflicting
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criteria may be evaluated against each other to aid in informed
and effective decision-making processes. A complete list of the
different types of data, their values, and references to data
sources used within this study can be seen in Table 1.

In our mapping analysis, we first conducted a series of
smaller calculations and intermediary steps to determine
factors such as the spatial impact of fishing gear on the seabed
with gear type and penetration depth and the proportion of
material which may resettle after bottom trawling disturbance
based on sediment type (Figure 5 orange and blue boxes).
Combined with data on the estimated reactivity of marine
sediments, these factors are then used to estimate the fraction
of material that may be “lost” from the seabed during a trawling
event (Figure 5. yellow boxes).

By combining the potential fraction of “lost” material with
the amount of OC estimated to be contained within marine
sediments, we can improve estimates for the amount of OC that
may be “lost” during trawling events (Figure 5 red boxes). The
estimated fraction that may be lost can then be combined with
the fraction of OC currently estimated to be present in marine
sediments across the entire UK EEZ to generate a multi-criteria
map which identifies areas where OC is potentially most
vulnerable to bottom trawling pressures (Figure 5. black box).

2.2.1 Grain size data

Information on the particle size characteristics of marine
sediments is crucial when investigating their role and
significance for long term OC storage. Sediment grain size is

frontiersin.org
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The average swept area ratio (SAR) within the UK EEZ between 2009 2017 for (A) Beam Trawling, (B) Otter Trawling, (C) Towed Dredging, and

(D) All Fisheries (Beam, Otter, Dredge, and Seine).

routinely measured under OSPAR and the ICES commitments
within the UK EEZ. As a result, the marine sedimentary
environment of the UK EEZ is well mapped and studied,
allowing a high-quality dataset of the spatial characteristics of
the seabed to be used within our model (BGS, 2019; Smeaton
et al., 2021a).

2.2.2 Sedimentary carbon data
Estimates and modelling of OC within the UK EEZ and
North-East Atlantic have been steadily growing and improving
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over the last few years (Diesing et al., 2017; Luisetti et al.,, 2019;
Legge et al.,, 2020; Smeaton et al., 2020; Diesing et al., 2021;
Smeaton et al., 2021a). As a result of these efforts, high-
resolution bulk (top 10 cm) OC spatial estimates are now
available for the entire UK EEZ (Smeaton et al., 2021a).

2.2.3 Sediment lability data

Just as OC content varies across sediment types, the lability
of OM associated with the sediments also varies. Thermal
analysis of sediments allows for data regarding the quantity,
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TABLE 1 Parameters used for modelling the potential vulnerability of UK EEZ marine sediments under different fishing gear types and their

sources.

Parameter

Description

(a) Spatially Variable Parameters

SAR

Swept Area Ratio - an estimate of fishing
intensity occurring on the seabed

Estimated organic carbon stored in the
top 10 cm of sediments

(b) Fixed Parameters

Pap,

Pepth

Payer

o

C, and C,

Estimated mean lability of organic matter
as a function of grain size

First order degradation constant based on
oceanic region

Time
Estimated average penetration depth of
fishing gear, can be separated by type

Depth of sedimentary carbon data used
in this study

Submerged specific gravity of marine
sediments at 12°C

Acceleration due to gravity

Mean grain size in a simplified 5 class
folk scale

C; and C, are both constants assigned
under the assumption that the sediment
grains are angular and natural in shape

Frontiers in Marine Science

Value/
Resolution

References

Continuous
Grid
Resolution:
0.056° x
0.056°

(ICES, 2017)

Continuous
Grid
Resolution:
0.01° x 0.01°

(Smeaton et al., 2021a)

Mud to
Muddy Sand:
0.0223

Sand: 0.0065
Mixed
Sediment:
0.011

Coarse

(Smeaton and Austin, 2022)

Sediment:
0.0095
Gravel: 0.0104

23.34 (Harvey et al., 1995; Soetaert et al., 1996,
1998; Luff and Moll, 2004; Soetaert and

Middelburg, 2009; Provoost et al., 2013)
1 year

Otter
Trawling: 2.44
cm

(Hiddink et al., 2017)

Beam
Trawling: 2.72
cm

Towed
Dredging:
5.47 cm

10 cm (Smeaton et al.,, 2021a)

