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Executive summary

The Workshop on Assessing the Impact of Fishing on Oceanic Carbon (WKFISHCARBON) was
set up to provide ICES and stakeholders with a summary of knowledge on the role of fishing in
the process of carbon budgets, sequestration and footprint in the ocean. The workshop addressed
the potential impact of fishing on the biological carbon pump (BCP), the possible impacts of
bottom trawling on carbon stores in the seabed, as well as considering emissions from fishing
vessels. The overall aim was to generate proposals on how to develop an ICES approach to
fishing and its role in the ocean carbon budget, and to develop a roadmap for a way forward.

The main findings were that knowledge of the BCP in the open ocean was reasonably well
developed, but that key gaps existed. In particular, information on the biomass of mesopelagic
fish and other biota, and of some of the key processes e.g. fluxes and fish bioenergetics.
Knowledge is much weaker for the BCP in shelf seas, where the bulk of fishing occurs. In
particular, while biomass of fish was often well quantified, unlike the open ocean, the
understanding of the important processes was lacking, particularly for the fate of faecal pellets
and deadfall at the seabed.

There is extensive scientific knowledge of the impact of fishing on the seabed, but what is un-
clear is what it means for seabed carbon storage. There have been numbers of studies, which give
a very divided view on this. There has also been open controversy about this in the literature.
Physical disturbance to the seabed from fishing can affect sediment transport and has the
potential to facilitate remineralization, but precise impacts will depend on habitat, fishing métier,
and other environmental factors. From this, it is clear that more research is needed to resolve the
controversy, and to quantify the impacts from different fishing gears and on different substrates
or habitats in terms of carbon storage.

There has been much more research on minimizing fuel use by fishing vessels, and hence
emissions, but this has mainly focused on fuel efficiency, fuel use per unit of landed catch, and
less on the total emissions. Baselines for fuel use are available at the global level, but are lacking
at the national and vessel level. There is a need for standardization of methodologies and
protocols, and for improving the uptake of fuel conservation measures by industry, as well as
for improving the uptake of existing and potential fuel conservation and efficiency measures by
industry.

Finally, a roadmap was proposed to develop research and synthesis, on the understandings of
the processes involved, the metrics and how to translate this into possible advice for policy-
makers. To that end, a further workshop was proposed in 2024.
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Introduction

The role of fish and fishing in the marine carbon budget is an area of growing international sci-
entific and policy interest. Fish in the context of the marine biological carbon pump (BCP) help
regulate atmospheric CO: levels. Fish represent a component of the BCP, and fishing and fish
removals are likely to perturb that contribution. Fishing may also lead to foodweb changes that
in turn alter the carbon budget. Fishing also directly produces greenhouse gas emissions,
through the burning of fossil fuels during fishing activities. In addition, fishing gear is known to
have direct impacts on the seafloor, e.g. resuspending sediment, and hence carbon, and poten-
tially altering the benthic community dynamics with further possible impacts on carbon seques-
tration.

Figure 1.1 Influence of fishing on biological pump and sediment stores Cavan & Hill, 2021.

a) Fish in the biological Carbon Pump

The ocean’s biological carbon pump (BCP) helps store carbon in the deep ocean and sediments
for decades to millenia. Without this pump of carbon atmospheric CO2 levels would be 50%
higher than they are today. Historically, dead plankton and their faeces have been the focus of
the BCP research, however over the past 5 years the role of higher trophic levels such as fish in
the BCP have been recognized (Figure 1.1). Some coastal fish (which are harvested) can sink large
amounts of carbon to sediments through their faeces, whereas open-ocean mesopelagic fish (not
yet currently harvested on a large-scale) are important in respiring surface-produced carbon at
depth in the mesopelagic. Fishery removal of fish or higher trophic levels that are important in
the BCP could be reducing the amount of carbon that can be stored through the BCP.
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b) Emissions of Greenhouse Gas Emissions from fishing vessels

Fisheries are generally energy-intensive and heavily reliant on fossil fuels. The majority of fish-
eries greenhouse gas (GHG) emissions are produced during the ‘at-sea’ phase of fishing (e.g.
steaming to and from fishing grounds, fishing itself, and onboard processing, refrigeration and
freezing), with the greatest fuel consumption (and therefore emissions) related to vessel propul-
sion. At the global scale, assessments of CO2 emissions from fisheries have shown increases in
both total emissions and emissions intensity (emissions per unit of catch landed) over time (Par-
ker et al. 2018; Greer et al. 2019), although this has been contested by Ziegler et al (2019). Research
and technological investment to date have largely focused on fuel use and efficiency, with more
recent emphasis on how to reduce emissions in an effort for fisheries to reach net zero emissions.
A wide array of measures exists for reducing fuel consumption — and thus reducing fisheries
emissions including modifications to vessel design, fishing gears, and fishing behaviour; the use
of green fuels; and the rebuilding of stocks.

WKFISHCARBON examined and summarized the latest research on GHG emissions of the fish-
ery industry and new technological advances to 1) calculate fishery GHG emissions and 2) re-
duce fishery GHG emissions. GHG include carbon dioxide (CO:z), methane (CH4), and Nitrous
Oxide (N20).

) Benthic trawling impacts on carbon release

Marine sediments store large amounts of carbon through the burial of detritus either sinking
from above via the biological carbon pump or from river run-off to coastal sediments. Once the
sediment has been buried and becomes anoxic, the carbon is stored for millennia, with very little
or no degradation by microbes. Early studies by Duplisea et al (2021), and Kaiser et al (2002)
highlighted the potential for trawling impacts to affect this process at a global scale. An influen-
tial study (Sala et al 2021) made the first global assessment of bottom trawling impacts to sedi-
ment carbon stores, suggesting resuspension of sediment from fishing gear could release as
much COz as the entire aviation industry each year. A further systematic review of empirical
research (Epstein ef al., 2021) found the evidence much more equivocal. This indicated no effect
for 51% of 59 experimental studies, lower Organic Carbon (OC) for 41% of the studies and 8%
reporting higher OC. These findings have stimulated considerable debate in the international
scientific community to verify, or refute (Hiddink et al 2023; Atwood et al 2023; Hilborn et al 2023)
this finding and resulted in a large amount of research on the impacts of bottom trawling.

ICES
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2 Fish in the biological Carbon Pump

Tor a) Review and consolidate the existing knowledge, and identify knowledge gaps, on the
functioning of the oceanic carbon pump in terms of the role of fish in carbon fluxes in the
open ocean, including the extent of oceanic carbon released into the atmosphere due to the
removal of fish; (Science Plan codes: 1.1, 2.1, 6.1);

2.1 Background to the ToR

Prior to the ICES WKFISHCARBON meeting an Ocean Carbon & Biogeochemistry (OCB) work-
shop on Fish, Fisheries, and Carbon was held online (6-9t March 2023). One of the main findings
from this was that the mesopelagic biomass was still quite uncertain, with estimates ranging
from about 1-16 billion metric tons (Kaartvedt ef al., 2012; Irigoien et al., 2014; Proud et al., 2019).
The carbon stored in fish is more important than just the biomass, and includes respiration and
defaecation. Fish may contribute anything between 0.3% and 40% of total, biologically driven
carbon flux out of the epipelagic zone (Saba ef al., 2021; McMonagle et al., 2023; Pinti et al., 2023),
again, with the key uncertainty being the biomass of mesopelagic fish. The impact of fishing on
the contribution of fish to the BCP is another subject of uncertainty. Two recent studies suggested
that this impact could be substantial (Bianchi et al 2021; Mariani et al 2020), but Saba et al (2021)
also suggested that we need broadly accepted methodological standards, improved and more
frequent measurements of biomass and passive and active fluxes of fishes, and stronger linkages
between observations and models.

Defining what sequestration means is an important step for all carbon research and is often am-
biguous in the literature. During the workshop we spent some time considering the correct def-
inition, and this is summarized in the two definitions in the text box below, based loosely on
Pinti et al., (2023):

Working Definitions agreed upon at WKFISHCARBON

e Sequestered carbon: all of the carbon in the Earth System that is not in the atmosphere.
e Sequestration: processes that cause these carbon stocks to expand

*Sequestration of carbon in the context of climate mitigation or ‘blue carbon’ needs to be on climati-
cally relevant timescales, of at least 100 years.

The average residence time of carbon in the ocean is 130 years but we also need to think about
total residence time, and the total carbon sequestered in the ocean at any one time.

One potentially useful idea from the OCB workshop would be to define species by their typology
in terms of their role in the biological carbon pump and in the context of changes in carbon se-
questration due to their biomass removal. Those types could be defined according to their con-
tribution to the carbon cycle, e.g. mesopelagic fish or other mesopelagic biota.

The OCB workshop also considered the relative importance of passive carbon sink (urine, faecal
pellets, respiration) and active flux (Diel Vertical Migration). The importance of faeces in the BCP


https://ices.dk/about-ICES/Documents/Resolutions/Science_plan_codes.pdf
https://www.us-ocb.org/fish-fisheries-and-carbon/
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was particularly emphasized. A further key issue was that the depth where faeces etc. sink to
dictates retention time. 14 years for surface, 104 years for 400 m deep, 352 years for 1000 m
(Turner, 2015). In turn, this raises the question what is meant by retention and how do we define
it?

One key finding from the OCB workshop was that much of our knowledge of the biological
carbon pump is based on an understanding of the biological, biogeochemical and physical pro-
cesses in the open ocean, off the shelf. Far less is known about the shelf seas ecosystems where
the processes are likely to be quite different. Importantly, coastal and shelf seas tend to be im-
portant for carbon export (Cavan & Hill, 2021), which are also areas of high fishing pressure and
fish removals (Figure 2.1).

High fishing and high export

= T

50°N —

0°

50°S "

100°wW 0° 100°E

Figure 2.1 Shows where both organic carbon export and fishing intensity are in the upper quartile for both datasets
(orange pixels), which is 9% of the surface ocean. Grey grid lines and black numbers indicate the FAO major fishing areas.

A second aspect to consider, which came up in the workshop, was the influence of fishing on the
structure of foodwebs and, thus, on the BCP and sequestration. A number of studies have re-
ported that removal of big fish, or top predators will have a negative impact on carbon flux (Staf-
ford et al., 2021; Mariani et al., 2020). To quote Stafford et al., “Selective removal of predatory
fish through extractive fishing alters the community structure of the ocean. This altered com-
munity results in increased biomass of more productive, low trophic level fish, higher overall
fish respiration rates and lower carbon sequestration rates from fish, despite possible de-
creases in total fish biomass”. The paper also suggests that more research on this is essential.

Given the potential importance of mesopelagic biota in the BCP, the workshop concluded that
we should avoid any exploitation of the mesopelagic communities (including not only fish, but
other important taxa part) in terms of carbon sequestration.

2.2 Report from break-out group focusing on Fish car-
bon/biological pump/detritus (faeces)/ CO, migrant
pump

The group was asked to answer, as well as possible, a series of question relating to fish and the

BCP, and then provide guidance on what should be done:

. Do we know enough about the system in ‘steady state’ and the impact of fisheries so far?

ICES
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2.2.1

o Probably YES in open ocean for the “steady state”, not for the impact of fisheries.
Less so in shelf-sea fisheries

If relevant, do we have baselines of carbon stores?

o Generally, YES, not in seafloor.

What do we have reasonable confidence in to advise policy? If none, what do we need to

get there?

o We know that qualitatively that fish are important in carbon products. We have
quantitative values, but with large uncertainty, e.g. biomass of mesopelagic fish.
What tools and methods are needed to get answers for policy? What data products are

needed?

o We have the models and tools, but need to be tied together around this question.
Bind together all the available empirical data (acoustics, imaging, mesopelagic
trawls, etc) of mesopelagic biomass and create a standardized database (EOV).

What are the big unknowns? E.g. shelf advection vs. burial vs. recycling, gelatinous or-

ganisms and aquaculture impacts

o Respiration, sinking rate, mortality rates, biomass, biomass distribution

Do fish or other harvested species change the stocks/pools of carbon (inc. in atmosphere),

does fishing change these pools?

o YES, particularly in the mesopelagic system (mesopelagic fish, krill, squid, etc), as
they play a proportionally large role in carbon sequestration. Our proposal is not to
further develop fisheries.

Key discussion points

We need to standardize approaches to fluxes of carbon of major marine communities.
Start with the apparently most important ones - small pelagic and benthic communities
—and then move towards other communities.
There is a high uncertainty about mesopelagic communities (biomass distribution and
fluxes) and how fisheries affect them. Project MEESO has put together 3 models at a re-
gional scale. Currently focusing on biomass and biomass distribution.
All flux parameters are as a function of biomass. Thus, abundance and distribution are
the most important variables we need to find out.
Assuming we know the biomass, what other parameters do we need to predict carbon
fluxes? E.g. Depth distribution, other behavioural, metabolic traits, sinking speed of fae-
cal pellets, etc.
o We need to identify what the parameters of interests are, and what level of detail we
need before focusing on finding them.
The impact of fish communities in carbon sequestration is much more than the total bio-
mass — organisms have a greater potential of sequestration due to their metabolic activi-
ties, which is orders of magnitude greater than their own biomass. It is the fish biomass
+ all the “carbon products” that they produce. Others disagree, because “carbon prod-
ucts” are already accounted as DOC, POC, DIC. The idea that X tons of biomass generate
Y tons of sequestered carbon is intuitive and easy to explain to stakeholder: the carbon
associated to this biomass is X+Y. However, this concept has risks. E.g. double counting
or mixing up certain pools of carbon. E.g. DOC can be originated from fish or from other
sources. A good way to approach this discrepancy is to write down these statements.
Then validate these statements with numbers of the literature.
We need to quantify the residence time of carbon in the ocean to be considered “seques-
tered”. The average residence time of a molecule of carbon in the ocean is 130 years. For
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a climate crisis, some will consider it good enough. However, there is a risk of using flux
as a synonym for sequestration because there is a high chance of misuse of this concept.

. Processes that transport carbon deeper into the ocean are a positive factor because this
keeps it longer out of the atmosphere.

. Changing the standing stock of fish biomass will change the total pool of sequestered
carbon in the ocean (fish biomass + carbonated carbon).

. Some species produce carbonated carbon with different residence time in the ocean de-

pending on their traits like vertical migration (it depends on their contribution to the
biological pump). For some species, we have these estimates, e.g. tuna, mesopelagic, for-
age fish. Changes in the biomass of some trophic levels can affect the biomass of other
trophic levels with complex implication in total carbon sequestered in the oceans. This
can be modelled. There are also empirical studies at community level in marine reserves.

