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Abstract 

Anthropogenic activities that disturb the seafloor inadvertently affect the organic carbon cycle. Mobile bottom-contacting fishing (MBCF) 
is a widespread fishing technique that involves the dragging of fishing gear across the seafloor and disrupts seafloor sediments and 

alters carbon storage dynamics. However, the impact of MBCF on carbon sequestration is still not well quantified, with global esti- 
mates of MBCF-induced carbon release ranging from less than 17 Mt C yr−1 to 400 Mt C yr−1 with limited assessment of associated 

uncertainties. Addressing these knowledge gaps is essential for informing effective, evidence-based policy. Here, we force a carefully 
parametrized organic carbon mineralization model with empirical relationships and observational data from the Northwest European 

continental shelf and use a Monte-Carlo approach to assess the uncertainty associated to our estimate. We find that MBCF on the North- 
west European continental shelf could reduce sedimentary carbon storage by 270 kt C yr−1 . However, the estimated uncertainty remains 
large (25%-75% percentile range = 620 kt C yr−1 ), mainly due to uncertainties in the spatial variability of organic carbon reactivity. Our 
findings also show that the divergence of carbon release estimates in the literature is primarily due to differences in how organic car- 
bon reactivity is parameterized, with higher release estimates often reflecting overestimated mineralization rates. Overall, our study 
demonstrates the need for targeted experimental studies to quantify how sediment disturbance influences organic carbon reactivity, 
to better constrain the impacts of anthropogenic activities on the marine carbon cycle and support accurate carbon accounting and 

informed policymaking. 
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Introduction 

As an important organic carbon (OC) store and sink, the 
seafloor plays an essential role in the global carbon cycle 
(Berner 1982 ). The upper 10 cm of the global seafloor stores 
between 170 and 320 Gt OC, of which ∼10% is located 

within the continental margin (Lee et al. 2019 , LaRowe et 
al. 2020 ). In addition, the global seafloor removes between 

130 and 350 Mt C yr−1 from the fast-cycling carbon pool by 
burying it deep in marine sediments where it is sequestered 

for long timescales (Berner 1982 , Hedges and Keil 1995 , Keil 
2017 , LaRowe et al. 2020 ). 

Anthropogenic pressure on the marine and in particular 
the coastal environment has been increasing in recent years 
(Halpern et al. 2019 ) and the development of reliable esti- 
mates of carbon loss has been identified as one of the 15 

key issues in a horizon scanning exercise for conservation 

(Sutherland et al. 2024 ). One of the most disturbing anthro- 
pogenic pressures on continental shelves is mobile bottom- 
contacting fishing (MBCF), which includes activities such as 
bottom trawling, seining, and dredging for fish and shellfish 

(Halpern et al. 2008 , Eigaard et al. 2017 , Amoroso et al.
2018 ), due to both its intensity and its global occurrence (ap- 
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License
reuse, distribution, and reproduction in any medium, provided the original work
roximately 15% of the continental shelf surface is disturbed 

y MBCF; Amoroso et al. 2018 b). MBCF physically impacts
ediment dynamics in two distinct ways: (i) by resuspending 
and relocating) the surface layer of the seafloor and (ii) by
ixing the upper few centimetres of the seafloor (Churchill 
989 , Pilskaln et al. 1998 , O’Neill and Ivanovic 2016 , O’Neill
nd Summerbell 2016 , Hiddink et al. 2017 , Depestele et al.
019 , Pitcher et al. 2022 ). 
Because surface continental shelf sediments contain rela- 

ively high amounts of particulate organic carbon (POC) and 

ontribute an estimated ∼80% to the global OC burial flux
Burdige 2007 , LaRowe et al. 2020 ), MBCF can have an im-
ortant impact on POC storage and burial in the seafloor
Tiano et al. 2024a , Paradis et al. 2019 , Sala et al. 2021 , Ep-
tein et al. 2022 , Porz et al. 2024 ). Existing field data and
odelling studies suggest that the resuspension and relocation 