0.658 g cm™  (Tenzer and Gladkikh, 2014)

9.81 ms™

Mud to
Muddy Sand:
0.063 mm
Sand: 0.1875
mm

Mixed
Sediment:
0.375 mm
Course

(Folk, 1954)

Sediment:
1.25 mm
Gravel: 2 mm
Cp: 24

Cy 1.2

(Ferguson and Church, 2004)

07

Source

https://odims.ospar.org/en/search/?search=
fishing%20intensity

https://data.marine.gov.scot/dataset/sediment-
type-and-surficial-sedimentary-carbon-stocks-
across-united-kingdom%E2%80%99s-exclusive

Supplementary Material Table 1

Supplementary Material Table 2

Supplementary Material Table 3
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Estimated organic
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10cm of sediments

Organic carbon
“lost” annually
Fuzzy Set Theory
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Estimated organic
carbon in the top
10cm of sediments

Potential vulnerability
of organic carbon in
marine sediments

Simplified schematic of the workflow steps taken to generate the organic carbon vulnerability estimates. Coloured boxes represent different
stages within the calculation. Preparation of the data used in this study was conducted within RStudio (Ver. 2021.09.1 + 372) and ArcGIS (Ver.
10.7). Rasters were rescaled where necessary to be on the same scale to ensure a single-pixel calculation overlay. Calculations and spatial
analysis were conducted within ArcGIS using the raster calculator tool, fuzzy membership tool, and fuzzy overlay tool.

quality, and reactivity of OM to be obtained. The reactivity of
OM can be split into three key components: the labile, the
recalcitrant, and the refractory fractions. In simple terms, the
labile fraction of OM represents the most biologically available
material and is prone to degradation. In contrast, the refractory
fraction is the least biologically available and least reactive.
Recent analytical developments have allowed the
quantification of the different OM pools (labile, recalcitrant,
and refractory) within the marine sediment of the UK EEZ
(Smeaton and Austin, 2022).

These new results highlight that the quantity of labile OM in
the continental shelf sediments are strongly linked to sediment
type. The high-resolution spatial data for sediment type within
the UK EEZ makes it possible to de-evolve sediment
classifications from a 16 Folk classification scheme to the
simplified 5 Folk classification scheme (Supplementary
Material Figure 1) (Kaskela et al., 2019; Smeaton et al., 2021a).
Using this simplified classification scheme, we were able to
assign mean sediment OM lability (OM,,pic%) for each class
within the UK EEZ (sediment samples, n = 375, across a range of
environmental types (Supplementary Material: Table 1)
(Smeaton and Austin, 2022)).

2.2.4 Disturbed sediment exposure

Once sediment has been disturbed by bottom trawling, it will
be resuspended from the seabed into the water column (e.g.
Breimann et al.,, 2022). While in the water column, OC
associated with the sediment will be exposed to chemical
processes, such as remineralisation, which may lead to its
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permanent loss from the seabed. Hence, the more time
disturbed sediment remains in the water column, the greater
the potential for OC to be lost. The length of time the sediment
remains above the seabed is determined by the speed it falls out
of the water and the height above the seabed to which it is raised
by disturbance. However, it is not possible to model in detail the
physical disturbance of sediment under all the different physical
conditions associated with bottom trawling in UK water or
elsewhere. Therefore, a theoretical fall speed can be estimated
for any sediment type based on particle size, and this can be used
to assess the relative difference in possible exposure during
resuspension of disturbed sediment.

Using the universal settling speed calculation proposed by
Ferguson and Church (2004), it is possible to calculate a
theoretical rate of sediment resettling for each of the five
sediment class types used in this study. Settlement speeds are
then used to derive a non-dimensional relative estimate of
potential exposure. However, it should be noted that this
calculation does not consider external factors such as
turbulence (Nielsen, 1993), currents and wave movement
(Coughlan et al., 2021), which may be critical processes in
natural and anthropogenically disturbed shelf systems.