. There are 9 global models and over 20 regional models where we can implement carbon
flux to estimate carbon services of different functional groups. Some are coupled with
biogeochemical models.

2.2.2 Statements and proposals
1. Management decisions need to consider impacts on carbon services to ecosystems, par-

ticularly in the context of any future mesopelagic fisheries, given the potentially substan-
tial role mesopelagic fish play in the BCP.

2. We need to know the consequences that changing the foodweb structure have on carbon
services.

3. Bind together all the available empirical data (acoustics, imaging, mesopelagic trawls,
etc) of mesopelagic biomass and create a standardized database.

4. Fish communities contribute to 16% of ocean carbon flux.

5. 60% of all the carbon sequestered in the ocean has passed through a metazoan in the
ocean.

All marine teleosts produce carbonate (CaCOs) precipitates in the intestine as a product of the
osmoregulatory requirements from drinking calcium- and magnesium-rich seawater, that is
through calcification where calcium (Ca?*) reacts with bicarbonate (HCO:s-) (Equation [1]).

Caz + 2HCOs- < CaCOs+ CO2+ H20 @)

Wilson et al (2009) described this process for marine fish and calculated that marine fish contrib-
uted 3-15% of total oceanic carbonate production, which is predicted to rise with to future en-
vironmental CO2 changes, thus becoming an increasingly important component of the inorganic
carbon cycle.

2.23 Risk assessment by functional group

The subgroup was asked to carry out a risk assessment identifying where the primary risks lay
in terms of the fishing impacts on the BCP (Table 2.1).

ICES
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Table 2.1. Risk assessment for fishing and the BCP.

Confidence Low Medium High
Impact Oceanic mesopelagics
Shelf fisheries in general Oceanic krill
High Oceanic squid

Oceanic small pelagics
Seamount species? -
Shelf edge species (like blue whiting)

Low - - Oceanic large pelagics

Highlight statements
The biological pump is important for carbon sequestration in the ocean.

. We know that fish play an important role in the biological pump.
. Therefore, the removal of fish from the marine environment has a larger impact on car-
bon sequestration than the removal of their biomass alone.

Takeaway: We know fishing has the potential to significantly impact on the biological pump

Roadmap to collecting information for carbon impact of specific fisheries is needed.

. There are other value systems (social ecological systems) aside from ours that we need
to consider before employing management decisions.

. Our understanding is better developed in open ocean -> We need more studies and anal-
ysis.

. We know much less about the shelf in terms of carbon sequestration because there is a

knowledge gap about what happens in the sediments. We are fairly confident about the
open ocean because we can safely predict where that carbon ends up.

. It is unclear what the downstream effects are of changing the ecosystem, population, and
community structure on carbon (this requires more trophic study and modelling of
trophic relationships)

. Big takeaway: No to developing mesopelagic fisheries
o Several trade-offs of development of such fisheries, including negative carbon im-
pacts
. Rebuilding fish populations would transiently increase sequestration until reaching
steady state, in which rate processes are most important
. There are potential trade-offs between carbon, economics, yield, and cultural value (local

ecological knowledge), so we should look at overlaps. Together, we identify several values
for healthy fish stocks: value as a provisioning service (e.g. food security) and a climate
regulatory service (e.g. carbon sequestration)

o We should incorporate carbon removal by fish into ICES advice products
o Goal to incorporate carbon into fishing assessments and management decisions

Possible Statement for concept communication to stakeholders:

This text provides a mockup of the sort of simple synopsis of the fishcarbon question. The num-
bers will come from further work intersessionally and at the propsed next workshop.
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“There are X gigatons of living biomass in the global ocean and Y tons of carbon in the global ocean and
its sediments. Most of this carbon results from biological processes. The biomass of fish in the global ocean
is approximate X gigatons each year. This biomass delivers approximately X gigatons of carbon into the
global ocean as a result of the following processes:

1. Respiration, which produces X gigatons of DIC

2. Biological carbonate production produces X gigatons of carbonated carbon

3. Detrital material (from feeding) which produces X gigatons of carbonated carbon
* All numbers are subject to uncertainties”

224 Knowledge gaps relating to this ToR

Based on the above, and on the presentations and discussions (see below) a number of
knowledge gaps can be identified:

1. Mesopelagic fish biomass: estimates of this biomass range from 1-10Gt (Irigoien ef al.,
2014; Proud et al., 2019). Combined with uncertainty about fish bioenergetics (McMon-
agle et al., 2023) this suggests that mesopelagic fish contribute between 0.3% and 40% of
total, biologically driven carbon flux out of the epipelagic zone (Saba et al., 2021; McMon-
agle et al., 2023; Pinti et al., 2023). This range makes it difficult to advise on the sustaina-
bility of fishing the mesopelagic, and its importance in the BCP.

2. A lack of methodological standards was highlighted by Pinti et al. (2023) as also contrib-
uting to uncertainty in estimates of the importance of mesopelagics in the BCP.

3. Pinti et al. (2023) and McMonagle et al. (2023) also stressed the need for more empirical
data on fluxes and fish bioenergetics

4. This workshop provided a working definition of sequestration and sequestered carbon,

but a broader acceptance would be valuable. This would also include definitions of resi-
dence times rates and fluxes for common use.

5. The importance of faeces as a sequestration pathway was stressed (Cavan & Hill, 2021;
Pinti et al., 2023) and there is a clear need for more knowledge of the role and fate of
faeces in the BCP.

6. The need to establish baselines of carbon stores in the seafloor — which will require tar-
getted field sampling

7. The need more empirical data on: respiration, sinking rate, mortality rates, biomass, and

biomass distribution — again will require more targeted field sampling

8. We need to standardize approaches to fluxes of carbon of major marine communities.
Starting with the most important ones — e.g. small pelagic and benthic communities —
and then move towards other communities.

9. We need to identify what the parameters of interests are, and what level of detail we
need before focusing on finding them, either through sampling or modelling.

10. Almost all of the research on the BCP has focused on the open ocean, and off the shelf.
Knowledge of the role of fish (and hence fishing) in any on-shelf BCP is very weak. Both
carbon export and fishing intensity are highest around coastlines (Cavan & Hill, 2021),
making this knowledge gap critical. Estimates of global on-shelf fish biomass is in the
order of 1Gt (Christensen et al., 2010) putting it within the possible range of mesopelagic
fish biomass. Most fishing still takes place in this region, so the potential for disruption
of a BCP is obvious. The processes for sequestration are likely very different on the shelf
and this should be a priority for future research.

11. The changes caused by selective fishing on foodwebs may change the carbon flux and
possibly then, carbon sequestration. This needs considerably more study to be estab-
lished, and its scale, direction and implications determined.
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A number of presentations were given at the meeting in relation to the fish carbon ToR. Short

precis of these are provided in Section 7.
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Emissions of greenhouse gases from fishing vessels

3.1 Background to the ToR

ToR b part 1) Review and consolidate the existing knowledge on direct emissions from fishing
fleets using different extraction methods

Fisheries are generally energy-intensive and heavily reliant on fossil fuels. The majority of fish-
eries greenhouse gas (GHG) emissions are produced during the “at-sea” phase of fishing (e.g.
steaming to and from fishing grounds, fishing itself, and onboard processing, refrigeration and
freezing), with the greatest fuel consumption (and therefore emissions) related to vessel propul-
sion. At the global scale, assessments of CO2 emissions from fisheries have shown increases in
both total emissions and emissions intensity (emissions per unit of catch landed) over time (Par-
ker et al. 2018; Greer et al. 2019), although this has been contested by Ziegler et al (2019) who
“demonstrated how the approach underestimates emissions of small-scale fisheries, while overestimating
emissions of industrial fisheries”. Research and technological investment to date have largely fo-
cused on fuel use and efficiency, with more recent emphasis on how to reduce emissions in an
effort for fisheries to reach net zero emissions. A wide array of measures exists for reducing fuel
consumption — and thus reducing fisheries emissions including modifications to vessel design,
fishing gears, and fishing behaviour; the use of green fuels; and the rebuilding of stocks.

WKFISHCARBON examined and summarized the latest research on GHG emissions of the fish-
ery industry and new technological advances to 1) calculate fishery GHG emissions and 2) re-
duce fishery GHG emissions. GHG include carbon dioxide (COz), methane (CHas), and Nitrous
Oxide (N20).

Fuel use (and hence CO: equivalent emissions) has been a focus of fisheries research for some
years (Gephart et al 2021; Parker ef al 2018; Sala et al., 2011; 2022). The main driver of this research
historically has been economic — reducing fuel to reduce costs (see review by Suuronen et al.
(2012). Most of these studies also identified that such reductions could also lower emissions. This
aspect has received more attention recently in light of efforts to mitigate the contribution of fish-
eries to greenhouse gas emissions.

Four elements of fishing practice could contribute to reduced emissions; fleet structure (Parker
et al.,, 2018), gear adaptations (Caslake, 2021), fishing behaviour and stock management (Bas-
tardie et al., 2022a). Vessels can be made more fuel-efficient, for example, through improvements
to vessel hulls to reduce drag force, improvements to propulsion and auxiliary engines, changes
to energy-consuming machinery onboard, and improvements that are directly related to fuel
performance, such as the use of renewable energy for propulsion.

Fishing gears can be substituted with those that are less fuel-intensive e.g. switching from active
gears to passive gears (Munoz et al 2023), or modified using designs that reduce the associated
drag force. Much of the research to date has considered the impacts on the seabed by fishing gear
in the context of seabed integrity, linking with the third aspect of WKFISHCARBON work on
seabed impacts. Reducing gear contact with the seabed will also likely have the side effect of
reducing drag, and hence fuel use, unless the new gear is heavier (see review by Sala et al 2023).

Beyond technological advances, fisheries-related GHG emissions can also be decreased through
changes in fishing behaviour. More efficient fishing practices can be adopted that consider where
and how fishing vessels operate, and what they aim to catch. Fuel use can be improved, for ex-
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ample, through route optimization measures such as slow steaming or speed optimization (Bas-
tardie et al 2022a). Other examples can be found in Bastardie et al. (2010) which included some
possible scenarios for spatial effort allocation, e.g. preferring nearby fishing grounds; shifting to
other fisheries targeting resources located closer to the harbour; and allocating effort towards
optimizing the expected area-specific profit per trip.

Another aspect that is related to fishing strategy or behaviour is the link between fuel efficiency
and recovered or recovering stocks (Bastardie et al. 2022a and b; Martin et al. 2022). Both studies
suggest that fuel efficiency can be improved when fishing is carried out on stocks that are in
good condition, because fishers are not required to spend as much effort or fuel to obtain their
catches. Similarly, a study of the factors influencing fisheries GHG emissions in Iceland identi-
fied the rebuilding and sustainable exploitation of fish stocks as the most efficient means of re-
ducing emissions (Kristofersson et al. 2021). However, in at least one study (Martin et al. 2022),
total emissions increased as a result of increased fishing of rebuilt stocks, emphasizing the need
for fisheries management systems that prioritize minimizing fuel use and carbon emissions.

Regardless of the types of measures applied, reducing GHG emissions from fisheries depends
on having standardized monitoring and reporting across countries, fleets and vessels. While
global baseline estimates of fuel consumption and emissions are available, comparable data at
finer scales are lacking. Such data are critical both for taking stock of present-day GHG emissions
from fisheries, and for assessing the impacts of technological, strategic, or regulatory changes
aimed at reducing them.

3.2 Report from break-out group focusing on carbon emis-
sions from fishing vessels

The subgroup was asked to answer, as well as possible, a series of question relating to fishing
vessel emissions, and then provide guidance on what should be done

. Do we know enough about the system in ‘steady state’ and the impact of fisheries so far?
o Current knowledge of fuel use and fuel efficiency (at the high level) by fishing ves-
sels is reasonably well developed but there is no clear framework for how to imple-
ment improvements which creates a barrier and lack of incentive for the fishing in-
dustry to implement these changes.
) If relevant, do we have baselines of carbon stores?

o Not strictly relevant to this ToR, but, we do have global baselines for fuel use but
lacking country-specific baselines and at the vessel level.

. What do we have reasonable confidence in to advise policy? If none, what do we need to
get there?

o Fishing gear modifications, fishing vessel design, fishing behaviour and fuel effi-
ciency benefits of rebuilding stocks.

J What tools and methods are needed to get answers for policy? What data products are
needed?

o Need to develop framework/roadmap for how to implement improvements, espe-
cially at the vessel level. Data collection and reporting on fuel use needs to be more
clearly standardized from different sources (member states).

. What are the big unknowns? (e.g. shelf advection vs. burial vs. recycling, role of gelati-
nous organisms, aquaculture impacts etc.)

o Fuel consumption by inshore fisheries and bait fisheries. Standardized estimation
and reporting of fuel use.

0 Do fish or other harvested species change the stocks/pools of carbon (including in the
atmosphere), does fishing change these pools?
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o Again, not strictly relevant but, fuel use and emissions vary by target species and
stock status.
. What are the natural (biological and physical) controls on carbon store variability (e.g.
temperature, hydrology) of system you're thinking about?
o Again, not strictly relevant but, weather can affect fuel efficiency.

o As above, but what are the fishery controls on impact/policy on carbon/emissions (e.g.
vessel length, gear type).
. Vessel design and gear type affect fuel efficiency. Relevant to Article 17 of the Common

Fisheries Policy stating that Member States should endeavour to provide incentives to
fishing vessels deploying selective fishing gear or using fishing techniques with reduced
environmental impact, such as reduced energy consumption or habitat damage, and are
also relevant for science-based target initiatives. Fuel efficiency and emissions should
also factor in to allocation of fishing opportunities.

3.2.1 Metrics needed for analysis of GHG emissions from fishing ves-

sels
. Vessel structure and gear modification
o Fishing strategy
o Standardized GHG reporting and estimation
J The effect of stock status on fuel efficiency
. Management and implementation with respect to fishing vessel emissions
. Relevant data on inshore small-scale fisheries

3.2.2 Metrics impact and confidence evaluation around different pos-
sible approaches to reducing fishing vessel GHG emissions

The subgroup carried out an impact and confidence evaluation around different possible ap-
proaches to reducing fishing vessel GHG emissions. This approach was different from the risk
assessment by BCP and fishing subgroup.