f the surface sediment after a MBCF event decreases the in-
itu sedimentary POC mineralization and burial through the 
hysical removal of POC in the top layer (Tiano et al. 2019 ,
e Borger et al. 2020 ). However, at the same time, the resus-
ended POC is likely mineralized faster in the water column,
ither through re-exposing this previously buried POC to 
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Figure 1. Northwest European shelf bathymetry with an indication of the 
general current patterns (white arrows) and 7 accumulation areas for 
particles released at the sea surface [based on (Turrell 1992 , Ricker and 
Stanev 2020 )]. 1 = English Channel, 2 = Southern and German Bight, 
3 = south of Dogger Bank, 4 = Skagerrak, 5 = Norwegian trench, 
6 = Fair Isle Current, 7 = northern coast of Ireland and Great Britain. 
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n  
xygen (Middelburg and Levin 2009 , LaRowe and Van Cap-
ellen 2011 ), and/or by removing the particles from the sed-
ment matrix, which can potentially lead to a destabiliza-
ion of organo-mineral associations, making the POC tenta-
ively more susceptible to mineralization (Hedges and Keil
995 , Arnarson and Keil 2001 ). The mixing of the upper ( <
0 cm) sediment layers also potentially stimulates POC min-
ralization (van de Velde et al. 2018 ) through the introduc-
ion of oxygenated water into the previously deeper, anoxic
ediment layers (LaRowe and Van Cappellen 2011 , Arndt et
l. 2013 , van de Velde et al. 2018 ) or priming, where the
ixing of more reactive POC with less reactive POC en-
ances the breakdown of the latter (Zhu et al. 2024 ). It has
hus been suggested that MBCF-induced sediment perturba-
ions increase overall POC mineralization and carbon release
hile decreasing POC burial in comparison to undisturbed

ediments. 
There is disagreement in the literature, however, on the ex-

ess mineralization (i.e. additional carbon release caused by
BCF in comparison to carbon release from undisturbed sed-

ments) of this anthropogenic perturbation (Sala et al. 2021 ,
pstein et al. 2022 , Hiddink et al. 2023 , Atwood et al. 2024 ).
ecent estimates proposed that global MBCF is responsible

or the additional mineralisation of 200–400 Mt C yr−1 glob-
lly (Sala et al. 2021 , Atwood et al. 2024 ), but this esti-
ate has been debated and it has been suggested it overes-

imates the excess mineralization by 1–2 orders of magnitude
Hiddink et al. 2023 ). A more recent coupled hydrodynamic-
iogeochemical modelling study of the North Sea estimates
hat MBCF reduces POC burial in the sediment by ∼1.0 t C
m−2 yr−1 , which upscales to a mere ∼10 Mt C yr−1 reduc-
ion in global POC burial (Porz et al. 2024 , Zhang et al. 2024 ).
he stark discrepancy between these mineralization estimates

ikely stems from a series of oversimplifying assumptions un-
erlying the Sala et al. (2021) and Atwood et al. (2024) es-
imates, in combination with the lack of consideration for
ources of uncertainty in the different model estimates (Hid-
ink et al. 2023 ). The current disagreement around the impact
f MBCF on coastal POC is critical given the prominent dis-
ussion of the impact of MBCF on carbon release and its role
n national carbon accounting. Evidence-based policy making,
s well as coastal management requires a robust assessment
f the impact on carbon stocks and burial (Vanderklift et al.
022 ). 
The aim of this paper is twofold. Firstly, we want to show

hat a parametrization of the “1G” OC mineralization model
pproach used by Sala et al. (2021) and Atwood et al. (2024)
ased on an ensemble of published, empirically-derived model
arameters leads to mineralization estimates that fall close to
he 3D model estimates of Zhang et al. (2024) and Porz et
l. (2024) . Secondly, we apply a Monte Carlo approach to
stimate the uncertainty associated with these estimates. We
dentify the main sources of this uncertainty and thus provide
 guide for future research and experimental efforts required
o reduce these uncertainties. Here, we focus on the north-
est (NW) European continental shelf, which is one of the
ost extensively studied coastal regions. The available com-
rehensive and interdisciplinary observational dataset that is
vailable for this region enables us to better constrain model
arameters and forcings, thus allowing for a robust quantifi-
ation of the impact and associated uncertainty of MBCF on
ediment relocation and mixing and ultimately additional car-
on release. 
t  
aterials and methods 

tudy area 

he NW European continental shelf covers a surface area of
.1 million km2 (Wilson et al. 2018 , Legge et al. 2020 ) and
orders several European countries: Norway, Sweden, Den-
ark, Germany, the Netherlands, Belgium, France, Ireland,

nd the United Kingdom. NW European shelf waters are char-
cterized by a shallow, well-mixed water column in the east
nd south and deep seasonal stratification in the north. The
W European shelf is connected to the open ocean in the
orth and West. Natural resuspension and currents trans-
ort particles mainly via three distinct pathways ( Fig. 1 ; Tur-
ell 1992 , Emeis et al. 2015 ). Particles enter the area via the
nglish Channel and are transported along the Southern and
erman bights up to the Skagerrak ( Fig. 1 ). Alternatively, cur-

ents flowing from the east and west of Ireland, converge on
he west side of the Outer Hebrides and enter with the Fair
sle current into the North Sea. Water inside the NW Euro-
ean shelf moves to the east, either via the south of the Dog-
er Bank, through the middle of the North Sea, or across the
laden Ground. On the east side, a cyclonic current moves
aterial to the Skagerrak and eventually into the Norwegian

rench ( Fig. 1 ). Along the NW European shelf’s main flow
athways, 7 major depositional areas can be delineated (note
hat these areas have been identified based on particles re-
eased at the surface; Ricker and Stanev 2020 ): the English
hannel, the Southern and German Bight, south of Dogger
ank, Skagerrak, the Norwegian trench, Fair isle current and
laden grounds, and the Outer Hebrides ( Fig. 1 ). However,
xcept for the Norwegian trench, all of these depositional ar-
as can be considered transient depositional zones (de Haas et
l. 1997 , Diesing et al. 2021 ), which results in rather low ac-
umulation rates of material across the whole NW European
helf, compared to the high accumulation rates in the Norwe-
ian trench (Diesing et al. 2021 ). 