2.2.5 Fishing data

Within the UK EEZ, specific gear types have significant
regional patterns related to the fishing intensity (e.g., otter
trawling, beam trawling, and towed dredging). VMS can be
used to provide high quality temporal and spatial data about the
type and intensity of fishing activity occurring across the UK
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EEZ. Using OSPAR VMS fishing data, we can estimate the CVR
of sediments for each of the three main fishing types on a 0.05° x
0.05° cell resolution (C-square geocode system, see Rees, 2003).
VMS datasets were chosen for this study instead of the
alternative automatic identification systems (AIS) because
VMS separates SAR data by gear type, unlike AIS data which
reports trawling as a singular activity with no distinction of the
gear type being used. Additionally, due to the ability of fishers to
turn off AIS tracking systems and known issues with data
reporting, AIS data is only accurately reported approximately
26% of the time spent fishing (Shepperson et al., 2018). By EU
law, it is required that VMS always remains switched on for
vessels >12 meters in length, making the spatial coverage of the
fishing data more reliable. However, as previously noted, this
data does not include the fishing activity for vessels under 12
meters in length. As a result, there may be some underestimation
in fishing intensity, particularly within coastal areas from the
inshore fleet, which are typically smaller vessels.

Using the reported VMS hours fished data combined with
log-book records, it is possible to calculate the seabed swept area
ratio (SAR) (Figure 2B) using Eq. 1.

Gear Width xVessel Speed xTime Spent Fishing
Cell Area

SAR =
Eq. 1

The SAR indicates the theoretical number of times a grid cell
would be “swept” annually if the fishing effort was evenly
distributed throughout a set grid cell area (ICES, 2020). Using
the OSPAR VMS data, it is possible to establish the annual
average SAR of each pixel. To avoid a single year bias, the SAR of
each cell has been averaged from 2009 to 2017.

2.3 Calculation method

2.3.1 Model overview

MCDA is a GIS-based spatial analysis method that allows for
both spatial and non-spatial data to be brought together to
generate outputs that can inform about complex interactions
within datasets. A CVR value for each pixel within a raster
dataset was estimated using the MCDA method known as fuzzy
set theory, which is a widely used modelling approach in
complex systems where the information supplied to a model is
vague, imprecise, or ambiguous (Kahraman and Kaya, 2010;
Balezentiene et al., 2013). Fuzzy set theory is commonly used
within spatial planning and evaluation as it allows spatial
information to be treated as members of a set. This means
that a degree of membership between different types of spatial
information can be determined. Unlike other MCDA
methodologies, the degree of membership from fuzzy set
theory will take on values between 0 and 1, denoting the
strength of the membership between the candidate objects
being assessed. This allows for a ranking system to be used.
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For example, the OC ranking of a pixel is a numerical ranking
that highlights where sedimentary OC is most vulnerable, where
1 is the most vulnerable location, and 0 is the least vulnerable
location. It should be noted that the use of fuzzy set theory
estimates the possibility, i.e., the capacity of something being
true/occurring, not the probability, which refers to the likelihood
of something being true/occurring.

2.3.2 Data processing for model set up

In order to generate a MCDA map of the potential
vulnerability of sedimentary C stores we must generate two
key layers, the amount of OC currently in sediments before
bottom trawling and the amount of OC estimated to remain in
sediments after a bottom trawl pass. This was done using the
following methodology. Firstly, the total fraction of OC present
within each pixel, C", is estimated from the UK EEZ sediment
OC mapping of Smeaton et al. (2021a), shown here as C;,

C"=¢, Eq. 2

While the fraction of total OC assumed to remain if the

sediment in pixel i is exposed to fishing based disturbance using

out

gear ¢ is denoted as Cjg".

Cg' = Ciy(1-Layg) Eq. 3

Where C;, is from Eq. 2. La;g is the estimated fraction of
labile OM (%) which would be “lost” from the sediment annually
in the presence of fishing activity by gear type g in pixel i (Eq. 4).
Note that in Eq. 3, if (I-La;g) has a value of zero, there is no
potential loss of OC from pixel i due to gear g. If it has a value of
unity, then there is a theoretical potential for total loss of OC. La;,
¢ may be calculated via Eq. 4:

La;= SVR;, x PER, x Plab; x (1 - e*"xf) Eq. 4

Where SVR,, is the swept volume ratio calculated via Eq. 5
and PER,; is the potential exposure ratio calculated via Eq. 6 (See
below). Py, is the estimated mean lability of OM in each pixel as
a function of sediment type using the UK EEZ sediment
classification from Smeaton et al. (2021a) (Supplementary
Table 1). The first-order degradation rate constant, k;, was
assigned based on the oceanic region and was estimated for
this study to be 23.34 using an average of values for oxic
sediment types in the North Sea (Table 1). It should be noted
that k; is assigned relative to the oceanic region being studied,
meaning that its influence on the rate of loss for labile OM will
vary geographically depending where this approach is being
applied due to factors such as diffusive oxygen flux, the total OC
content of surface sediments, and bottom water oxygen
concentration (Seiter et al., 2005; Arndt et al., 2013; Paraska
et al, 2014). Time, t, was set to one year.