Technical innovation with regards to vessel structure and gear modifications

. Justifications:
o High confidence because of well-developed literature around fuel efficiency.
o Not all modifications easily adopted at scale.
o Some modifications can result in ~50% of fuel use but medium confidence because
of wide range of estimated fuel use improvements.

An impact and confidence evaluation draft is provided in Table 3.1.

Table 3.1. Impact and confidence evaluation for vessel structure and gear modifications for reducing GHG emissions.

Impact

Low Medium High

Confidence Low
Medium

High X

ICES
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Technical innovation with green fuels

. Justifications:
o Low confidence because of the maturity of the technology and cost-effectiveness
o Need more understanding of LCA of alternative fuels
o Potential significant or total reduction of fuel emissions

An impact and confidence evaluation draft is provided in Table 3.2.

Table 3.2. Impact and confidence evaluation for green fuels for reducing GHG emissions.

Impact
Low Medium High
Confidence Low X
Medium
High
Fishing strategy
. Justifications:

o Medium confidence because of wide range of estimated fuel use improvements

o Educating fishers and changing behaviour (e.g. vessel speed) has been shown to im-
prove fuel efficiency between 10 and 50%

o Consideration of route planning to optimize fuel consumption

An impact and confidence evaluation draft is provided in Table 3.3.

Table 3.3. Impact and confidence evaluation for fishing strategy for reducing GHG emissions.

Impact
Low Medium High
Confidence Low
Medium X
High

Standardized fuel use reporting and GHG estimation

. Justifications:
o Medium confidence because there are an abundance of estimations of fuel use, but
methodologies are not always comparable. Need for standardized methodology.
o High impact because of importance for calculating baselines and setting meaningful
reduction targets.

An impact and confidence evaluation draft is provided in Table 3.4.
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Table 3.4. Impact and confidence evaluation for fuel use reporting and GHG estimation for reducing GHG emissions.

Impact
Low Medium High
Confidence Low
Medium X
High

The effect of stock status

. Justifications:
o Medium impact because examples from literature demonstrate correlation between
stock status and fuel efficiency but does not speak to how this would apply to fish-
eries in general (see Ferrer et al. 2022; Martin ef al. 2022; Bastardie et al. 2022b).

An impact and confidence evaluation draft is provided in Table 3.5.

Table 3.5. Impact and confidence evaluation for stock status for reducing GHG emissions.

Impact
Low Medium High
Confidence Low
Medium X
High

Management and implementation

. Justifications:
o High impact because lack of policy and roadmaps prevents implementation of fuel
efficiency improvements
o Low confidence because general lack of roadmaps and related policy documents
Some exceptions like the “Energy Transition of Fisheries Aquaculture” communica-
tion which included suggested objectives and timeline for a roadmap.
An impact and confidence evaluation draft is provided in Table 3.6.

Table 3.6. Impact and confidence evaluation for management and implementation for reducing GHG emissions.

Impact
Low Medium High
Confidence Low X
Medium
High

Inshore (Small-scale Fishery) fleet

. Justifications:

ICES
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o Data-limited with regards to emissions and catch and effort.
o Potential high emissions-per-catch.
o Also potential low hanging fruit for alternative fuels.

An impact and confidence evaluation draft is provided in Table 3.7.

Table 3.7. Impact and confidence evaluation for Small-scale Fisheries for reducing GHG emissions.

Impact
Low Medium High
Confidence Low X
Medium
High

3.23 Knowledge gaps relating to this ToR

. Discussion focused on the current knowledge and the difficulty to translate to regional
or vessel level.

. Tools and methods are available: emission calculators and gear modifications (with lots
of ongoing research) but there is no apparent roadmap to make them cost-effective for
fishers.

. More data is needed for fuel-use: might need different conversion factor (from living

specimen caught to the final fisheries products) per country which render difficult the
estimation of carbon/kg or carbon/value (monetary) of catch.

o How to account for fuel consumption (representing emissions for steaming and for fish-
ing) where the emissions per litre of fuel used may not be the same for these different
activities.

J More knowledge of rebuilding fish stocks to improve fuel efficiency. More direct
measures are needed using fuel sensors.

U Need standardized methodology for monitoring and calculating fuel usage.

. Need more research on how vessel design and gear type affect fuel efficiency.

. How could fuel efficiency/emissions be factored into allocation of fishing opportunities
(for example, as the Article 17 of the EU CFP allows).

o Need more information on fuel consumption by small-scale inshore fisheries and bait
fisheries.

. Need to develop framework/roadmap for how to implement fuel efficiency improve-

ments, especially at the vessel level. There is no clear framework for how to implement
improvements which creates a barrier and lack of incentive for the fishing industry to
implement these changes.

. Understanding how low fuel taxes may dis-incentivise fishers from adopting more fuel-
efficient measures.
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Benthic trawling impacts on carbon release

4.1 Background to the ToR

ToR b2) Indirect emissions from disturbance of the seabed, in terms of their contribution to
climate change; (Science Plan codes: 1.1, 2.1, 6.1);

Marine sediments store large amounts of carbon through the burial of detritus either sinking
from above via the biological carbon pump or from river run-offs to coastal sediments (Legge et
al., 2020). Globally, marine sediments are estimated to store between 1 500 and 2 300 Pg C (At-
wood et al., 2020; Hedges & Keil, 1995). Once the sediment has been buried and becomes anoxic,
the carbon is potentially stored for millennia, with very little or no degradation by microbes.
Early studies by Duplisea et al. (2021) and Kaiser et al. (2002) highlighted the potential for trawl-
ing impacts to affect this process at a global scale. An influential study (Sala et al., 2021) made the
first global assessment of bottom trawling impacts to sediment carbon stores, suggesting resus-
pension of sediment from fishing gear could release as much CO: as the entire aviation industry
each year. A further systematic review of empirical research (Epstein et al., 2021) found the evi-
dence much more equivocal. This indicated no effect for 51% of 59 experimental studies, lower
OC for 41% of the studies and 8% reporting higher OC. These findings have stimulated consid-
erable debate in the international scientific community to verify, or refute (Atwood et al., 2023;
Bradshaw et al., 2021; de Borger et al., 2021; Black et al 2022; Hiddink et al., 2023; Hilborn et al.,
2023) this finding and resulted in a large amount of research on the impacts of bottom trawling.

4.2 Report from break-out group focusing on impacts of
fishing on seabed carbon

The aim of the subgroup was to assess the evidence around potential impacts of fishing activities
on seabed carbon burial and storage. Globally, marine sediments are estimated to store between
1500 and 2300 Pg C (Atwood ef al., 2020; Hedges & Keil, 1995). As such, the sedimentation and
burial of organic matter at the sea floor may represent an important pathway for carbon seques-
tration, providing a potential negative feedback against climate change. In marine sediments,
oxygen availability is a key limiting factor on the degradation of organic matter (Hedges & Keil,
1995). Fishing activity, for example bottom trawling, disturbs the seafloor which then results in
the resuspension of significant sediment plumes. As a consequence, fishing has the potential to
enhance the degradation rates of sedimentary organic matter, resulting in higher remineraliza-
tion of this carbon source to carbon dioxide. This has been identified as a significant barrier to
global greenhouse gas emission reductions (Hiddink et al., 2023; Sala et al., 2021). The subgroup
set out to review and consolidate the existing knowledge of indirect emissions from disturbance
of the seabed, in terms of their contribution to climate change.

While there has been considerable controversy regarding global models of the impacts of fishing
on seabed carbon (Hiddink et al., 2023; Sala et al., 2021), there is a clear recognition that these
models need to be developed and parameterized with sufficient data to allow the potential im-
pacts to be accurately assessed. The biogeochemical drivers of organic matter preservation and
storage are well defined, with oxygen availability a key drivers of organic matter remineraliza-
tion rates. As such, the resuspension of sediments by fishing has been postulated to be a signifi-
cant control on seabed carbon storage. However, a comparison of the various fishing métiers
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found no clear influence of fishing activity on seabed carbon storage (Epstein et al., 2021). Like-
wise, the potential supply of organic matter to the seafloor could present an important control
on seabed carbon storage (Cavan & Hill, 2021; Saba et al., 2021). While the seasonal fluxes of
carbon from the sea surface to the seafloor are well understood at a qualitative level, the temporal
and spatial variations in supply of carbon to the seafloor remain poorly constrained. While it is
reasonable to infer that fisheries will have an influence on the movement of carbon through the
water column to the seafloor, there is a lack of data on how these processes at spatial scales that
are relevant for environmental management. What we do clearly understand about the impacts
of fishing on seafloor carbon stocks can thus be summarized as follows:

. Direct impact on seabed biodiversity — effects on subduction of OM into deeper sediment
layers and SCOC.

. Impacts are dependent on habitat and, fishing métier, and gear components. — Not all
gear has an impact on the sediment, and not all fishing overlaps with areas of carbon
accumulation.

J Possible to identify areas that are likely to be at risk of seabed carbon loss based upon

fundamental sediment geochemistry and benthic ecology.

o Bioturbation and macrobenthos can have important impacts sediment carbon remineral-
ization, but these impacts are context dependent and governed by community structure,
temperature, DO and disturbance regime.

We sought to review the baseline carbon stocks of marine sediments, however, at present the
spatial extent of data across the global seafloor is relatively sparse. As such, efforts need to be
focused towards the curation and development of global databases of seabed carbon stocks to
support a future assessment of carbon storage at the seabed and its sensitivity to fishing and
other anthropogenic pressures. This will require International coordination needed to draw to-
gether available datasets within a single repository where the data are findable, accessible and
reusable, to support the development of the assessment products which are useful in the marine
spatial planning context.

At present, the current state of knowledge regarding seabed carbon storage is sufficient to advise
policy-makers in broad terms regarding likely negative impacts of fishing. This is, however, little
more than an evidence-informed approach to the precautionary principal. In essence, we can
predict the likely areas of the seabed where carbon is likely to accumulate. However, we lack
sufficient assessment tools for the potential sensitivity of seabed carbon to fishing disturbance.
In addition, the economic valuation of carbon as a component of natural capital remains in its
early stages, making a direct comparison with the values of fisheries challenging. We can how-
ever, provide advice based on our knowledge of the temporal dynamics of carbon inputs within
shelf sea and deep sea ecosystems (Billett et al., 1983; Lampitt et al., 2001). This is based with our
reasonable confidence that fishing activities will resuspend sediments (refs Black et al., 2022; Ep-
stein et al., 2021; Mengual et al., 2016; Yahel et al., 2008), mean that we can suggest maximizing
seabed carbon storage may be achievable by managing fishing effort around the end of seasonal
plankton blooms to reduce resuspension of newly settled organic material at the seabed.

To effectively advise policy-makers and environmental managers on the potential for carbon
storage in marine sediments we need to develop a range of new tools, methods and data prod-
ucts. In particular, standardized methods for quantifying sediment carbon content and estimat-
ing stocks are require urgently to support seabed carbon stock assessments. This includes a con-
sensus on the definitions of lability and recalcitrance, and methods to determine carbon lability
and reactivity within national monitoring programmes. These methods should be low-cost,
rapid assessment tools to support effective mapping of carbon reactivity and provenance. While
a growing number of studies highlight the potential power of modelling approaches for predict-
ing the impacts of fishing on seabed carbon stocks (Black et al., 2022; Epstein ef al., 2021; Hiddink
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et al., 2023; Sala et al., 2021). These models need to be developed and parameterized at a regional
scale to allow them to be useful as a component in the marine spatial planning process. Ulti-
mately, however, information on seabed carbon stocks and their sensitivity to disturbance
should be provided in a useable format for decision-makers, perhaps using semi-quantitative
scores for impact and confidence (Low/Medium/High) to allow seabed carbon stock assessments
to be incorporated into existing advice products such as fisheries advice. Consequently, we pro-
vide in Table 4.1 an initial assessment of the environmental factors which govern seabed carbon
storage, with an expert assessment of their potential to impact seabed carbon stocks and the de-
gree of scientific confidence around their potential impacts. The aim for any subsequent
WKFISHCARBON workshops will be to develop this approach into a full risk assessment of
the impacts of fishing on seabed carbon storage.

The subgroup was asked to carry out a risk assessment identifying where the primary risks lay
in terms of the fishing impacts on the BCP (Table 4.1).

4.2.1 Risk and confidence assessment of environmental factors gov-

erning seabed carbon remineralization and storage

The subgroup carried out a risk assessment identifying where the primary vulnerabilities lay for
seabed carbon storage and remineralization, linking to fishing disturbance (Table 4.1)

Table 4.1 Vulnerabilities lay for seabed carbon storage and remineralization, for environmental factors, linking to fishing
disturbance

Environmental Factor  Vulnerability Severity of Confi-

Impact dence

Sea Temperatures Rising near seabed will increase sediment community oxygen con-

sumption, driving higher carbon remineralization rates.

Medium High

Bottom water dis-
solved Oxygen

Bottom water oxygen concentrations are critical control on there-  High High
mineralization of organic matter. Decreases in bottom water oxy-

gen will restriction the potential for aerobic metabolism and re-

strict remineralization rates at the seabed.

Organic matter inputs ~ Changes to the input of organic matter from the overlying water Low Low
column, or lateral transport from rivers estuaries will directly af-

fect seabed carbon sequestration potential.

At present, there is a lack of consensus regarding definitions of or-
ganic matter lability, which make assessment of the potential resi-
dence times of freshly deposited carbon at the seabed challenging.

Sedimentation rates We have a good understanding of the physical processes that gov- Low High
and sediment ern sedimentation and sediment transport. Fundamental pro-
transport processes. cesses that are predicted by the hydrodynamic regime, particle
size and volume of suspended particles.
Grain Size and Sedi- Sediment grain size
ment Type
Sediment Organic Car-  High uncertainty about the spatial and temporal variability of sea-  High Low
bon Content and bed carbon stocks in European Shelf Seas.
stocks.
Sediment Carbon Labil- At present there is no consistent definition of sediment organic High Low

ity

matter quality.
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Method Development required to provide operational tools for
rapid assessment of organic matter quality (low-cost, rapid assess-
ment of lability).

Sediment Oxygen Pen-  Recognized as critical driver of organic matter mineralization in High High
etration marine sediments.
Organo-mineral associ- Poorly understood but with high potential to influence sediment Medium Low
ations organic matter lability.
Sediment Community Well established and regularly monitored aspect of marine sedi- High High
Structure and Ecology ~ ments. Long time-series available through national monitoring

programmes.
Biotrubation and Bioir-  Under seabed Good Environmental Status, Increased bioturbation  High High
rigation and bioirrigation will support the subduction of organic matter

deeper into the sediment for storage.
Physical Disturbance Potential for fishing pressure to impact seabed carbon storage is High Low
from Fishing dependent on fishing métier. There is likely to be a gradient of ef-

fects from static gear, demersal seine netting, otter trawl, beam

trawl and dredging.