The NW European continental shelf seafloor is domi-
ated by sandy sediments and the distribution of sediment
ypes is largely determined by hydrodynamics and bathymetry



Mobile bottom-contact fishing and marine organic carbon 3

Figure 2. A Fraction of silt (grain diameter < 0.06 mm) in the top ∼10 cm of the seafloor, with an indication of the main areas discussed in the text 
(starting from the bottom left, going anti-clockwise); CS = Celtic Sea, EC = English Channel, SB = Southern Bight, OG = Oyster Grounds, GB = German 
Bight, DB = Dogger Bank, Sk = Skagerrak, NT = Norwegian Trench, FG = Fladen Ground, FIC = Fair Isle Current, OH = Outer Hebrides, IS = Irish Sea. 
B Fraction of gravel (grain diameter > 2 mm) in the top ∼10 cm of the seafloor. C Fraction of particulate organic carbon (POC) in the top ∼10 cm of the 
seafloor (data from (Wilson et al. 2018 )). 

Figure 3. Map of the NW European continental shelf with an indication of 
the mean annual total MBCF intensity (“swept area ratio,” i.e. the 
number of times the surface of a given pixel is completely disturbed by 
MBCF gear per year) for (a) Otter trawl, (b) Beam trawl, (c) Demersal 
seine, and (d) Dredge over the period 2009–2017. MBCF data was 
retrieved from ICES (ICES 2021 ). 
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(Bockelmann et al. 2018 , Wilson et al. 2018 ). In the shal- 
low waters ( ∼20 m) of the Strait of Dover and the English 

Channel, intense shear stress leaves coarse sands behind and 

suspends finer materials that are transferred along the east- 
ern border through the East Anglian turbidity plume and are 
deposited in the Skagerrak ( Fig. 2 A, B). Deposition of finer 
sediments also occurs in regions of low current speeds, such 

as Fladen Ground, the Oyster Grounds, and the Norwegian 

Trench (Eisma and Kalf 1987 , Diesing et al. 2021 ) ( Figure 2 A).
Because OC adsorbs on silt particles, the POC distribution in 

the NW European shelf generally follows these main patterns 
of silt distribution (Diesing et al. 2021 ) ( Figure 2 A, C). 

As one of the most productive shelf seas (Steinacher et al.
2010 ), the NW European continental shelf is intensively fished 

with local MBCF frequencies exceeding 10 passes over a given 

area of seabed, on average, per year ( Fig. 3 ; Eigaard et al. 2017 ,
Amoroso et al. 2018 b; ICES 2024 ). Nearly 6600 fishing ves- 
sels trawl and dredge in the NW European continental shelf,
ith total landings in 2010–2012 of around 922 000 metric
ons (Amoroso et al. 2018 ). Vessels that are active in European
aters use four main demersal mobile gear types: otter trawls,
eam trawls, seines, and dredges (Eigaard et al. 2017 ). Beam
rawling activity is typically higher in the southern North Sea,
hile otter trawling activity is more active in the northern
orth Sea, the Skagerrak, and the Celtic Seas. Bottom seine
shing is practiced more often in the English Channel and to
 lesser extent in the North Sea ( Fig. 3 ; ICES 2022 ). Dredge
sheries are used for scallops, mainly in the English Chan-
el and UK territorial waters. Dredges and flatfish-targeting 
eam trawls have a smaller swept area by hour fishing than ot-
er trawls, demersal seines, and shrimp-targeting beam trawls 
Eigaard et al. 2016 ), but penetrate the sediment deeper (Hid-
ink et al. 2017 , Pitcher et al. 2022 ). These MBCF gears con-
act the seabed surface at least once per year in 18% of the
urface area of the Norwegian trench and in > 65% of the
urface areas of the Channel, the Southern and Central North
ea (Matear et al. 2023 ). 

patial distribution of organic carbon and mobile 

ottom-contact fishing activity in the NW European 

helf 

ur analysis is based on the MBCF data for the years 2009–
017 provided by the International Council for the Explo- 
ation of the Sea (ICES 2021 ). This dataset provides the swept
rea (SA, the area of a grid cell that is fished every year) as well
s the swept-area ratio (SAR, the number of times the surface
f the whole grid cell is fished per year) at a resolution of 0.05◦