The swept volume ratio, SVR; ¢, from Eq. 4 may be calculated
via Eq. 5:
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Peeptn,

SVR;, = SAR;; x Eq. 5

Player

Where SAR;, (Eq. 1.) is the swept area ratio in pixel i by
vessels using gear type g, from publicly available OSPAR VMS
datasets (ICES, 2016). Pgepn,g is the estimated average
penetration depth of gear type g from Hiddink et al, 2017.
These depths are 2.44 cm for otter trawling, 2.72 cm for beam
trawling, and 5.47 cm for towed dredging. Pj,,., is the depth of
sediment used in this study for the carbon estimates, in this
case, 10 cm.

The potential exposure ratio, PER;, in Eq. 4 was estimated by
creating a ratio of the settling of the largest sediment size-class
speed (W,,0x) to the settling speeds (w;) for each of the 5
sediment classes outlined in Table 1 so that:

Wi

PER, = Eq. 6
Wmax

The settling speed (w) for each sediment grain size class was

calculated using the following equation from Ferguson and

Church, 2004:

RgD?
w= 310.5
Cyv+ (0.75C,R,D?)

Eq. 7

Where R is the submerged specific gravity (0.658 g cm™) for
marine sediments, using the density of marine sediment from
Tenzer and Gladkikh (2014) and the density of seawater at 12°C,
gis the acceleration due to gravity, and D is the mean diameter of
the grain size within each of the sediment classes reported by
Smeaton et al. (2021a). C; is constant with a value of 18, and C,
is constant with a value of 1.0 (Ferguson and Church, 2004), v is
the kinematic viscosity of seawater at 12°C (Supplementary
Material: Table 3). Several calculation steps were necessary to
get the data ready to be applied to the fuzzy overlay model. First,
the data fed into the model must undergo fuzzification to allow
the source data to be rescaled to fit the 0 to 1 scale (Raines et al.,
2010). This was applied using the fuzzy membership tool
(membership type: linear) to the estimated OC stored in the
top 10 cm of the sediment (C") and the predicted amount of
total OC lost from the sediment due to bottom trawling (C*') in
each pixel for each gear type.

To model the CVR for the UK EEZ, fuzzy set theory models
were run within ArcMap (ArcGIS 10.7). The final suitability
map was generated using the fuzzy overlay tool (overlay
function: AND), which allows for a continuous 0 to 1 scale
map to be generated (Nyimbili and Erden, 2020). Finally, the
model outputs were defuzzied via the reclassification tool, where
classes were set for each gear type using the natural breaks
(Jenks) classification method to develop a five-class vulnerability
ranking of the seabed within the UK EEZ.

While it is possible to calculate the potential OC lost from
benthic trawling, we have chosen not to calculate the benthic
efflux of CO, because of the high levels of uncertainty and large-
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scale assumptions that must be made. Recent studies within this
field have attempted to calculate the efflux of CO, from bottom
trawling (Luisetti et al., 2019; Sala et al., 2021). These studies
assume that all the labile OC resuspended during a disturbance
event is completely remineralised to aqueous CO,. From here, it
is also assumed by Luisetti et al., 2019, that all remineralised OC
is then released into the atmosphere in a singular process. These
gross assumptions are unlikely to be correct and lead to vast
overestimates in the amount of CO, lost from long term
sedimentary OC stores upon disturbance. Processes such as
elemental stoichiometry, biological turnover, solubility cycling,
and carbonate cycling will all influence the fate of remineralised
OC and should not be assumed to be negligible. More data on
the efflux of OC across the sediment-water interface in natural
and post-disturbance environments is needed before this type of
calculation can be attempted with any confidence in the results.