Currently, there is a lack of data on how sediment disturbance

from fishing affects organic matter remineralization rates.
Physical disturbance Currently, there is a lack of data on how sediment disturbance High Low

from storms or natural
processes

from fishing affects organic matter remineralization rates.

4.2.2 Knowledge gaps relating to this ToR

We need more knowledge around carbon mineralization and what happens to carbon
once it leaves the system.

There is no baseline for carbon stored in the sediment because of the lack of data, but the
issue is recognized and there is a lot of work in progress. This then needs the curation
and development of global databases of seabed carbon stocks to support a future assess-
ment of carbon storage at the seabed and its sensitivity to fishing and other anthropo-
genic pressures

We need standardized methods for quantifying sediment carbon content and estimating
stocks. This includes a consensus on the definitions of lability and recalcitrance, and
methods to determine carbon lability and reactivity within national monitoring pro-
grammes

We need to define lability and refractivity and lack data on this and on carbon residence
times

While the seasonal fluxes of carbon from the sea surface to the seafloor are reasonably
well understood at least at a qualitative level, the temporal and spatial variations in sup-
ply of carbon to the seafloor remain poorly constrained.

While it is reasonable to infer that fisheries will have an influence on the movement of
carbon through the water column to the seafloor, there is a lack of data on how these
processes act at spatial scales that are relevant for environmental management. We also
lack sufficient assessment tools for the potential sensitivity of seabed carbon to fishing
disturbance.

The models of changes in carbon storage due to trawling need to be further developed
and parameterized at a regional scale to allow them to be useful as a component in the
marine spatial planning process.

19



20

ICES SCIENTIFIC REPORTS 6:12

. There is no point having very expensive sampling as we need quick assessment. We need
data on seabed carbon stores and ultimately from that we can build a carbon sensitivity
index.

. Should carbon assessment be incorporated at the same time as fishery advice?

. There is no real consensus on whether and by how much trawling actually does impact

on carbon storage in the seabed. A dedicated programme of empirical research is almost
certainly need here.
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Implications of the findings from ToR a and b for in-
clusion in the Ecosystem and/or Fisheries Overviews

5.1 Implications of the findings from ToR a and b for inclu-
sion in the Ecosystem and/or Fisheries Overviews

Tor ¢) Discuss how the existing approaches for assessing and prioritising the main ecosystem
stressors can be adapted to enable the assessment of fishing impacts on the carbon sequestra-
tion processes. Report on the implications of the findings from ToR a and b for inclusion in
the Ecosystem and/or Fisheries Overviews; (Science Plan codes: 2.5, 4.1);

The Workshop participants agreed there are still major knowledge gaps and uncertainties in the
three major points discussed (ToRs a, bl and b2), which would have limited our ability to assess
or report on implications of ecosystem or fishery overviews for the time being. These knowledge
gaps were detailed in chapters 2-4, and summarized here.

For the BCP, it was noted that most of the research to date had focused on the oceanic BCP, and
little was known about the BCP in shelf seas, where most major fisheries are carried out. It should
be noted that there was more certainty on the need to avoid harvesting resident or migrating
mesopelagic species in the open-ocean due to their key role in the oceanic BCP. Otherwise, in-
clusion of consideration of the links between fishing and on-shelf BCP in either types of over-
views would, therefore, be largely impossible based on current knowledge. Much more research
would need to be done before such inclusion could be considered. WKFISHCARBON proposed
that this should be a focus for a future meeting.

For GHG emissions from fishing vessels and potential reduction and mitigation, there was much
more clarity. Research on seabed impacts of gears, and on fuel efficiency have been carried out
for many years. These offer a number of routes to reduce GHG emissions through changes of
gears or fishing practices. It is more difficult to identify how these measures could be included
in the ecosystem or fisheries overviews. This is partially due to research focusing on fuel use
intensity, i.e. fuel use (and, hence, GHG emissions) per kilogramme of fish landed. It is also made
difficult by a lack of standardization in the metrics applied for fuel use, and critically the actual
emissions that are generally inferred from fuel use rather than measured directly. The observa-
tion that exploitation of healthy stocks can have a lower fuel use intensity than fishing on de-
pleted stocks is important, but it should be noted that this will probably not result in lower GHG
emissions, and may increase them.

For trawling impacts on the seafloor and potential release and remineralization, the key issue is
that research to date has been unable to confirm that any impacts would be negative, neutral or
positive. All three possibilities have been identified, and would also depend on the habitats, and
on the gear used. There is still an ongoing debate in the literature on this issue, making its inclu-
sion in ecosystem and fisheries overviews problematic.

For GHG emissions from fishing vessels and their potential reduction and mitigation, there was
much more clarity. Research on vessel fuel efficiency has been carried out for many years, and
resulting findings and innovations offer a number of routes to reduce GHG emissions through
changes to fishing vessels, gears or practices. It is more difficult to identify how these measures
could best be included in the ecosystem or fisheries overviews. This is partially due to research
focusing on fuel use intensity, i.e. fuel use (and hence GHG emissions) per kilogramme of fish
landed. It is also made difficult by a lack of standardization in the metrics used for fuel use, and
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critically the actual total emissions that are generally inferred from fuel use rather than measured
directly. The observation that exploitation of healthy stocks can have a lower intensity of GHG
emissions than fishing on depleted stocks is important, and points to stock rebuilding as an im-
portant mitigation measures. However, it should be noted that without emissions-focused man-
agement measures, rebuilt stocks runs the risk of being subjected to higher total effort, which
could in turn increase total emissions.
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Potential for translation to advice to inform EBFM,
and proposals for a roadmap for what should be
done next

ToR d. Identify how the knowledge on the role of fishing (by fish removals, seabed abrasion
and emissions) could be translated to advice to inform ecosystem-based (fisheries) manage-
ment (EBFM/EBM), and to develop a roadmap for what needs to be done next and whether
further workshops would useful (Science Plan codes: 6.4)

6.1 Synopsis of the current state of knowledge from
WKFISHCARBON

WKFISHCARBON identified and synthesized a wide range of knowledge on the role of fishing
in the context of carbon sequestration and GHG emissions. The main potential for translating
into advice would lie in the impacts on the BCP and carbon sequestration of fishing in terms of
fish removals, and in the impact of trawling on carbon storage and retention.

In terms of the BCP and carbon sequestration, it was clear from the workshop that most of the
knowledge and studies are in the oceanic realm (i.e. off the continental shelves). Most fishing in
this region is for pelagic fish (e.g. mackerel. horse mackerel, blue whiting, tunas and capelin —in
the NE Atlantic). Given the reasonable understanding of the oceanic BCP and of the biomass of
these stocks, it should be possible to determine their contribution to the overall BCP. From there,
it should be possible to include this into the EBFM advice. The effect of the removals from these
stocks and then the impact on the foodweb dynamics could be investigated using foodweb mod-
els, including Ecopath with Ecosim (EwE), SEAPODYM and FEISTY. This work is currently be-
ing carried out within the Horizon Europe project OceanICU.

However, most managed fisheries are conducted in shelf seas. In these regions, knowledge of
the BCP is much less., and probably more complicated. Transit times of faeces and carcasses will
be much shorter. But recycling of these and remineralization is probably quite substantial and
more rapid in shelf seas. Again, investigations are underway in OceanICU and via Natural Eng-
land and DEFRA, but it is still early days.

In both the shelf and off-shelf ecosystems, it may be possible to determine the scale of impact of
fishing on the BCP through biomass removal, and its consequences. For this to be useful in
EBFM, we would still need to determine whether the scale also required management to reduce
that impact. What that means in terms of needing to manage, i.e. reduce removals, depends on
the relative global importance of the impact on the BCP and sequestration from these fisheries.

Managing the impact of trawling on carbon storage and retention is also mainly a shelf seas issue,
as this is mainly where bottom trawling occurs. Currently, the evidence of negative impacts on
the carbon stored in shelf sediments is conflicting and controversial, and there is even some evi-
dence of it having a positive effect. There is also evidence that this is strongly dependent on the
fishing gear used, and on the substrate it is used on. There may be a scope for management
advice on areas and/or gears to avoid using, but again, there is a need for more work and for
determining the relative importance of these impacts on a global scale. Goods and services from
fishing are important globally, and there will need to be studies of the trade-offs involved if we
aim to manage fisheries in a carbon-based context. In addition, our knowledge of any BCP pro-
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cess in shelf seas is very minimal. We need much more empirical data on what happens to bio-
logical material at the seafloor in shelf seas. Water movement is much more active in these areas
(tides and currents), there is likely a high level of detritivory, and of bioturbation, and we know
little about sedimentation rates and, hence, burial rates. In addition, some of the biological ma-
terial will be transported off the shelves into deeper waters where sequestration will more likely
follow the pattern in oceanic waters.

From this perspective there is a major need for more research that critically includes the quanti-
fication of the various process described above. This is unlikely to be solved by modelling alone,
as there are too many uncertainties, and a concerted field programme will also be required before
any fisheries management proposals would be robust.

Finally, there is the issue of GHG emissions from fishing vessel operations. Much attention has
been given to fuel use intensity, i.e. the amount of fuel (and hence) GHG emissions linked to
fishing yields — the carbon footprint of a kilogramme of fish - than the absolute amount of GHG
emissions produced. Both are important and, thus, both should be considered relative to the
footprint of other food production, and of the total GHG emissions from the sector. There are,
however, a range of technical measures which can be adopted to reduce fuel use intensity, and
these have been described in this report. Such measures also often entail reductions in the sea-
floor contact e.g. pelagic otter boards, lighter groundgear etc. These could also, potentially, re-
duce the seafloor impacts and the release of carbon from the seabed. Aiming to travel shorter
distances to and from fishing grounds could also reduce overall emissions. Finally, there is evi-
dence that fishing on healthier (larger/recovered) stocks reduces fuel use intensity although
probably not the overall GHG emissions. Alternative fuel sources or power plants may also con-
tribute to a certain degree, but this is beyond the scope of this report.

Finally, there is the issue of GHG emissions from fishing vessel operations. Much attention has
been given to fuel use intensity, i.e. the carbon footprint of a kilogramme of fish landed, rather
than the absolute amount of GHG emissions produced. Both are important, and both should be
considered relative to the footprint of other types of food production, and of the total GHG emis-
sions from the sector. There are, however, a range of technological, behavioural and management
changes which can be adopted to reduce direct emissions from fishing, and these have been de-
scribed in this report. Such measures include modifications to vessels, the use of renewable en-
ergy for propulsion, and changes in gear type or design. Some such gear modifications also entail
reductions in seafloor contact which, could also, potentially, reduce seafloor impacts and the
release of carbon from the seabed. Changes in fishing practices, such as travelling shorter dis-
tances or steaming at slower speeds, to and from fishing grounds could also reduce overall emis-
sions. Finally, there is evidence that fishing on healthier (i.e. larger or recovered) stocks reduces
emissions intensity, because less fishing effort is needed to obtain catches. However, there is also
a risk that rebuilt stocks can be subjected to higher total effort, and hence higher total emissions,
if fisheries management does not explicitly prioritize emissions reductions.

6.2 A proposed roadmap for ICES in the realm of fishing and
carbon

On the basis of section 6.1, there is a clear need for further research and analyses in this area, and
a role for further involvement by ICES. The links between fishing and both carbon sequestration
and direct and indirect emissions (through seabed impacts), are clear, but largely uncertain to
date. Therefore, we propose a continuation of the work of WKFISHCARBON, using the follow-
ing roadmap:
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By April 2024

Develop a Policy brief — and seek funding for this.

o UK DEFRA have agreed to provide funding support.

o Small-scale desk study to model likely implication of a small number of commercial
species (i.e. herring and cod) to scope out the likely scale of carbon into the sediment
via deadfall and faecal pellets. The plan is to use the Irish Sea EWE model and simple
biogeochemical equations to simulate possible pathways from fish to sequestered
carbon and would likely include sensitivity analysis to guide future empirical field
studies.

o Emma Cavan, Paula Alvarez, Jacob Bentley, Simeon Hill and Dave Reid

o May provide a SWOT analysis for the approach.

o Possible ICES viewpoint publication.

Villy Christensen to explore with the Ecopath Research and Development Consortium

the possibility for add-ons to EWE to explicitly model carbon flows in the model. Other

members of WKFISHCARBON will also help provide parameters to support the World

Bank project on functional group contribution to carbon sequestration, with cod and her-

ring as start

Set up three Discussion subgroups to carry out intersessional work online on the three

main aspects of WKFISHCARBON. Emissions, chaired by Arielle Sutherland-Sherriff,

trawling impacts chaired by Samuel Rastrick, and the BCP chaired by Simeon Hill. The
aim of the subgroups will be to prepare proposed actions to be discussed at a proposed
second meeting of WKFISHCARBON in autumn 2024 online. If appropriate, the groups

will meet together online in April 2024

By end of 2024:

The participants agreed that there was a considerable amount of work that needed to be
carried out and that another meeting in Autumn 2024 should be organized, with partic-
ular emphasis on the shelf seas regions. This upcoming meeting should focus on:

o How to pool data and modelling efforts with a particular focus on:

e Sourcing data and/or studies that could provide support to shelf carbon seques-
tration modelling and simulation. At the minimum, it should provide a list of
parameters such as sinking rates, sedimentation rates, sediment organics com-
position, natural rates of resuspension and remineralization, and possible prox-
ies for these.

o Defining terms for carbon sequestration, lability, refractivity, remineralization, time-
scales.

o Understanding the on-shelf contribution of fish and fished organisms to shelf/off-
shelf C sequestration. And consider blue carbon stored by benthic species (i.e.
Nephrops, corals, bivalves, scallops, etc.).

o Standardizing operational metrics and procedures for determining vessel GHG
emissions

o Benthic trawling, observations on physical impact to seafloor and carbon remineral-
ization and sediment carbon maps

The importance of identifying who are the people who would want and need advice on

this topic, and what advice products would be useful given the current state of

knowledge.

Linking in with other ICES Expert Groups - e.g. Working group (WG) on climate, biodi-

versity, ecosystem services, ecological effects of fishing activities (Working Group on

Ecosystem Effects of Fishing Activities (WGECO)). Invite appropriate additional experts

to the next workshop (WK) meeting/s.