0.05◦ ( Fig. 3 ). Both SA and SAR are calculated from gear
haracteristics and the vessel monitoring system (VMS) data 
sing the methodology of Eigaard et al. (2017) , while gear
enetration depths were derived from the MBCF type and sed-
ment type following Pitcher et al. (2022) (see below for de-
ails). Note that this dataset does not contain vessels smaller
han 12 meters in length, since they are not required to use
MS. 
Silt content (% dry weight), gravel content (% dry weight),

nd POC content (% dry weight) for the NW European
ontinental shelf sediment were inferred from the synthetic 
aps presented in (Wilson et al. 2018 ) ( Figure 2 ). These
aps are based on existing survey data and statistical models
f bed shear stress and bathymetric properties. Because the 
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Figure 4. Conceptual image of MBCF on the seafloor. In its undisturbed state, oxygen only penetrates a few centimetres into the sediment. When a 
MBCF gear passes by; (1) part of the sediments gets resuspended into the oxygenated overlying water and (2) oxygen gets introduced into the 
previously anoxic part of the sediment. We consider two timescales of recovery, the time it takes for the resuspended particles to settle out of the water 
column (trecovery,1 ) and the time it takes for oxygen penetration to recover to its initial level (trecovery,2 ). 
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esolution of these maps was coarser than the resolution of
he MBCF data (0.125◦ x 0.125◦), the sediment property data
as linearly interpolated to the same resolution as the MBCF
ataset. The total grid surface area of the map was 1 107 159
m2 , which is the surface area we use in further calculations. 

uantifying mobile bottom-contact fishing induced 

OC mineralization and carbon release 

rganic carbon mineralization model 
o estimate the amount of OC that is additionally mineralized
ecause of a MBCF-induced disturbance, we applied a 1 G or-
anic carbon mineralization model (Berner 1980 , Arndt et al.
013 ) that is identical to the one used in previous studies (Sala
t al. 2021 ). However, we here used a different model param-
terization. The 1 G model assumes that OC is mineralized
ccording to a first-order rate law. The total amount of POC
ineralized at a given location over time t ( Rmin , in kg) is given
y (Berner 1980 ) 

Rmin = −
t 
∫ 

t=0 
C0 e−kt dt = C0 

(
1 − e−kt 

)
(1) 

Where C0 is the amount of POC at time zero (in kg), k is
he first-order rate constant (in yr−1 ) and t is the time (in yr).
he first-order rate constant, k is a measure of the apparent
C reactivity. It is influenced by different factors, such as the

ype or origin of the organic carbon, its mineralization and
ransport history, the availability of terminal electron accep-
ors, organo-mineral interactions, and microbial community
tructure. A large body of empirical data shows that k typ-
cally decreases with mineralization time (Middelburg et al.
997 ). However, the use of this simple single-component one-
ool OC mineralization model with a constant mineralization
onstant is justified here because the duration of the MBCF-
isturbance spans hours to days (as explained below), allow-
ng us to treat reactivity as constant over this short timespan
Arndt et al. 2013 ). 

To estimate the amount of additional POC mineralization
hat occurs because of MBCF (i.e. exceeding the mineraliza-
ion of POC in an undisturbed sediment), we need to estimate
y how much MBCF disturbance increases Rmin . This increase
an be calculated by the difference between the total Rmin un-
er disturbed conditions and R that would occur without
min 
isturbance, i.e. 

Rmin,trawling = Rmin,disturbed − Rmin,undisturbed 

= Cdist 

(
1 − e−kdisturbed ∗trecovery 

)

−Cdist 

(
1 − e−kundisturbed ∗trecovery 

)

= Cdist 

(
e−kundisturbed ∗trecovery − e−kdisturbed ∗trecovery 

)

(2)

Where kundisturbed is the first-order decay constant under
ndisturbed conditions, kdisturbed the first-order decay con-
tant under disturbed conditions, Cdist the amount of POC
isturbed, and trecovery the time it takes for the local sediment
onditions to recover from the disturbance event ( Fig. 4 ). 

Furthermore, the disturbing effect of MBCF can be divided
nto its two distinct physical impacts: resuspension of an af-
ected sediment layer and mixing of an affected sediment layer
 Fig. 4 ): 

Rmin,resuspension 

= Cdist ,resuspension 

(
e−kundisturbed ∗trecovery , 1 − e−kdisturbed ∗trecovery , 1 

)

(3)

Rmin,mixing = Cdist ,mixing 

(
e−kundistrubed ∗trecovery , 2 − e−kdisturbed ∗trecovery , 2 

)

(4)

Below, we discuss how to constrain (i) the first-order de-
ay constant under undisturbed and disturbed conditions
 kundisturbed and kdisturbed ), (ii) the amounts of POC affected by
esuspension and mixing ( Cdist ,resuspension and Cdist ,mixing ), and
iii) the timescale of recovery from resuspension and mixing
 trecovery , 1 and trecovery , 2 ). 