3 Results

The spatial distribution of estimated CVR values across the
UK EEZ was mapped using the methodology detailed above at a
gridded resolution of 0.05° x 0.05°. An area of 743,470 km? of the
UK seabed was mapped; the most northern tip of the UK EEZ
(an area of approximately 24,000 km?) remains unmapped due
to limitations in data availability (Figure 2). However, there are
no reported VMS fishing records for this area, and it can be
assumed that the impact of bottom trawling in this area is low.
Additionally, OC within this area is also reported to be low
(Smeaton et al., 2021a), which would, in turn, reduce the overall
CVR of the area.

The lack of VMS data available for inshore fisheries also
means that their impact is underestimated and prevents us from
reliably modelling the CVR within some inshore areas,
particularly within fjords. The CVR of some of these inshore
sediments must therefore be considered as conservative
estimates at present. Our analysis of the areas of the UK EEZ
seabed where OC is estimated to be most vulnerable from
bottom trawling activity is calculated as a function of the
predicted OC stored within surficial sediments and the relative
lability of the OM in these sediments. Therefore, the
methodology presented here represents the development of a
new tool that can be used to assess the potential vulnerability of
sedimentary OC stores from bottom trawling pressures.

Based on previous literature and knowledge, we
hypothesised that OC is most at risk from anthropogenic
pressure within coastal sediments where there is a constant
supply of fresh labile matter and a naturally elevated OC store.
Likewise, we can assume that as the distance from shore
increases, the vulnerability of OC will decrease due to the
decline in lability of overall OM accumulation (Smeaton and
Austin, 2022). The CVR risk model estimates a typically lower
CVR within sands, coarse sediments, mixed sediments, and
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gravels/rocks compared to finer-grained sediment types. Our
results show that distributions of CVR within the UK EEZ are
associated with specific “hot spot” areas for the three major
fishing gear types.

3.1 Model validation

Validation of the new model is a fundamental development
step and is crucial for determining its predictive capabilities. Our
CVR maps have been developed using multiyear spatial
monitoring fisheries data (OSPAR, 2016), in addition to
previously validated sedimentary OC quantity and sediment
type datasets which have been tested via extensive ground-
truthing efforts and Markov chain Monte Carlo (MCMC)
simulations (Smeaton et al,, 2021a). In addition to this, we
utilise fuzzy set analysis MCDA techniques in place of
traditional weighted overlay methods. Weighted overlay works
as a Boolean operator where areas are defined as either being a
member (1) or not being a member (0). These results fall within
clear cut risk or no risk areas, offering no room for further

10.3389/fmars.2022.892892

interpretation. However, fuzzy overlay addresses the possibility
of inaccuracies within the attribute data used within the model
by assigning a membership ranking between 0 and 1, thus
accounting for uncertainties within the calculation where the
datasets are more limited (e.g., the lability of sediments assigned
as a function of sediment type).

3.2 Carbon vulnerability ranking

Within this model, the CVR is an estimate of those areas of
the seabed where sedimentary OC is predicted to be the most
susceptible to “loss” due to direct bottom trawling action by
specific gears. Our model shows that the most vulnerable areas of
the seabed are typically concentrated within inshore muddy
sediments and impacted by otter and dredge trawling activity,
while beam trawling impacts are spread across muddy, mixed,
and coarse sediment types. Despite having the largest spatial
coverage overall, otter trawling predominantly results in a low
CVR for much of the UK EEZ, with a smaller estimate of areas
where vulnerability is high or very high (Table 2 and Figure 6).

TABLE 2 Spatial area coverage of the carbon vulnerability ranking (CVR) by fishing type.

Fishing Type  Carbon Vulnerability Ranking
England
Otter Trawling Very Low 10,547
Low 52,014
Medium 7,803
High 1,789
Very High 49
Total Area fished by otter trawling 72,202
Area unfished by otter trawling 155,542
EEZ Area 227,743
Beam Trawling Very Low 1,789
Low 7,424
Medium 20,298
High 17,015
Very High 1,127
Total Area fished by beam trawling 47,653
Area unfished by beam trawling 180,091
EEZ Area 227,743
Towed Dredging Very Low 1,005
Low 5,133
Medium 3,700
High 257
Very High -
Total Area fished by beam trawling 10,094
Area unfished by beam trawling 217,649
EEZ Area 227,743

Area [km?]