25



26

ICES SCIENTIFIC REPORTS 6:12

. Maintaining the valuable collaboration with the eNGOs that characterized the present

workshop. This could include sharing data products and policy knowledge to under-
stand fishery impacts to carbon sequestration. For example, the ongoing Global Fishing
Watch on quantifying fishing effort and potentially GHG on global emissions.

. Continuing to review and synthesize the latest research across all the aspects: fish remov-

als, seabed impacts and reducing emissions in the fishing sector.
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Working documents given at the workshop, and
summary of related discussion

It should be noted that the material presented here represents the perspective of the authors. It
does not necessarily represent that of the whole WKFISHCARBON nor of ICES

7.1 The role of fish in carbon fluxes in the open ocean

Fish and carbon: from biogeochemical models to fish models - The need for dynamic linking
between these.

Sevrine Sailley - Plymouth Marine Laboratory, UK.

Marine biogeochemical models excel at tracking carbon through the lower trophic levels of the
foodweb and any non-biological compartment, similarly fish models excel at tracking fish pop-
ulations whether it be through size spectrum or species approach. Unfortunately, these models
need a lot of work to be used in conjunction (i.e. units are different with biogeochemical models
using moles of carbon or nitrate while fish models deal in grammes of wet weight; spatio-tem-
poral time-scale discrepancies) and are often used with what is referred to as an offline or one-
way coupling meaning that information goes from the biogeochemical model to the fish model
but there is no feedback (i.e. removal of biomass from the lower trophic level, consumption of
oxygen and production of faecal matter by fish are not taken into account). In order to progress
projections of fish and their impact on the carbon cycle it would be necessary to develop a cou-
pler so that the feedback of the fish model can be included in the biogeochemical model, a review
of parameters in either model and data for validation of the coupled models.

Assessing carbon sequestration with the JRC Marine Modelling Network.
Luca Polimene - Joint Research Centre (JRC) of the European Commission.

Carbon sequestration strongly increases the capacity of the ocean to absorb atmospheric CO2, in
this way regulating the Earth’s climate and counteracting global warming. As such, carbon se-
questration provides a fundamental ecosystem service to humans. However, the capacity of the
ocean to store carbon is not unlimited since factors such as increasing temperature and thermal
stratification might down regulate this service. Biogeochemical models are useful tools to under-
stand and predict how anthropogenic pressures (including climate change) are affecting ocean
carbon sequestration. In my presentation, I briefly described the main processes underpinning
ocean carbon sequestration and the JRC capability to model them. Two examples were provided
showing how global (increased atmospheric CO2) and regional (increased discharge of terres-
trial organic matter) factors might downregulate ocean carbon uptake. The presentation was
based on a published work (Polimene et al., 2022) and preliminary results generated by the JRC
marine modelling group.

Discussion points

. Theoretically, we may reach a point where the ocean can’t take up carbon anymore.
Keeping the surface DIC lower than the atmosphere is the only way to keep the ocean
carbon uptake positive. As we have a more acidic ocean, the increase of carbon per se
should not affect the primary production.
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. A distinction should be made between carbon sequestration and sequestering carbon.
The latter is removing the carbon present in the atmosphere. The former is the process of
retaining carbon in the ocean. Sequestering carbon should not be a purpose. The global
scale model showed residence time that gives the amount of carbon sequestrated. Now
we need to reassess how the processes (and the fish activity) contribute to that. Fish bio-
mass is one thing, but faeces and fish removal can be calculated in terms of carbon se-
questration.

. Production is different from sequestration. We still don’t know how much particles are
degraded along the way by bacteria or on reaching the bottom? Models tend to use one
attenuation rate but we need to do better.

Characterizing Pathways of the Biological Carbon Pump in two Fjords with Contrasting Pe-
lagic Foodweb Structures.

Kea Witting - GEOMAR, Germany.

To implement the role of mesopelagic fish into biogeochemical carbon model simulations and
further enhance state-of-the-art processes to investigate current mesopelagic processes,
CO2Meso is aimed to combine ecological observations with modelling approaches, socio-eco-
nomics and international law. Within the framework of the HE570 research cruise, the mesope-
lagic ecosystem structures of two fjords (Masfjord and Lurefjord) close to Bergen (Norway) were
studied and the pathways of the respective biological carbon pumps were compared. Both fjords
served as “natural mesocosms” as they are topographically very similar but host entirely differ-
ent ecosystems. Key players in the Masfjord are the two mesopelagic fish species Maurolicus
muelleri and Benthosema glaciale, whereas the Lurefjord is mainly shaped by mass occurrences of
the deep-sea medusa Periphylla periphylla. This study aimed at identifying and characterizing
different pathways of the mesopelagic biological carbon pump and additionally compared a
multitude of catching devices (MultiNets) and imaging instruments (UVP5, PELAGIOS). We
also hypothesized that the presence of mesopelagic fish species can be detected in the seabed
sediment of the fjord by using the relatively new approach of using sedimentary environmental
DNA (eDNA).

Results indicate major differences between the fjord ecosystems that can be seen across all the
different instruments used. High appendicularian abundances in one fjord were found mainly
by the data collected with the UVP5, which was validated by video material gathered with the
PELAGIOS. Copepods could mainly be detected using the MultiNets and UVP5 as they were too
small to identify exactly using the PELAGIOS. Additionally, this study provides records of P.
periphylla occurring in the Masfjord, which is typically used to represent a classical fjord ecosys-
tem structure. All findings suggest a lower carbon sequestration rate in the P. periphylla domi-
nated Lurefjord, due to BCP pathway alterations.

Discussion points

. Because of the limited exchange between fjords, fishing would likely change the whole
ecosystem; thus, is not encouraged, although fisheries on Nephrops do exist.
. For now, transferring information collected in fjords to the open ocean is a huge task and

would probably require a lot of modelling. However, showing that fishing has an impact
in one ecosystem would reinforce the fact that caution would be required in others.

Metazoans, vertical migrations and carbon sequestration.

Andre Visser, DTU-Aqua, Denmark
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Professor Visser gave an impromptu presentation on broad concepts around the BCP, and the
global carbon inventory, following from the current state-of-the-art as presented in the 2021
IPCC report. This work is being prepared for publication.

The definitions of blue carbon and sequestered carbon in Figure 7.1 were developed by Professor
Visser, but are well in line with others that have tried to pin down a precise meaning (e.g. Hain
et al., 2014; Lovelock & Reef, 2020). The aim was to make this mathematically sound by defining
B as the size of the reservoir (PgC), and relate this to the Influx (PgC/year) and residence time (T)
as B=QT (see text box below). This is a somewhat different way of approaching sequestration;

the usual approach is to concentrate on Q only. The point s, Q is not the sequestration rate, rather
its dB/dt.

Blue Carbon = all carbon sequestered in ocean reservoirs (coastal regions, pelagic ocean, benthic communities
and marine sediments) that derive from biological production. This includes organic carbon (living and dead),
respired carbon and mineral carbonates.

By sequestration we mean stored within a reservoir out of contact with the atmosphere. Broadly seen, this is
controlled by two metrics: Q [PgC year?] the flux of carbon into the reservoir and T [years] the mean residence
time of carbon within the reservoir.

At steady state, B [PgC], the blue carbon content of the reservoir is givenby B=Q T.

Changes in B over time ultimately reflect changes in the balance between Q and T and any expansion of the
physical extent of the reservoir.

B/T

=

Figure 7.1 A summary of the size of the various carbon reservoirs in the ocean (i.e. blue carbon).

The ocean stores a huge amount of carbon, mainly in the form of dissolved inorganic carbon. The
partitioning of this carbon is summarized in Figure 7.2.
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atmosphere

870 PgC

marine biomass 5 PgC @

coastal vegetated

ecosystems 20 PgC pic

(via respired

bic organic matter)

biogenic

carbonate 1300 PgC
500 PgC

dissolved inorganic carbon (DIC) 38,000 PgC

Figure 7.2 A summary of the size of the various carbon reservoirs in the ocean (i.e. blue carbon).

To date coastal vegetated ecosystems have been seen as the main focus of the blue carbon con-
cept, but this does not encompass all of what should be considered. Sequestrated carbon can be
seen as all of the carbon in the Earth System that is not in the atmosphere; and sequestration is
then any process that cause these carbon stocks to expand. The key question is then: what is it
about fish and fisheries that affect the pool sizes?

Metazoan responsible for 800 PgC with meso fish (35%) krill (30%) and copepods (15%)

Faecal pellets are the major player as pathways, particularly for zooplankton pellets (Cavan et
al., 2015, Bisson et al., 2020), followed by the deadfall. This is expressed in the Figure 7.3.

Metazoans and ocean carbon sequestration

Outsized influence of marine biota (metazoans especially) to global
carbon sequestration

Over 60% (800/1300 PgC) of carbon sequestered by the biological pump is *
mediated by metazoans in the pelagic ocean (total biomass less than 1 PgC) i
Fishing out metazoan biomass can have a much greater impact on global carbon budgets

than loss of biomass alone.
(Mesopelagic, more than 500:1, Large Pelagics less than 100:1)

=g @

Fisheries management on the high seas is more than just apportioning
quotas, it is a tool in mitigating climate change with a geoengineering
dimension.

Figure 7.3 The importance of metazoans in carbon sequestration
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Discussion points

. The global scale in this presentation is made to give a context where we can go into re-
gional or local effects. Starting to ask those questions and putting numbers on those con-
tributions will enable management to start to measure impacts. The biogenic carbon es-
timates are not definitive, as there is a 10% error margin but we are fairly confident in
the estimate. The ratios between biomass and carbon budget are also not definitive. We
don’t know enough about the system to say how they would change with biomass re-
moval. However, they are here to start giving an indication.

o What is sequestration. Is it the same as accumulation and/or burial? The general state-
ment is that carbon has to be kept for a thousand year to call it sequestration. But we can
and should do better. With such a broad definition, we could include the changes in bi-
omass, and pellet production for instance. The definition of sequestration is contestable
but the question here is can we sequestrate more or not. One important point is that for
the most part we are not fishing the open ocean to the same scale as we fish the shelf,
arguably apart from for small and large pelagics (e.g. mackerel or tunas). So in the open
ocean it may be more possible to infer from less disturbed populations.

. The main focus here was on diel-vertical migration, which is limited on the shelf.

Evaluation of carbon sequestration impacts of marine projects, a study for the World Bank
Group

Villy Christensen, Miquel Ortega Cerda, Jeroen Steenbeek and Marta Coll. University of British
Columbia

The conclusion from this study is that there is clear consensus in the scientific literature and in
scientific community that the marine biological pump plays a major role in the regulation of
climate change, and there’s a broad understanding of the main pathways by which the carbon is
exported from the upper oceanic layer to the deeper ocean.

There is also an agreement that qualitatively, fish are important for carbon storage and flow, but
quantitative values come with large uncertainty. In these areas, there are still significant
knowledge gaps, especially for coastal and shelf areas, and the scientific community is actively
striving to establish a comprehensive consensus on essential elements required for accurately
evaluating the effects of fishing activities and policies on marine carbon sequestration. These
gaps include the need to better characterize how different fish species contribute to the various
carbon flows.

There are also relevant uncertainties on the biochemical transformations of the various carbon
flows identified in the marine realm — that depend in complex ways on the environmental vari-
ables such as oxygen and temperature, and the POM characteristics that condition remineraliza-
tion processes and sinking speeds. These processes are better understood in open ocean, while
in coastal and shelf areas their characterization is more complex and require better data availa-
bility.

Specific difficulties have been identified arising from the fact that most fishing activities take
place on the coast and marine shelf, where finer modelling resolutions are needed and key com-
plex physico-chemical and biological processes take place, leading to a high level of complexity
in evaluating carbon sequestration and as a consequence the role of fisheries in carbon seques-
tration. There is also a clear need to better characterize the interrelation between trawling activ-
ities and sedimentary ecosystems where there is a high degree of uncertainty.

There is considerable research starting up aimed at quantifying fish sequestration and fisheries
interactions as part of policy initiatives to ensure that the impact of the marine biological pump
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is considered in the decision-making processes. While with the current state of knowledge it does
not seems feasible in the short term to integrate new marine-fishing biological pump processes
in the international carbon market schemes, the presence of habitats considered to be of im-
portance to the long-term storage of carbon are starting to be taken into consideration for both
fishing and conservation policies. These policies will benefit from the scientific focus that is
emerging, especially in improving the understanding of carbon sequestration times of the differ-
ent carbon pathways.

Given that the World Bank Group is a provider of financial products and technical assistance to
development projects around the globe, and with its mandate to facilitate the sharing and apply-
ing innovative knowledge, the Group is in a prime position to support the global development
of scientific understanding of fish and fisheries carbon sequestration at the global level, in par-
ticular with funding scientific capacity and knowledge building through the establishment of
standard methodologies and databases.

Discussion points

J Coastal biogeochemical models may also have a part of the information but that infor-
mation may also be spatially different. The time dedicated to build those pathways will
dictate the level of uncertainty. In this case, it is better to deal with uncertainty rather
than nothing at all. DOM and POM carbon pools are starting points. Once again, seques-
tration is part of the focus and needs to be properly defined. Their perspective is that
decades are a short time-scale for the ocean, but at a human scale it might be what is
needed to fix other issues. Using the decades as emergency measure is a new concept for
carbon sequestration as earlier, it was said that thousands of years was the time-scale
considered.

. In terms of uncertainty, if the results obtained from this WK are such as: the carbon se-
questration for some fish groups is 5% of intake with a range between 1-20%, then it is
acceptable. The project wants to know what the pathways are while the model wants to
simulate management changes.

J On time-scale, a question was raised on historical changes in fish stocks and in carbon
chemistry. Should we consider a pre-fishing baseline? The deep sea environment pro-
vides a lot of examples to illustrate carbon sequestration. However, we know less about
this process in anoxic muds, shelf or coastal areas. If carbon sequestration is what we
want to achieve, does that mean that we want to consider degraded ecosystems (such as
oxygen minimum zones) if they show better properties?

J The World Bank is interested in fish carbon in the context of climate finance and carbon
sequestration. We have a few models ready for use. There should be a rating of carbon
sequestration. Planting a tree is different from whale sinking or fish faecal pellets. At
some point ecosystems can become carbon sources instead of sinks.