pparent POC reactivity for undisturbed and disturbed con-
itions 
pparent OC reactivity is a critical but difficult-to-constrain
odel parameter, as it implicitly accounts for all the factors

hat control POC reactivity (Arndt et al. 2013 ). Typical first-
rder mineralization rate constants for OC reaching the sur-
ace of coastal sediments range from 10−3 to 102 yr−1 (Arndt
t al. 2013 ). However, the POC reactivity generally decreases
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with mineralization time and burial depth. This widely ob- 
served decline in reactivity is often particularly pronounced 

in shallow shelf sediments, where the deposited bulk OC mix 

still includes highly reactive compounds that are rapidly con- 
sumed in the upper mixed layer. Average first-order mineral- 
ization rate constants representative of POC within the up- 
per diagenetic sedimentary layers will thus be 1–2 orders of 
magnitude lower, and typically range from 10−4 to 101 yr−1 

with a peak around 10−2 yr−1 (Arndt et al. 2013 , Freitas et 
al. 2021 ). These rate constants represent the apparent reactiv- 
ity of the bulk POC within the mixed layer of the sediment 
(i.e. shallower than 10 cm). Here, we assume that, if not dis- 
turbed, organic matter within the upper layers of NW Euro- 
pean shelf sediments degrades with first-order rate constants 
kundisturbed = 10−4 –101 yr−1 . This range spans the entire range 
of first-order rate constants reported for global continental 
shelf sediments (Arndt et al. 2013 , Freitas et al. 2021 ). This is 
a robust assumption, but nevertheless highlights the large un- 
certainty associated with the heterogeneity of shelf environ- 
ments that translates into apparent rate constants that differ 
over several orders of magnitude. 

MBCF can affect apparent organic carbon (and thus k) re- 
activity through enhanced oxygen exposure either by (i) re- 
suspension of sediment into the oxygenated water column 

and (ii) the injection of oxygen into previously anoxic parts 
of the sediment via the mixing of sediment ( Fig. 4 ). In both 

cases, the net effect of this disturbance is that the exposure 
of sedimentary organic matter to oxygen is prolonged com- 
pared to the undisturbed scenario. Observational data sug- 
gest that such a prolonged oxygen exposure time will have an 

important impact on organic matter reactivity and thus min- 
eralization. Many empirical studies have shown that the total 
amount of organic carbon mineralized in the upper sediments 
strongly and positively correlates with the length of time or- 
ganic matter is exposed to oxygen in sediment pore waters 
(Hartnett et al. 1998 , Middelburg and Levin 2009 ). Differ- 
ent mechanisms may explain this link. First, prolonged expo- 
sure to oxygen can directly stimulate the mineralization of the 
structurally more complex and thus less reactive POC com- 
pounds as shown by several field and theoretical studies (Mid- 
delburg and Levin 2009 , LaRowe and Van Cappellen 2011 ).
Additionally, apparent POC reactivity is controlled by the dy- 
namic interplay of different environmental factors, such as the 
presence of reactive clay surfaces, iron oxides, bioturbation,
or feeding by benthic fauna that are all influenced by oxygen 

availability (Canfield 1994 , Mayer 1994 , Burdige 2007 , Arndt 
et al. 2013 ). Oxygen exposure time thus seems to be an effec- 
tive measure that encapsulates this complex interplay of en- 
vironmental controls on POC reactivity and thus mineraliza- 
tion rates (Hartnett et al. 1998 , Middelburg and Levin 2009 ).
In line with this large body of empirical and theoretical evi- 
dence, we assume that the prolonged oxygen exposure times 
following a MBCF-induced physical sediment disturbance will 
enhance organic matter mineralization through increasing or- 
ganic matter mineralization rate constants. A first estimate 
of such an increase can be derived by comparing first-order 
reactivity constants for POC mineralization under oxic and 

anoxic conditions. Based on the global compilation by Kat- 
sev and Crowe (2015) , we assume that a re-exposure of or- 
ganic matter to oxic conditions could increase the NW Euro- 
pean shelf sediment constants by a factor of 1–5, which aligns 
with experiments done in the Kiel Bight (Kalapurakkal et al.
2025a ). Note that most of the oxic mineralization constants 
f Katsev and Crowe (2015) were derived from POC mineral-
zation in the water column, while the anoxic mineralization 

onstants were derived in the sediment. This assumed increase 
n first-order mineralization rate constants upon disturbance 
ntegrates, besides the increased availability of the thermody- 
amically more favourable electron acceptor oxygen, multi- 
le environmental factors such as priming via the injection of
ore reactive compounds in the deeper sedimentary layers,
otential desorption of POC from the mineral matrix, and/or 
icrobial and microbenthic community changes, and associ- 

ted changes in metabolic capabilities (Hedges and Keil 1995 ,
urdige 2007 , Kaiser and Hiddink 2007 , van Nugteren et al.
009 , van de Velde et al. 2018 , Zhu et al. 2024 ). 