Scotland  Wales  Northern Ireland  Isle of Mann  Total
6,456 466 221 - 17,689
60,503 3,896 735 233 117,380
19,906 1,078 429 159 29,376
10,621 368 894 184 13,855
2,144 - 12 - 2,205
99,629 5,807 2,291 576 180,504
362,341 27,056 14,636 3,392 562,966
461,970 32,862 16,927 3,968 743,470

- 172 - - 1,960

- 576 - 25 8,024

- 2,732 12 37 23,079

- 2,242 25 12 19,294

- 208 123 - 1,458

- 5,929 159 74 53,814
461,970 26,933 16,768 3,895 689,656
461,970 32,862 16,927 3,968 743,470
1,531 490 110 184 3,320
5,476 1,397 319 588 12,912
5,990 1,433 368 502 11,993
1,531 37 86 12 1,923

588 - 12 - 600
15,117 3,357 894 1,286 30,748
446,854 29,506 16,033 2,682 712,723
461,970 32,862 16,927 3,968 743,470

The CVR for each finishing type is broken down by country/dependency. Note that there are no fishing records for beam trawlers over 12 meters in length for Scottish waters. Seine trawling
has been excluded from this study due to a lack of date regarding trawl penetration depth, thus there will be additional areas.
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FIGURE 6
Carbon vulnerability ranking (CVR) by fishery type. All three fishing types are associated with regional hot spots where the CVR is very high.
These hotspot areas typically coincide with muddy sediment types where labile organic matter content is high; a high swept area ratio also
characterises these inshore fishing areas. (A) Beam Trawling, (B) Otter Trawling, (C) Towed Dredging.

Otter trawling has the highest proportion of very low, low,
medium, and very high CVR areas compared to other fishery
types (Table 2).

Beam trawling has an estimated total spatial coverage of
53,814 km? heavily concentrated within the English sector.
Within the medium, high, and very high CVR categories,
beam trawling has the highest estimated area coverage of
23,079 km?, 19,294 km?, and 1,458 km?, respectively (Table 2
and Figure 6A). Medium CVR areas are scattered for beam
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fisheries (Figure 6A). However, high CVR areas linked to beam
trawling are more closely grouped across England’s south-
western, southern, and south-eastern coastline. Areas of very
high CVR for beam trawling can be found on the west coast of
the UK in the Irish Sea and on the east coast in the Wash.
Overall, otter trawling has the greatest estimated spatial
coverage (180,504 km?) out of the three main fishery types
considered within this study. However, despite this large
footprint, a significant proportion of the actively fished area
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from otter trawling is classified by our model to be within very
low (17,689 km?), low (117,380 km?), and medium (29,376 km?)
CVR categories (Table 2). It is estimated that approximately
13,855 km” of the seabed is categorised as having a high CVR,
with a further 2,205 km> being estimated to have a very high
CVR. For otter trawling, these high and very high CVR areas are
predominantly located in hot spots across the fjordic west coast
of Scotland (Figure 6B), where labile OC muddy sediments
dominate, OC content is high, and repetitive trawl passes are
common (Figure 2). Regions of high CVR can also be found in
the Irish Sea and the Fladen Grounds (Northeast Scotland).

Dredging has the lowest estimated spatial coverage of 30,748
km? compared to the other two fishing types. Towed dredging
across the UK EEZ is concentrated mainly in small areas of
activity (Figure 6C), unlike the other two fisheries, which are
spread across a much greater area. Our model estimates that
approximately 3,320 km? of actively dredged seabed is
categorised as having a very low ranking. A further 12,912
km?® is estimated as being within the low CVR category
(Table 2). An estimated 11,993 km? of the seabed is classified
as having a medium CVR, with a further estimated 1,923 km?
and 600 km® classified as having high to very high CVRs,
respectively. Similarly, to otter trawling, hotspots of high to
very high CVRs are located on the fjordic west coast of Scotland.
Prevailing sediment type, high OC contents and the repetitive
nature of fishing disturbances in this region drive high to very
high CVRs (Figure 2).