Yes. however, currently we need to develop ways of financial accounting - should we
sell carbon sequestrated for decades or hundreds of years? As far as economics is con-
cerned, we need to define that:

o The bottom line is if the World Bank is involved, it will be interested in economics.
Climate finance is essential to global south adaptation. For the ProBLue project we
have to be pragmatic and skip principles. This brings people working on carbon se-
questration and flows with modelers together to find solutions. Fish-MIP has been
looking for baselines, and has been doing that a bit. The interactions/trade-offs po-
tentially between biodiversity and carbon cycling though is a key consideration to
keep in mind. Perhaps we can't always have both. Where and how can we manage
activities to optimize both services?
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7.2 On direct emissions from fishing fleets using different
extraction methods

Carbon footprint and contribution of marine capture fisheries to global energy use. Antonello
Sala- CNR-IRBIM, Italy

The rise in fuel prices, stock decline and the possibility of finding a different future for new gen-
erations are some of the factors that have made fishing arrive at its ‘survival limits’, in many
parts of the world. A FAO background study (in press) provides an overview of the current state
of research into energy use and greenhouse gas (GHG) emissions in fisheries with a focus on
industrial fleets. Fuel use intensity, or litres of fuel consumed per tonne of landings, resulted
typically much higher in low volume fisheries than for many other fishing techniques. There are
two widely acknowledged main approaches to estimate the contribution of marine capture fish-
eries to global fuel use and GHG emissions. One approach uses catch-based fuel use intensity for
well-studied fisheries, the second uses fishing effort data to estimate fuel use-based on vessel
size and fishing times. In our opinion, the two approaches are found to be complementary to
each other, not contradictory, and global estimates of fuel use and GHG emissions from marine
fishing should be based on their combination, depending on the data available. However, both
approaches have several limitations and rely in many cases on strong assumptions when it comes
to “catch or effort reconstruction”. The advantages and disadvantages of each method regarding
the limits of the nominal effort available for both coastal and industrial fisheries but also of the
current algorithms have been largely discussed. Coherent monitoring of the energy profile of
fishing vessels may efficiently highlight inefficiency sources, enabling the deployment of in-
formed and economical corrective measures. We conducted energy audits on three major trawl
fisheries in the Mediterranean: the midwater pair trawl, the bottom otter trawl, and the Rapido
beam trawl. This contribution seeks to provide ship owners and researchers with experience un-
dertaking energy audits in order to lower fishing vessel fuel costs. On average, these fisheries
use 2.9 litres of fuel per kilogramme of fish landed, however the rate of fuel use varies greatly
depending on the type of gear and vessel size. This amount of fuel burned from capture to land-
ing generates approximately 7.6 kg-CO2/kg fish on average. Another crucial component to low-
ering fishing's environmental costs may be minimizing effects and energy use along the whole
supply chain. Now is an opportune time for commercial fishers to invest in fuel saving technol-
ogies in anticipation of future price increases. Energy audits not only decrease reliance on limited
fossil fuels, but also contribute to reduce GHG emissions and help fishers retain profitability
during periods of high fuel prices and/or low landings value. Our results provided a set of rec-
ognized benchmarks that can be used for monitoring progress in this field and contribute to
quantify fuel inputs and GHG emissions for the global fishing fleet. This work has been pub-
lished (Sala et al., 2022).

Discussion points

. Few studies use fuel use intensity. The increase of fuel efficiency would not decrease the
footprint and disturbance of the seafloor but would reduce the drag. These changes
might lead to reduction in herding in midwater. The catch profile could then be different
but the total will be same. Hence, GHG/kg stays the same. This calls for a better insight
for the economic results as landings prices are species dependent.
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Better Use of Public Money: The End of Fuel Subsidies for the EU Fleet!

Laura Elsler (Independent Consultant) and Maartje Oostdijk University of Iceland Report for
ClientEarth and OurFish

The EU fishing fleet has enjoyed a significant exemption from fuel taxes, in an estimated range
from €0.8 to €15.7 billion between 2010 and 2020. Presently, the European Green Deal and Fit-
for55 initiatives are imposing demands on various industries to curtail emissions and reduce the
provision of subsidies for fossil fuels. Within the framework of the revised Energy Taxation Di-
rective (ETD) proposal, a remarkably modest tax rate is suggested for fuel used in the fishing
sector—merely €0.036 per litre. This rate stands in stark contrast to the average tax rates em-
ployed for road transportation, which is around €0.67 per litre.

Harmful subsidies, such as fuel tax exemptions, have led to increased CO: emissions and over-
fishing. The elimination of fuel subsidies does not have to lead to a reduction in overall support
for the fishing sector. Our analysis illustrates that 17 alternative subsidies outperform fuel sub-
sidies across environmental, social and economic dimensions. On average, these alternative
measures yield an impact score that surpasses fuel subsidies by 188%.

A scenario of a €0.33 per litre tax, which is the minimum level mandated by the EU Council
Regulation on energy product taxation for motor fuels in 2019, could have fully covered the
twenty thousand full-time fishers' salaries for a year or paid for six thousand energy reduction
and decarbonization projects.

A tax rate as low as €0.036 per litre fails to account for the environmental cost of carbon emissions
accurately and consequently falls short of providing adequate support for the crucial transition
toward green and low-carbon EU fisheries.

The removal of fuel subsidies should be recognized as an essential initial stride towards achiev-
ing a just and equitable transition to fisheries that have a minimal ecological impact and operate
on low-carbon principles.

Discussion points

. Labelling (such as MSC) are moving towards considering the carbon impact in their cer-
tification. There are distinctions to be made between large-scale and small-scale or de-
mersal and pelagic fleets as they have different contribution to greenhouse gas emissions.
The resilience observed in small-scale fisheries comes from data of vessels <12 m which
use passive gear (source: STECF).

Integrative surface-to-bottom carbon footprint of fisheries: economic benefits and sustainable
fishing of contrasting Mediterranean fisheries?

Manuel Hidalgo (IEO, CSIC), Spain.

Ensuring economically viable, sustainable and low CO2 emissions of extractive fisheries is critical
worldwide, and particularly important in the most overexploited region of the world, e.g. Med-
iterranean Sea. We here presented an integrative assessment of the CO:2 emissions combining
different gears, vessel size classes as well as a wide range estimation of low spatial resolution
carbon release from the seafloor by bottom trawling of the Western Mediterranean commercial
fisheries (Alboran Sea, Northern Spain and the Balearic Islands). We also consider detailed socio-
economic and ecosystem indices of the trophic structure of extractive fishery.

1 For a more comprehensive information and presentation see Elser and Oostdjik (2023).

2 For a fuller and comprehensive presentation see Munoz et al. (2023).
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While sea surface CO: footprint of purse-seine and bottom trawling is among the lowest of ani-
mal protein production, our results evidence that considering sweeping released CO: from the
seafloor the bottom trawling footprint becomes the animal protein production with the highest
CO2 footprint. Moreover, the lowest bottom released CO: estimation overrides 3-10 times the
CO: buried in the seafloor through the biological pump in trawled areas. Net profit per fuel de-
rived of CO2 emission for all fleets is lower than 1 € kgCO:, being the lowest for large trawlers
(0.025 € kgCOx1). We evidence spatial variation of the carbon footprint, with the Alboran Sea
requiring a reduction in purse-seine fishery and Northern Spain a reduction in trawling. Our
results provide the scientific basis for urgent mitigation and adaptation measures needed to ob-
tain sustainable fishery in terms of net profit, and sustainable seafood extraction and CO: emis-
sion reduction through an integrative assessment of different sources of CO2 emissions and spa-
tial variation of fleets.

Discussion points

o The last figure of the presentation showed the CO: footprint of carbon production by
fisheries. Numbers for other food production types have been taken from other papers,
it was not a unified framework. Very large numbers in CO: released from the bottom
were surprising as the Mediterranean hasn’t much to release in the first place. But that
number was taking into account resuspension. The type of sediment was taken into ac-
count in the study and a point has been made the importance of doing it. The sediment
should not be treated as homogenous data as trawling is not a homogenous activity. Pa-
pers on trawling in the UK show different level of disturbance. Combined with that the
diversity of sediment and carbon stocks lead to a variability of impacts.

7.3 On indirect emissions from disturbance of the seabed

Effects of bottom trawling in Norway: sediments and carbon remineralization?.
Samuel Rastrick, IMR Bergen

In a meta-analysis of 49 different studies 29% reported a decrease in sediment organic carbon
(OC), 10% reported an increase in sediment OC and 61% reported no significant effect on sedi-
ment OC associated with trawling (Epstein et al., 2021).

In Norway, bottom trawls and seines are widespread. Beam trawling and dredging rare or
banned. Trawls doors make tracks from 0.2 to 30cm (median= 5.5cm). Most of sediment returns
to the seabed within hours but some particles stay suspended for much longer. However, Nor-
way has little information on OC stored and disturbed by trawling. Most trawling activity does
not take place on high OC storage area, but there is overlap from shrimp trawls.

Discussion points

J One of the reasons for remineralization is the presence of certain groups of marine bac-
teria. It is then important to look at their genomics as they are often forgotten and not
present in the models. Some metals also have a role. OC remineralization may also in-
crease when refractory organic matter in the sediment is mixed with more labile organic
matter in a process known as priming (e.g. Bianchi, 2011), but there is no straightforward
process for addressing priming.

3 This text is a short abstract of the presentation, for which a fuller version is attached as an appendix (Annex 3).
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Impacts of bottom trawling on long-term carbon sequestration in shelf sea sediments

Wenyan Zhang, Lucas Porz Institute of Coastal Systems, Helmholtz-Zentrum Hereon, Max-
Planck-5Str. 1, 21502 Geesthacht, Germany

Bottom trawling represents the most widespread anthropogenic physical disturbance to surface
sediments and benthic habitats (Halpern et al., 2008; Sala et al., 2021). A recent estimate suggests
that ~22 Gt of sediment are resuspended by bottom trawling every year on the world's continen-
tal shelves, comparable to the total annual sediment supply through rivers (Oberle et al., 2016).
Bottom trawling significantly restructures the top layers of seafloor sediments and thereby alters
benthic faunal communities (Hiddink et al., 2017; Tiano et al., 2022), biogeochemical processes
and element fluxes across the sediment-water interface (De Borger et al., 2021). A recent global
estimate by Sala et al. (2021) highlighted the impact of bottom trawling on the storage of organic
carbon (OC) in seafloor sediments. They suggested that trawling causes remineralization of 0.16—-
0.4 Gt of sedimentary OC globally every year, resulting in an emission of 0.58-1.47 Gt of CO2.
However, this estimate was subsequently questioned by several authors (Epstein et al., 2022;
Hiddink et al., 2023), who pointed out large uncertainties in several assumptions made by Sala
et al. (2021). Epstein et al. (2021) emphasized that there is no consensus in existing literature on
whether or to what extent trawling would lead to reduced OC storage

The blurred picture of the net effect of bottom trawling on OC sequestration in sediments origi-
nates from several counteracting mechanisms. On the one hand, trawling-induced resuspension
and physical mixing of sediments may enhance remineralization of OC by increasing oxygen
exposure time and limit OC sequestration by inhibiting deposition and burial of fine-grained
sediments (Hartnett et al., 1998; Zonneveld et al., 2010; Keil, 2017; Freitas et al., 2021; Paradis et
al., 2021). On the other hand, intensified lateral transport towards offshore depocenters and in-
crease in primary production from the resuspension of nutrients may offset the loss of OC to
varying extents (Dounas et al., 2007; Martin et al., 2008; Paradis et al., 2018). The complexity of
OC sequestration is further increased by benthic fauna, which do not only contribute OC but
also play a vital role in mediating OC fluxes across the sediment-water interface (Middelburg,
2018; Zhang et al., 2021). The overall effect of trawling on macrobenthos is a depletion of biomass
and a change of the community from sessile to mobile and opportunistic species (Kaiser et al.,
2006; Sciberras et al., 2018; Tillin et al., 2006). However, for quantitative assessments of how trawl-
ing-induced impacts on benthic fauna would affect OC sequestration, the current evidence base
is incomplete and often contested (Epstein et al., 2021; LaRowe ef al., 2020).

As a heavily fished region, the North Sea has been subject to trawling for more than one century
(Thurstan et al., 2010). Bottom trawling is performed in ~90% of the North Sea area (ICES, 2021),
with a particularly high intensity in shallow waters (water depth < 300 m) of the Skagerrak,
where the swept-area ratio (SAR) reaches 210 yr-1. Bottom trawling intensity shows a positive
correlation (r = 0.18, p < 0.001) with OC contents in near-surface sediments, implying a dispro-
portionately high trawling impact in areas of natural OC burial. Existing estimates of the total
stock of OC in the uppermost 10 cm of North Sea sediments range between 96 and 476 Mt
(Bockelmann et al., 2018; Wilson et al., 2018; Diesing et al., 2021), with a major part (~75%) being
stored in mud depocenters which represent ~20% of the North Sea.

To identify the linkage between carbon storage in surface sediments and bottom trawling, we
first combined independent datasets of sediment (Bockelmann et al., 2018) and bottom trawling
intensity (Kroodsma et al., 2018) for the North Sea. A pattern emerges when comparing the sur-
face sediment OC-to-mud ratio (OC/mud) and the trawling intensity represented by the annual
swept-area ratio (SAR). OC/mud is relatively scattered where SAR < 1, but becomes increasingly
confined to a narrower and lower range as SAR increases. The constraint of bottom trawling on
OC/mud can be described by a power function. To understand the driving mechanisms of the
relationship between OC/mud and trawling, a coupled numerical ocean-carbon-macrobenthos
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model (Zhang et al., 2017; 2019) was utilized to quantify the effects of bottom trawling on
the distributions of macrobenthos and sedimentary organic carbon in the North Sea (Zhang et
al., 2023). The model resolves the mechanistic feedbacks between macrobenthos growth and
decline, bioturbation, organic carbon fluxes across the sediment-water interface, sediment
transport and bottom trawling. Daily bottom trawling activity is modelled through sediment
resuspension, macrobenthos depletion and mechanical mixing of the upper sediment layers
taking into account gear types, penetration depth, vessel size, trawling speed and sediment
properties. Short-term simulations show a 20% reduction of remineralizable organic carbon
from the sediment com-pared to a non-trawled scenario after one year, roughly equivalent to
emission of 0.6 Mt CO:. Long-term simulations using reconstructed fishing effort data from
1950-2020 show an accumu-lative trawling-induced reduction of total macrobenthos biomass
by 10-17% and an associated loss of carbon sequestration capacity in North Sea sediments by
21-67% when compared to the no-trawling scenario. The highest trawling-induced carbon and
biomass losses occur in muddy, depositional areas with high trawling intensities: the slope of
the Norwegian Trench, Skagerrak, Fladen Ground, Oyster Ground and parts of UK’s east coast.
It is noteworthy that the North Sea still acts as a net carbon sink, albeit with strongly reduced
capacity by trawling. According to our simulations, the spatially averaged reduction of OC
storage capacity over the entire North Sea amounts to ~1 t C km-2yr?, equivalent to emission
of 3.67 t CO2 km-2yr!. Our estimate is smaller than the original global estimate (21.5 t CO2
km-2yr1 or 0.58 Pg CO2 yr in total) of Sala et al. (2021) but comparable to their later estimate
(1.6 Mg CO2 km-2yr! or 0.043 Pg CO2 yr! in total) using a lower remineralization rate
(Atwood et al., 2023). Our study points out a central role of benthic ecosystem functioning in
long-term carbon sequestration in shelf seas.