uantification of the amount of sediment and particulate OC 

mpacted by mobile bottom-contact fishing 
esuspension 

or each grid cell, we quantified the amount of sediment resus-
ended per square metre of seabed swept by a passing MBCF
ear ( SR 

, in kg m−2 ) using the empirical relation between mass
esuspended, the hydrodynamic drag created by the gear com- 
onents ( Dc , in N m−1 ) and the silt fraction of the sediment
 s f , unitless) (O’Neill and Summerbell 2011 , Rijnsdorp et al.
021 , Breimann et al. 2022 ), 

SR 

= 2 . 602s f + 1 . 206 ∗ 10 

−3 Dc + 1 . 321 ∗ 10 

−2 s f Dc (5) 

The dataset of Wilson et al. (2018) was used to determine s f 
 Fig. 2 A). The hydrodynamic drag Dc of the gear components 
f the beam trawl was taken from Rijnsdorp et al. (2021) and
as divided into small ( ≤ 221 kW) and large ( > 221 kW) ves-

els. The hydrodynamic drag for the gear components of the
tter trawl was taken from O’Neill and Summerbell (2011) 
nd is representative of gear towed by a 1000–1400 horse-
ower vessel in the Scottish demersal whitefish fleet. Hydrody- 
amic drag of wire sweeps for otter trawl was approximated
y the drag created by seine ropes of 26 mm diameter (O’Neill
nd Noack 2021 ). The trawl net for otter trawl was estimated
rom the empirical relationship between the twine surface area 
 of the bottom net panels (Polet and Fonteyne 1995 , Palder

t al. 2023 ) and fishing speed U of 2.9 knots (Eigaard et al.
016 ) as reported in (Reid 1977 ) : 

Dc = 0 . 5 ρ ∗ U2 ∗ A ∗ 0 . 643 

1 + 0 . 923 U 

(6) 

Twine surface area is estimated from the number of meshes
t the top of the panel ( Nt ), at the bottom of the panel ( nb ),
he number of meshes in the height of the panel ( H ), the mesh
ize ( a ) and the twine diameter ( dt ) using (Prado 1990 ): 

A =
( Nt +nb ) 

2 ∗ H ∗ 2
(
a ∗ dt 

)

1 e 6 

(7) 

For seines, we assumed that netting material and cod-end 

onstructions were similar as for beam trawls (Noack et al.
017 ), though with operation at speeds of ∼1 knot (Eigaard
t al. 2016 , O’Neill and Noack 2021 ). The drag created by the
eine rope was taken from (O’Neill and Noack 2021 ). Hydro-
ynamic drag of dredges was estimated using Eq. ( 5 ) and em-
irical resuspension estimates of 0.85 kg per m2 in a habitat
ith 4.1% silt content (O’Neill et al. 2013 ) ( Table 1 ), which

s three to five times less than resuspension in a beam trawl
xperiment (Depestele et al. 2016 ). A single dredge is ∼80 cm
n width, and a typical scallop dredge operates with 8 dredges
n each side (O’Neill et al. 2013 ), which leads to a total gear
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Table 1. Parameters used in eq. ( 5 ) and ( 8 ). Drag (Dc) and footprint of the individual gear components are reported with 1 s.d. (where available). We 
assumed all beam trawls had tickler chains. Footprint is reported as mean ± 1 standard deviation, with the range of the available data given in square 
brackets. For the seine footprint, there was only an estimated value available, so we assumed a possible range of ± 5%. Gear penetration depth is 
reported with the 1 standard deviation (where available). Where no standard deviation was reported, we assumed a normal distribution with a standard 
deviation of 50% of the mean value, except for the penetration depth of the seine, where we assumed a uniform distribution due to limited data availability. 
Distributions are shown in Fig. S1 - S5 

Hydrodynamic drag Dc (N m−1 ) 
Otter trawl Trawl door Sweeps Ground gear Bottom net panels 

4020 a 0.675 b 1165.6 a 381 b 

Footprint (%) 1.9 ± 1.8 c 

[0.8, 3.7] 
73 ± 47 c 

[29.2, 100] 
25 ± 32 c 

[5.0, 55.5] 
25 ± 32 c 

[5.0, 55.5] 
Beam trawl Shoes Ticklers Ground gear Bottom net panels 
Small vessels 19 d 699 ± 194 d 135 ± 115 d 1595 ± 805 d 