4 Discussion

The main aim of this study was to determine the areas of the
seabed where sedimentary OC might be most vulnerable to the
impacts of benthic trawling activity within the UK EEZ. We
present a new methodological approach to determine the
potential vulnerability of the seabed across the UK EEZ using
open-source data. The outputs of our model identify the fjords
and coastal sediments on the west coast of Scotland as having the
highest potential OC vulnerability to disturbances from bottom
trawling. Three main determining factors occur in these
environments. Firstly, sedimentary OC content is high
(Smeaton and Austin, 2019). Secondly, there is a high level of
repetitive trawling disturbance within these coastal areas
(Figure 4). Thirdly, sediments in this region are largely fine-
grained, meaning that they will remain in suspension longer
once disturbed. This means that these OC rich sediments have a
greater chance of being transported away from their original
location and resettling elsewhere.

While we have developed a new OC vulnerability model
using fuzzy set theory to identify where OC is potentially most
vulnerable due to benthic trawling activity, these models all lack
key information that may result in some over- and under-
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estimations of CVRs. This is most likely the case with the
sediment OM lability data (Smeaton and Austin, 2022). It is
likely that sediment OM lability is higher within coastal and
fjordic areas in comparison to muddy shelf sediments. This is
due to differences in productivity between the two environments
and the transportation of OM from coastal to shelf
environments, and the ongoing degradation of this matter
which occurs during this process. There is currently a data gap
within UK EEZ sedimentary OM data, which restricts us from
applying OM as a function of sediment type rather than as a
spatially modelled estimate. Additionally, a lack of data to
adequately monitor the impact of the inshore fishing fleet (i.e.,
vessels <12 meters) implies that the CVR of sediments in coastal
waters may be underestimated. We have intentionally used a
flexible modelling framework to account for these data
limitations that can be adapted as new data sources are
available. For example, previous evidence shows that fuzzy
logic modelling frameworks have been successful within other
data-poor conservation and safeguarding projects involving
trawling datasets (Hattab et al., 2013).

It should also be remembered that the UK EEZ is a region
with a long and ubiquitous history of fishing activity, implying
that the sediments and surficial OC data used in this study may
have already been subject to decades of modernised industrial
fishing methods. Therefore, this study does not provide an
undisturbed natural baseline for sedimentary OC. Instead, this
study provides a present-day snapshot of the current state of the
potential areas of OC vulnerability within the UK EEZ. Previous
research has shown that the first pass of towed benthic gear on
the seabed is the most destructive pass to benthic ecosystems,
regardless of the hours spent fishing in the area (Lindegarth
et al,, 2000; Kaiser et al., 2006; Lambert et al., 2014; Rijnsdorp
et al., 2018).

While previous attempts at understanding the impact of
bottom trawling on sedimentary OC stores have provided an
insight into the potential risk to C, they are conducted at too
broad a scale and with too many uncertainties and assumptions
to be utilised and implemented within policymaking. Instead,
our adapted CVR methodology could provide a policy
steppingstone, allowing for greater consideration about the
sedimentary environment being investigated and the data
availability at the regional scale.

Despite our use of improved data sets and the wealth of
understanding of the UK EEZ, we have chosen not to estimate
the efflux of CO, from the seabed arising from benthic
disturbance because of the assumptions required to make this
type of calculation and the misleading outputs that can arise.
Cross-comparisons of this type of calculation with in-situ data
are difficult due to the lack of studies investigating the post-
disturbance effects of trawling on benthic CO, efflux and
nutrient efflux within the UK EEZ, or elsewhere. In addition,
we do not include the influence of nutrient release from the
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sediments during trawling, which can result in increased
primary productivity, indirectly resulting in increased OM and
OC supply to the sediments. There is currently not enough
supporting information about the efflux of nutrients in a post-
trawl environment within the UK EEZ to confidently include
this information within our calculations. Equally, these models
do not account for the removal of benthic fauna during a
trawling event.

Similarly, it is also challenging to estimate the accumulation
of multiple years of fishing impact on sedimentary OC stores
within the UK EEZ due to a lack of information about sediment
accumulation rates and OC sequestration rates. Large
assumptions would have to be made with this type of
calculation. For example, based on current data, we would
have to assume that there was a single accumulation rate
throughout the UK EEZ and that OC is lost from the
sediments at the same rate annually. However, we know this is
not the case, especially within coastal fjordic environments
where accumulation is reported to be high (Smeaton et al,
2016; Smeaton et al., 2021b) in comparison to the low
accumulation rate reported within the North Sea (De Haas
et al., 1997; De Haas et al., 2002; Evans et al., 2002; Scourse
et al., 2002; Diesing et al., 2021). Recent research has allowed for
the sediment accumulation rate to be modelled within the
Greater North Sea region (Diesing et al., 2021), highlighting
that these types of predictive models are possible. However, for
multiyear sedimentary OC losses to be calculated with a high
degree of confidence, the sediment accumulation rate across
different sedimentary environments and marine environment
types (e.g., fjords, inshore, offshore, deep sea) within the UK EEZ
need to be spatially resolved.