Open data and scientific collaboration for a sustainable ocean
Cian Luck, Fisheries Analyst, Global Fishing Watch

Global Fishing Watch is an international non-profit organization dedicated to advancing ocean
governance through increased transparency of human activity at sea, presented an overview
of existing data products produced by Global Fishing Watch that could be applied to research
ques-tions on the carbon impact of fishing. This included an explanation of how machine-
learning algorithms are used to identify apparent fishing activity from fishing vessels
transmitting their locations using the Automatic Identification System (AIS), the Global Fishing
Watch database of vessel identity information, how ports and port visits are identified as well
as potential trans-shipment activity at sea, and a high level overview of how technologies can be
combined to iden-tify activity by non-AlIS transmitting vessels. Information was included on
how to access and download the publicly available datasets through the Global Fishing Watch
map, data download portal, and application programming interfaces.

In addition to the currently available datasets, Joanna Turner (Machine Learning Engineer)
ex-plained the current research that Global Fishing Watch are undertaking in partnership
with Woods Hole Oceanographic Institution to construct a machine learning algorithm to
detect ap-parent trawling activity, and differentiate likely bottom trawling and likely
midwater trawling activity. This will allow users to more reliably map the potential impact of
bottom trawling on the seafloor.

Discussion points

J The distinction between demersal and pelagic trawling can be difficult to evaluate, just
looking at fishing behaviour might not be enough. The first release on the research
should be by the end of the year, although preliminary results could be shared before-
hand. GlobalFishingWatch also works with management organizations to help send pa-
trols, US coastguards as well, and vessel viewers for ports inspectors. The data collected
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through R is not different from the downloadable products on the website, just the que-
ries are more customable. A library in Python is also in the work. An applied research
team is looking at the rates of AIS disabling.

Comparison of fishing effort obtained through AIS and VMS data

Sarah Paradis, Joan Sala, Ruth Duran, Pere Puig, Joan Batista Company, José Antonio Garcia del
Arco. Geological Institute, Department of Earth Sciences. Zurich,

Demersal fishing may be one of the most harmful anthropogenic activities occurring in marine
environments due to its widespread extension and intensity. This fishing activity causes a myr-
iad of effects in marine ecosystem: it leads to stock overexploitation, habitat destruction, deple-
tion of benthic communities, alteration of sedimentary dynamics and may be impairing marine
sediments’ capacity to sequester carbon. In order to properly quantify the threats of this anthro-
pogenic activity, a proper delimitation of fishing grounds and its spatio-temporal fishing inten-
sity is required. With the advancement of geographical information systems, the positioning of
fishing vessels can now be tracked using Vessel Monitoring System (VMS) and Automatic Iden-
tification Systems (AIS), each of which comes with its unique challenges. In this study, we com-
pare the spatial resolution of fishing effort as swept-area ratio (SAR) from VMS and AIS data of
bottom trawlers in the NW Mediterranean margin. While AIS data provide fine resolution out-
put of fishing effort, certain fishing grounds were not captured since vessels intentionally turned
off their AIS transponders. In contrast, since VMS transponders cannot be tampered with, VMS
data can identify fishing effort in these hidden fishing grounds. However, the low frequency of
VMS data emission along with its low geographical resolution hinders a fine-scale analysis of
fishing effort using this method. We conclude that both VMS and AIS come with their respective
trade-offs, and a proper understanding of fishing behaviour along with the desired resolution of
fishing effort should be established to properly map the spatio-temporal distribution of demersal
fisheries.

Discussion points

J AlSis a combination of terrestrial and satellite data. There are gaps that can be in the EEZ
when terrestrial data are lost. Also satellite receivers can be overloaded, leading to low
data in high vessel densities areas. GlobalFishingWatch could also adapt product to the
needs of scientists. The role of small-scale fisheries (vessels < 12 bm) is unclear but there
are 2 WKs at ICES dealing with those issues and WKFISHCARBON could collaborate
with these groups.

Burying Treasure: Carbon sequestration and storage in Northern Irish Waters
Billy Hunter, AFBI, Northern Ireland, UK.

In shelf seas up to 50% of the phytoplanktonic primary production can reach the seabed through
direct deposition of senescent phytoplankton and the faecal pellets of zooplankton and fish. As
such, shelf sea sediments may represent a key site for carbon sequestration and storage. This
sedimentary carbon has the potential to be disturbed by fishing activities such as bottom trawl-
ing, which can resuspend sediment and thus facilitate the aerobic remineralization of sedimen-
tary organic matter. The global extent of this is, however, poorly constrained because of a lack of
empirical data on seabed carbon stocks in shelf seas.

Northern Ireland’s sea floor area represents a tiny 0.1% of the United Kingdom’s Exclusive Eco-
nomic Area. It consists of 6 000 km? of coastal and shelf seas, 518 km? of sea lough habitat and 1
670 km? of deep, offshore muds in the Irish Sea. The deep muddy sediments occur primarily
underlie the western Irish Sea Gyre and support a substantial proportion of the UK’s Nephrops
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norvegicus fishery. Northern Ireland, thus provides a useful case study to investigate the spatial
and temporal distribution of carbon within shelf sea sediments, and the impacts of trawling on
these carbon stocks. Mapping of the carbon stocks across Northern Ireland’s coastal and shelf
seas is ongoing. VMS data from the western Irish Sea reveals intense fishing pressure across the
deep muddy sediments, and weak correlations between fishing pressure and sediment organic
carbon content. In terms of management of the carbon, the strongest environmental predictors
of sediment carbon content were increasing distance to land, and increasing water depth. As
such, the preliminary evidence suggests that actions to maximize seabed carbon storage should
be targeted and the deepest offshore sediments within the Irish Sea. However, a full stock take
of the sediment carbon storage potential requires an understanding of the flux of carbon entering
the system from the overlying water column, the relative reactivity of the organic carbon enter-
ing the system and the respiratory demands of the sediment community. For effective carbon
sequestration the incoming flux of organic matter needs to exceed the energetic demands of the
resident faunal and microbial communities and be able to resist further remineralization follow-
ing disturbance events. As such, a full carbon mass balance is required for regional seas to ascer-
tain the relative importance to global efforts to mitigate anthropogenic climate change.

The gradient observed (distance to land) is also stably moving in very coastal water. At the mo-
ment in Northern Ireland nothing is approved but the impact of offshore renewable energy on
carbon stocks is something to look at. For windfarm, evidence from Belgian North Sea show that
it enhanced the biological carbon pump, leading to a greater carbon accumulation on the seabed.
Is it something we want? The MPA-Europe project is building datasets on carbon storage, depo-
sition and sequestration as it aims at finding the optimal locations for MPA. Residence time have
not been estimated yet in Northern Ireland.

Discussion points

. The gradient observed (distance to land) is also stably moving into very coastal water.
At the moment in Northern Ireland nothing is approved but the impact of offshore re-
newable energy on carbon stocks is something to look at. For windfarms, evidence from
Belgian-North Sea installations show that it enhanced the biological carbon pump, lead-
ing to a greater carbon accumulation on the seabed. Is it something we want? The MPA-
Europe project is building datasets on carbon storage, deposition and sequestration as it
aims at finding the optimal locations for MPAs. Residence time has not been estimated
yet in the Northern Ireland.
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Annex 2: Resolutions

2022/WK/IEASG06 The Workshop on Assessing the Impact of Fishing on Oceanic Carbon
(WKFISHCARBON), chaired by Dave Reid, Ireland, and Emma Cavan, UK, will meet in person
at ICES Secretariat, Copenhagen, and be open to online participation, from 25-28th April 2023 to:

a) Review and consolidate the existing knowledge, and identify knowledge gaps, on the
functioning of the oceanic carbon pump in terms of the role of fish in carbon fluxes in the
open ocean, including the extent of oceanic carbon released into the atmosphere due to
the removal of fish; (Science Plan codes: 1.1, 2.1, 6.1);

b) Review and consolidate the existing knowledge on direct emissions from fishing fleets
using different extraction methods, and indirect emissions from disturbance of the
seabed, in terms of their contribution to climate change; (Science Plan codes: 1.1, 2.1, 6.1);

C) Discuss how the existing approaches for assessing and prioritising the main ecosystem
stressors can be adapted to enable the assessment of fishing impacts on the carbon se-
questration processes. Report on the implications of the findings from ToR a and b for
inclusion in the Ecosystem and/or Fisheries Overviews; (Science Plan codes: 2.5, 4.1);

d) Identify how the knowledge on the role of fishing (by fish removals, seabed abrasion and
emissions) could be translated to advice to inform ecosystem-based (fisheries) manage-
ment (EBFM/EBM), and to develop a roadmap for what needs to be done next and whe-
ther further workshops would useful (Science Plan codes: 6.4);

WKFISHCARBON will report by June 2023 for the attention of the SCICOM.

Supporting information

Priority The workshop is a targeted response to the role of fisheries in blue carbon
sequestration, as was listed as an emerging issue in WGECO ICES. 2021. Working
Group on Ecosystem Effects of Fishing Activities (WGECO).ICES Scientific
Reports. 3:83. 33 pp. http://doi.org/10.17895/ices.pub.8279.

The impact of climate change on marine ecosystems is a key issue that ICES builds
into its work. The activities of this workshop will contribute to knowledge related
to the carbon impacts of fisheries, as well as the climate implications of fish
extraction, thus contributing to EBM development. Since ocean carbon
sequestration is highly important from the climate change mitigation and
adaptation point of view, these activities are considered to have a very high
priority.
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Scientific justification

In recent years, the scientific body of evidence describing the role of marine
ecosystems in climate adaptation and mitigation has considerably grown. As a
consequence, there is a noticeable interest in the scientific community and among
fisheries managers and policy-makers in exploring the unwanted side effects of
fishing and the extent to which fishing activities reduce carbon sequestration
and/or increase emissions from the ocean. Assessing and measuring this impact
may allow redirecting fishing pressure to the right places, identification of fishing
methods which minimise the negative ecosystem and climate impacts. This is
consistent with the ICES approach to support EBFM and the need to expand the
evidence base for EBM.

Term of Reference a)

Several ICES working groups focus on the functioning of ecosystem components,
including the fish species. WGECO activities are centred on the ecosystem impacts
of fishing, but these do not directly consider the role of marine life in the ocean
carbon pump. Fish and other marine organisms sequester and mediate carbon
fluxes to the deep sea, but this contribution has not yet been accounted for.
WKFISHCARBON will explore current and report on knowledge and gaps for
future research.

Term of Reference b)

The cumulative impacts of human activities on marine ecosystems and their
services, such as the disturbance of benthic habitats or changes in foodweb
structures, are already assessed by ICES working groups. However these
assessments do not currently consider the carbon emission (climate mitigation)
impact of fishing, either through the burning of fossil fuel or the disturbance of
carbon stored in the seabed. The WKFISHCARBON will discuss these
considerations.

Term of Reference c)

This ToR will investifate how knowledge from ToRs A & B (and future
developments) could be integrated into the existing EO and or FO advice products
to ensure inclusion of the full suite of impacts of fishing, and the scale of the
climate services provided by the biological carbon pump.

Terms of Reference d)

The aim of this ToR is to evaluate the ecosystem knowledge to support the
progression of ecosystem-based fisheries advice more widely, and identify
additional pathways to advice for the idenfified knowledge.

Resource requirements

ICES Secretariat support and meeting facilkities. Participants will be expected to
prepare input in advance of the meeting, and participate during the meeting
dates.

Participants

The workshop is expected to attract about 25-30 participants, members

of WGECO, IEASG, WGEFEBIT, WGBIODIV, the authors of the Frontiers in
Marine Science Research Topic, NGO representatives and European Commission
staff including from DG MARE research unit and DG ENV marine unit.

Secretariat facilities

ICES Secretariat support and meeting facilkities

Financial

No financial implications.

Linkages to advisory
committees

Workshop outputs are expected to be of interest to ACOM

Linkages to other
committees or groups

WGECO, WGFBIT, WGBIODLV, IEASG

Linkages to other
organizations

OSPAR, HELCOM
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Annex 3: Working Documents

ICES Fish carbon report — Norway
Samuel P.S. Rastrick

The conversion of organic carbon (OC) stored in the seabed to inorganic carbon dissolved in the
water column can be affected by bottom fishing. However, some effects of bottom fishing will
tend to increase OC remineralization, while others will have the opposite effect. In a meta-anal-
ysis of 49 different studies 29% reported a decrease in sediment OC, 10% reported an increase in
sediment OC and 61% reported no significant effect on sediment OC associated with trawling
(Epstein et al., 2022). Published estimates of OC remineralization associated with bottom fishing
also vary widely. Reflecting the great uncertainty and the many assumptions and simplifications
associated with such calculations. Sala et al estimated (2021) that between 0.58 and 1.47 billion
tonnes of CO2 is released globally each year due to bottom trawling. However, this is considered
and overestimation as the effect of bottom trawling on carbon storage in bottom sediments is
more complex (Epstein et al., 2022; Hilborn and Kaiser, 2022), and organic carbon is less vulner-
able to physical disturbances than assumed (Smeaton and Austin, 2022).

Fishing gear/disturbance:

In Norwegian waters, bottom trawls and seines are widespread. Beam trawls and dredging affect
bottom habitats to a greater extent than bottom trawls (e.g. Hiddink et al. ,2017) and in Norway
dredging is almost non-existent and there is a total ban on fishing with beam trawls.