Large vessels 13 ± 2 d 2118 ± 352 d 572 ± 140 d 1967 ± 333 d 

Footprint (%) 6.3 ± 4.0 c 

[2.2, 11.7] 
93.7 ± 4.0 c 

[88.3, 97.7] 
93.7 ± 4.0 c 

[88.3, 97.7] 
93.7 ± 4.0 c 

[88.3, 97.7] 
Demersal seine Seine rope Ground gear Bottom net panels 

0.675 e 1165.6 a 70 b 

Footprint (%) 90 c 

[85, 95] 
10 c 

[5, 15] 
10 c 

[5, 15] 
Dredge Dredge Nr of dredges Total drag 

42.5 b 6–30 b 255–1275 b 

Footprint (%) 100 c 

Gear penetration depth PD (cm) 
Mud Sand 

Otter trawl 2.0 ± 6.6 f 1.1 ± 5.0 f 

Beam trawl 3.2 ± 1.7 f 1.9 ± 1.9 f 

Demersal seine 0.0–2.0 g 0.0–1.1 g 

Dredge 5.4 ± 9.0 f 3.5 ± 6.1 f 

a (O’Neill and Summerbell 2011 ), no standard deviation was reported. 
b Estimated (see main text). 
c (Eigaard et al. 2016 ), no standard deviation was reported for the footprint of individual gear components of a seine. 
d (Rijnsdorp et al. 2021 ). 
e (O’Neill and Noack 2021 ) . 
f (Hiddink et al. 2017 , Pitcher et al. 2022 ) . 
g Table 3 in (Szostek et al. 2022 ) for otter trawl without doors, which we assumed is comparable to seine rope. We assumed a uniform distribution between 
observed minimum and maximum in muddy or sandy sediments. 
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idth of ∼13 m. The range of dredge gear widths for differ-
nt vessels is 5 m—25 m (Eigaard et al. 2016 ), which suggests
hat the number of dredges per vessel ranges between 6 and
0, which is the uncertainty range we use ( Table 1 ). The re-
ults from individual gears are upscaled from empirical exper-
ments, and our results are therefore less suitable for compar-
ng individual gear impacts. Another simplifying assumption
e make is that all beam trawls have tickler chains, which
ould lead to an overestimation of the total beam trawl im-
act. The sediment resuspended was first calculated for each
ear component, and a weighted sum was calculated per grid
ell using the typical fraction the gear represents in the total
ootprint of the gear (Eigaard et al. 2016 ). Differences in pen-
tration depth were not accounted for, following the method-
logy in Rijnsdorp et al. (2021) . 
To obtain the total amount of sediment resuspended annu-

lly per grid cell ( TSR 

), we multiplied the annual swept area of
ach gear with its respective amount of sediment resuspended
er swept area, 

TSR 

= SR 

∗ SA (8) 

To estimate the amount of POC resuspended ( Cdist ,resuspension 
n Eq. (3)), TSR 

was multiplied with the predicted surface
 < 10 cm) POC concentration (in g POC g−1 sediment) of the
rid cell ( Fig. 2 C). We thus implicitly assumed that the POC
ontent of resuspended material is equal to the average POC
ontent in the upper 10 cm. 

The timescale of the impact of resuspension ( trecovery , 1 in Fig.
 and Eq. (3)) can be estimated from the resuspension height of
 sediment particle ( hplume , in m) (i.e. the height of the plume
fter a MBCF gear passed) and the settling velocity of this
article ( usettling , in m yr−1 ) 

trecovery , 1 =
hplume 

usettling 
(9)

ixing 
n addition to eroding surface sediments, a passing MBCF gear
lso mixes the top layers of the sediment down to a certain
epth. The amount of sediment that is mixed per square metre
f seabed swept by a passing MBCF gear ( Sm 

, in kg m−2 ) can
e estimated as, 

Sm 

= ρsed ( 1 − ϕ ) 
(
PD ∗ 10 

−2 
)

(10)

here ρsed is the sediment density (2600 kg m−3 ), ϕ is the
orosity of the sediment (0.8 for mud, and 0.4 for sand),
nd PD is the penetration depth of the gear (cm). Penetration
epths for all types of gears were determined as a function of
ear and the sediment type ( Table 1 ; Pitcher et al. 2022 ). We
pecified the spatial distribution of gear penetration depths

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data


Mobile bottom-contact fishing and marine organic carbon 7

Table 2. Parameter ranges and their assumed distribution for the organic carbon mineralization model. Details are given in the text and distribution plots 
are shown in Fig. S6 

range Unit distribution reference 

kundisturbed 10−4 –10−1 yr−1 logarithmic (Arndt et al. 2013 , De Borger et al. 2021 , 
Freitas et al. 2021 ) 

kdisturbed 1knatural − 5knatural yr−1 uniform (Katsev and Crowe 2015 ) 
hplume 0–6 M logarithmic (Durrieu de Madron et al. 2005 ) 
usettling 10−4 –104 m d−1 logarithmic (McCandliss et al. 2002 ) 
[O2 ] homog 0.3 μmol cm−3 - 
Rvol 2–200 μmol cm−3 yr−1 logarithmic (Soetaert et al. 1996 , Burdige 2007 ) 
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following Pitcher et al. (2022) and using the data in Fig. 2 A,
B. Specifically, if the cell contained more than 50% of gravel,
we assumed that PD = 0, if the cell contained more than 50% 

silt, the penetration depth in muddy sediment was chosen, in 

all other cases we chose the penetration depth in sandy sedi- 
ment. To obtain the total amount of sediment mixed annually 
per grid cell ( TSM 