4.1 Management of marine sedimentary
organic carbon

We have shown that marine sediments within the UK EEZ
combine with the distinction of fishing activity to produce a
spatially variable pattern of OC vulnerability, organic-rich
sediments from the fjordic complex of the west coast of
Scotland being potentially most vulnerable. Our model can
identify at-risk zones where OC is most likely to be vulnerable
to bottom trawling activity. While marine sedimentary OC is not
currently considered within the frameworks of national OC
inventories for greenhouse gas reporting, there is growing
interest in the potential and significance of including these
stocks (Avelar et al., 2017). Further research into how
sedimentary OC can be accounted for within nationally
determined contributions is necessary, alongside new
accounting guidance and frameworks (Luisetti et al., 2020).

Recent research has shown that marine sediments store
significant amounts of OC both globally (Lee et al., 2019;
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Atwood et al,, 2020) and locally within the UK EEZ and
greater North Sea region (Diesing et al., 2017; Luisetti et al,
2019; Diesing et al., 2021; Smeaton et al., 2021a). While OC in
shelf sea sediments is prone to natural processes of recycling and
remineralisation, it is possible that anthropogenic disturbances
are driving enhanced OC loss. Our research maps the potential
vulnerability of OC to bottom trawling activity. via While this
research considers estimated surficial OC stores of the UK EEZ
and the anthropogenic impacts of fishing, further detail is
needed about the role of and interaction with natural
disturbances on these sediments (e.g., current, wave, tidal, and
storm activity) to understand the full disturbance pattern. There
has been some recent development in this natural disturbance
field on sediment mobilisation (Coughlan et al., 2021), but
further detail about the impact of natural forcing on OC
storage is required. While there are other anthropogenic
disturbances that impact the seabed across the UK EEZ,
including commercial aggregate dredging, offshore structure
construction, and sediment disposal activity, these happen on
a localised basis. Thus the impact of these types of activity on
sedimentary OC stores is thought to be minimal compared to
widespread practices such as trawling (Kenny et al., 2018).
Current literature surrounding the fate of OC under bottom
trawling activity is conflicting, with some studies estimating that
sediment OC may increase (Pusceddu et al., 2005; Martin et al.,
2014; Sciberras et al., 2016), while others estimate a decrease
(Jennings et al., 2001; Durrieu De Madron et al., 2005; Pusceddu
et al., 2014; Oberle et al., 2016). Further research is needed to
address some of these uncertainties.

A suggestion for the management of sedimentary OC stores
has been to explore the use of MPA’s and HPMA’s as a tool to
protect and enhance carbon stores (Roberts et al., 2017), with
accumulating evidence in the literature to support the potential
of MPA’s to provide an area of enhanced mitigation, adaptation,
and resilience towards climate change (Duffy et al., 2016;
Roberts et al., 2017; Gaines et al., 2018). Our CVR results for
the UK EEZ could be used to help inform potential MPA
selection. This type of management approach, where measures
limit the activity of bottom trawling may provide scope for the
potential limitation of unintentional emissions and possible
recovery of benthic communities (Hiddink et al, 2017). The
net reaction and relative timescales for the response of benthic
ecosystems and sediment OC stores following closure of the
seabed to bottom trawling are yet to be determined.

5 Conclusion

We present a new workflow for predicting regions of the
seabed where OC is potentially most vulnerable from
disturbance. This study has allowed for the first detailed
assessment of the relative vulnerability of sedimentary OC
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towards fishing disturbance. Our model results highlight that
coastal muddy sediments dominated by otter and beam trawling
have the highest CVRs. We estimate the sedimentary OC stores
on the west coast of Scotland to be amongst the most vulnerable
areas of the seabed within the UK EEZ.
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