In Norwegian waters demersal seining is less common than bottom trawling. There is a general
ban on using rock jumps and it is forbidden to use bobbin lines north of 62° N. In the area within
4 nautical miles of the baselines, it is prohibited to use seine nets that have a ball line or ground
line longer than 123 m, a circumference of the opening greater than 156 m or more than 2 000 m
rope length. It is also forbidden to use seines within fjords, with some exceptions for vessels
under 11 m. The rope, which can be 2 600 m long, affects a much larger area of the bottom sedi-
ment than the gear. It is assumed that demersal seining has less impact that bottom trawling.
However, no studies have investigated how these components affect the bottom sediments in
Norwegian waters (Lokkeborg, et al., 2023).

In Norway bottom trawling is used mostly for fish and shrimp. The largest impact on sediments
comes from the barn doors, groundgear and centre blocks (used in double or triple trawls). For
shrimp trawls doors vary in weight from 500 to 2 000 kg and centre blocks can be 2.5 tonnes.
Trawling is regulated to protect vulnerable habitats which can be important areas for carbon
sequestration (e.g. cold water coral reefs). Trawling is prohibited in less than 60 m from the Swe-
dish border to Jeeren's reef, shallower than 100 m from Jeeren's reef up to and including Trondelag
county and shallower than 170 m north of Trendelag. It is permitted to fish with shrimp trawl
(small-mesh bottom trawl) within 12 n.mil of the baselines, but it is forbidden to use rock-hopper
gears (Lokkeborg, et al., 2023). Trawl doors make tracks that vary in depth from 0.2 to 30 cm
(median value = 5.5 cm), with the deepest tracks observed on mud bottoms (Review of 18 studies,
Hiddink et al. (2017) (Figure A1.1).
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ROa6-U1.034

Figure A1.1 Trawl tracks on soft sediment bottom (silt) in outer Oslofjord/inner Skagerrak recorded with side-scanning
HISAS sonar and tracks observed with video/ROV (from, Lgkkeborg, et al., 2023).

Few studies have been carried out in Norwegian waters. In Eidangerfjord (Greenland), however,
a 1.8 km long trawl created a sediment cloud of 3-5 million m 3 containing 9 tonnes of silt. The
sediment clouds had a width of 120-150 m and a height of 15-18 m above the bottom (Bradshaw
et al., 2012). Most resuspended sediments will sink back to the bottom within hours, while light
particles can remain in the water masses for several days (Durrieu de Madron et al., 2005). Soft
sediments (clay and silt), and areas of low current speed, infrequent replacement of the water
masses and deeper-lying areas characterized by little natural influence will be most affected.

Overlap between bottom fishing activity and Sediment OC stores:

As well as, understanding the effect of fishing gear on bottom sediments it is also important to
understand were fishing activity overlaps with areas associated with high OC sediment stocks
and/or sediments sensitive to OC remineralization. Progress has been made in mapping OC sed-
iment stocks in recent years. (Seiter et al., 2004; Diesing et al., 2017; Lee et al., 2019; Luisetti et al.,
2019; Atwood et al., 2020; Legge et al., 2020; Smeaton ef al., 2021). However, in Norway, only parts
of the North Sea and Skagerrak have been mapped (Diesing et al., 2021). Estimates of OC remin-
eralization, accumulation and burial rates are even more limited (Berner, 1982; Burdige, 2007;
Keil, 2017; Wilkinson et al., 2018; Luisetti et al., 2019; Legge et al., 2020; Diesing et al., 2021) and
natural rates of OC remineralization and storage also show large spatial and temporal variability.
However, OC storage is usually higher in finer sediments in areas of low hydrodynamic activity.
The grain size and structure of sediment is important with muds usually associated with lower
oxygen penetration, less pore water transport, lower levels of natural disturbance leading to high
OC contents and Lower rates of remineralization when compared to sands and gravels (Burdige,
2007; Huettel et al., 2014). In 61% of reported studies showing no significant effect of bottom
trawling on sediment OC content there is a clear trend towards sandy compered to muddy study
sites (Epstein et al., 2022).

Recently an Institute of Marine Research Report (Lekkeborg, et al., 2023) made the first attempt
to better understand where bottom fishing activity in Norway overlapped with finer sediments
that may be more sensitive to OC remineralization (Figure Al.2).

53



ICES SCIENTIFIC REPORTS 6:12

R Bottom sediment
il EJ Mud
H Ed Sand
EZ Gravel
B3 Mixed
EIEIIH B3 Rock

Fish trawling Shrimp trawling Seining

Figure A1.2 The prevalence of fishing with fishing trawls, shrimp trawls and purse-seines in relation to the type of bottom
sediments. Fishing intensity is given as the logarithm of kWt (average for the period 2015-2021). The figure is made by
relating the middle position of each trawl haul to the sediment type for the position in question. The distribution of
bottom sediments (grain size) is obtained from NGU's sediment maps. The boxplot shows the median, lower and upper
quartile (25th and 75th percentile), minimum and maximum value within 1.5 times the interquartile range (the distance
between the lower and upper quartile). Black points show individual values outside this range. (from, Lgkkeborg, et al.,
2023).

Fishing trawls are most widespread on gravel/sandy bottoms. (e.g. Storbanken, Sentralbanken,
Bjerneya, south of Spitsbergen). There are less fish trawls on finer sediments in the central Bar-
ents and Skagerrak and along the south coast where higher OC stores are predicted, Figure A1.3.
Shrimp trawls are on mostly gravel and to a lesser extent on sand and mud. However, in Skag-
errak / south coast of Norway OC accumulates in the Norwegian trench which overlaps with
shrimp trawling areas (Lokkeborg, et al., 2023).
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Figure A1.3 The map on the left shows in dark blue areas where organic carbon accumulates in the North Sea and
Skagerrak (Diesing et al., 2021). The map on the right shows where bottom trawling takes place (based on the map
solution Yggdrasil from the Directorate of Fisheries; from, Lgkkeborg, et al., 2023).

Risk of OC remineralization in disturbed sediments:

When assessing the effect of bottom fishing activity on OC remineralization it is also important
to consider the sensitive of disturbed sediments to OC remineralization. In general, continental
shelf and sublittoral zone sediments in summer show the highest rates of OC remineralization
(Middelburg et al., 1996; Tabuchi et al., 2010; Brin et al., 2015; Xue et al., 2015). OC remineralization
in response to bottom disturbance by trawling are likely site (and perhaps seasonally) specific
and dependent on local hydrodynamic activity, local sediment, (e.g. OC content, grain size, and
stability) local environmental conditions (e.g. temperature and oxygenation) and local biology
(e.g. production and bioturbation).

Local hydrodynamic activity:

Fine-grained deposits (clays, silts, and muds) with more OC tend to accumulate in hydrodynam-
ically quiet settings, e.g. in deep basin/ trenches. Coarse-grained deposits (sands and gravels)
with less OC tend to dominate in hydrodynamically active areas, e.g. in the coastal zone, on shelf
banks and the shelf break. Local currents are also important in determining the transport of dis-
turbed sediments.

Repeated bottom trawling can change the structure of sediments particularly in finer sediments
in less hydrologically active environments (Kaiser et al., 2002; Trimmer et al., 2005; Martin et al.,
2014a; Oberle et al., 2016). In less hydrologically active depositional environments, the resuspen-
sion of finer sediments from deeper layers by trawling may lead to a redeposited surface layer
of fine sediments. (Palanques et al., 2014; Oberle et al., 2016; Tiano et al., 2020). In more hydrolog-
ically active environments the resuspension and loss of fine material due to transport can lead to
an increase in coarse material towards the surface (Martin et al., 2014a; b; Palanques et al., 2014;
Pusceddu et al., 2014; Mengual et al., 2016; Oberle et al., 2016; Paradis et al., 2021).

Local sediment:
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Organic matter reactivity is also important to OC remineralization and can be seen as a contin-
uum from easily degradable and short-lived (labile) to hard to degrade and long-lived (refrac-
tory) (LaRowe et al., 2020). The local stability of OC in the sediment depends on; OC molecular
size and structure (Amon and Benner, 1996; Van Kaam-Peters et al., 1998), functional groups
(Deng et al., 2019; Kleber and Lehmann, 2019 ), and mineral-Organic associations that may inhibit
the decomposing activation of enzymes and microbes (Tietjen and G. Wetzel, 2003; Zimmerman
et al., 2004). The local source of organic matter can also be important with terrestrial organic
matter (e.g. plant litter and soil organic matter) typically considered refractory and marine or-
ganic matter (e.g. phytoplankton debris) typically considered labile and at greater risk from re-
mineralization. OC remineralization may also increase when refractory organic matter in the
sediment is mixed with more labile organic matter in a process known as priming (e.g, Bianchi,
2011). Meta-analysis has suggested that, overall, priming can increased remineralization of stable
OC with the addition of labile OC (Sanches et al., 2021) and so the disturbance of sediment OC
by bottom trawling and mixing of refractory and labile OC might possibly lead to enhanced OC
remineralization.

Local environmental conditions:

Local environmental conditions such as temperature and oxygen are also very important to the
risk of OC remineralization. Sediment microbial communities and their metabolic kinetics are
highly influenced by temperature (Nedwell, 1999; Trevathan-Tackett et al., 2018, Malinverno and
Martinez, 2015; Roussel et al., 2015; Zang et al., 2020). Low OC remineralization rates have been,
in part, linked to lower temperatures in the deep sea (Weston and Joye, 2005; D'Hondt et al., 2015)
and at higher latitudes (Fiedler et al., 2016; Bourgeois et al., 2017; Zhao et al., 2018). Increasing
temperatures due to climate change have also been linked to increased OC remineralization
(Yamamoto-Kawai ef al., 2009; Qi et al., 2020).

Oxygen levels are critical in determining levels of OC remineralization (Hinojosa et al., 2014;
Nierop et al., 2017; Kurian et al., 2020). Increased oxygen levels in the sediments can increase
microbial respiration and remineralization activity (Kristensen et al., 1995; Dauwe et al., 2001;
Keil, 2017; van de Velde et al., 2018). low oxygen in northern Pacific sediments decrease OC re-
mineralization (Seiter et al., 2005; Jessen et al., 2017). Therefore, Increasing the depth of oxygen
penetration in sediments can increases OC remineralization (Glud , 2008; Donis ef al., 2016) and
can be course by physical disturbance (e.g. Brodersen et al., 2019) or bioturbation (e.g. Aller and
Cochran, 2019).

Local biology:

The effect of bottom trawling on OC storage/remineralization is also greatly dependent on the
local community, its function, and sensitivity to trawling pressure. Intensive bottom trawling is
known to increases the number small-bodied, opportunistic, motile infauna, and larger highly
vagrant, scavenging macrofauna. Whale, reducing the number of large long-lived burrowing
species that have the largest effect on carbon/nutrient cycling (Jennings et al., 2001; 2002; Kaiser
et al., 2002; 2006; Thrush & Dayton, 2002; Tillin ef al., 2006; Olsgard et al., 2008). Therefore, Inten-
sive bottom trawling reduces local bio-turbation (reworking of sediment particles; Ekdale et al.,
1984) and bioirrigation (reworking of sediment solutes; Meysman ef al., 2006) by benthic inver-
tebrates. However, the effects that this has on OC remineralization is complex. As decreased
bioturbation / bioirrigation may increases OC remineralization by decreasing transportation of
OC to deeper sediment increasing its chance of burial and long-term storage, or, decrease OC
remineralization by decreasing concentrations of oxygen and other electron acceptors (e.g. ni-
trate, metal oxides and sulphate) in the sediment, and more controversially decrease priming of
deeper refractory OC with more labile OC from the surface (van Nugteren et al., 2009; van der
Molen et al., 2012; Middelburg, 2018; Snelgrove et al.,2018; Bengtsson et al., 2018; Riekenberg et
al., 2020; Riihl et al., 2020; De Borger et al., 2021).
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Primary production is also a driver of OC content in sediments due to vertical transport of dead
material (Seiter et al., 2004; Turner, 2015; Atwood et al., 2020). Primary production may be stim-
ulated by an increase in nutrients entering the water column following sediment disturbance
(Fanning et al., 1982; Falcao et al., 2003; de Madron et al., 2005; Polymenakou et al., 2005; Pusceddu
et al., 2015). However, this will depend on the local hydrodynamic conditions and both the
transport of nutrients up to the euphotic zone and transport of dead material to the seabed.

Benthic algae are also important in shallower areas increasing OC accumulation rates and in
some locations the stability of sediments (Yallop et al., 1994; Miller et al., 1996; Montserrat ef al.,
2008). Such shallower areas are mostly protected from bottom fishing in Norwegian waters.
Ephemeral macroalgae and microphytobenthos recover quickly after trawling disturbance, de-
pending on the frequency of disturbance (MacIntyre et al., 1996; Ordines ef al., 2017). However,
Kelp can take years to recover and coralline algae can require decades to recover (e.g. Dayton et
al., 1992; Fragkopoulou et al., 2021). Other deeper areas important for OC accumulation include
cold water coral reefs. These Increases accumulation rate and stability of sediments and build
dead coral framework. In Norway these areas are protected from bottom fishing however, some
trawl closure areas have very narrow boarders and the effects of transported resuspended sedi-
ments on these sensitive habitats is understudied.

Summary:

Not all fishing gear has the same effect on sediment disturbance and not all bottom fishing over-
laps with areas of OC accumulation. Present estimates of the effect of trawling on OC reminer-
alization very widely due to many uncertainties, assumptions and simplifications. This is due to
a lack of site-specific understanding of the complex interactions between Local hydrodynamic
activity (e.g. sediment mixing and transport), Local sediment (e.g. grain size and OC content and
stability), Local environmental conditions (e.g. temperature and oxygenation), and Local Biolog-
ical communities (e.g. production and bioturbation) in determining OC accumulation and sensi-
tivity to remineralization. As the effects of bottom fishing on OC remineralization are likely likely
site (and perhaps seasonally) specific the resolution of future studies should also depend on the
needs of regulating bodies and fisheries. Although more research is needed on mapping OC
sediment stocks and sediments sensitive to OC remineralization in Norwegian waters, it can be
assumed that trawling may have a greater effect on OC remineralization in areas that are; less
hydrodynamically active, have high sedimentation rates, fine-grained sediments, low levels of
bioturbation, lower levels oxygen penetration, naturally low remineralization rates, sensitive
habitats that store carbon. Trawling may have less effect on OC remineralization in areas that
are; more hydrodynamically active, have coarse-grained sediments, deeper oxygen penetration,
naturally high remineralization rates.
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