), we multiplied the annual swept area of 
each gear with its respective amount of sediment mixed per 
swept area, 

TSM 

= SM 

∗ SA (11) 

The amount of POC mixed ( Cdist ,mixing in Eq. (4)), was then 

derived by multiplying TSM 

with the POC content ( Fig. 2 C).
Not all the gear will penetrate the seafloor, which means our 
mixed sediment estimate is an overestimation. 

We estimate the recovery timescale of the sediment mixing 
impact ( trecovery , 2 in Fig. 4 and Eq. (4)), by first calculating the 
amount of oxygen that is injected into the sediment ( O2 ,in j ) in 

the sediment as: 

O2 ,in j = ϕ ∗ [ O2 ] homog ∗ PD (12) 

Where [O2 ] homog is the oxygen concentration (in μmol 
cm−3 ) after a MBCF gear passed. We hereby assume that 
the oxygen penetration depth (OPD) in an undisturbed shelf 
sediment is negligible compared to the penetration depth of 
the MBCF gear. This assumption is a good approximation 

in coastal sediments where OPDs are generally on the order 
of millimetres (Glud 2008 ), but we will overestimate O2 ,in j 

for sediments further offshore or sandy sediments that are 
generally characterized by OPDs of around a couple of cen- 
timetres. Additionally, waves and current transport create ad- 
vective flow in sandy sediments, which can further increase 
oxygen penetration (Precht et al. 2004 ). Hence our estimated 

trecovery , 2 (eq. 11 ) should be considered a higher-end estimate.
Next, we need to calculate the time it takes to consume all 
the newly injected oxygen, which will depend on the oxygen 

consumption rate of the sedimentary layer that is mixed. The 
oxygen consumption rate can be estimated by the volumetric 
mineralization rate ( Rvol , in μmol cm−3 yr−1 ) and the penetra- 
tion depth PD, 

trecovery , 2 = O2 ,in j 

Rvol ∗ PD 

(13) 

Estimated depth-integrated POC mineralization rates ( Rint ) 
in shelf sediments fall into the range between 1 and 100 mmol 
m−2 d−1 , with an average of ∼10 mmol m−2 d−1 (Middel- 
burg et al. 1997 , Burdige 2007 ). Because both POC content 
and reactivity rapidly decrease in the upper sediment, most 
of the POC mineralization takes place in the upper 15 cm 

(Soetaert et al. 1996 , Freitas et al. 2021 ). Together, this yields 
 Rvol (= Rint / 15 cm ) between 2 and 200 μmol cm−3 yr−1 .
ecause the trecovery , 2 estimate only considers the time re- 
uired to consume all newly introduced O2 , it implicitly as-
umes that MBCF-induced mixing only stimulates mineral- 
zation by introducing additional oxygen into the sediment.
n reality, additional factors, such as the mixing of more re-
ctive fractions of surface POC with less reactive fractions 
ound at depth (“priming”) or changes in the physical pro-
ection of POC could also influence POC mineralization (van 

ugteren et al. 2009 , Bianchi 2011 , Aller and Cochran 2019 ,
hu et al. 2024 ). However, even under undisturbed condi-

ions, coastal and shelf sediments are generally subject to nat-
ral, continuous forms of sediment mixing (e.g. bioturbation 

y benthic fauna, natural resuspension events due to storms) 
Aller and Cochran 2019 , van de Velde et al. 2020 , Tiano
t al. 2024b ), and MBCF-induced mixing, given this natural
ixing, will likely have little long-term impact (Rooze et al.
024 ). 

ncertainty estimation 

o provide a robust assessment of the influence of the parame-
er uncertainties on our model estimates, we run a large model
nsemble of 10 000 runs (the median solution was found to
onverge after this number of iterations; Fig. S7 ) over the en-
ire plausible model parameter space ( Table 1 and Table 2 )
ampled with a Monte Carlo method. The sampled distribu- 
ion of each model parameter is shown in Fig. S1 - S6 . To ex-
lude outliers caused by extreme parameter choices, we re- 
oved any results that fall outside of 3 standard deviations

or the Gaussian (normal) distributions, were below 0, or fell
utside the parameter ranges given in Table 2 for uniform and
ogarithmic distributions. 

The result distribution of all ensemble runs was checked for
ormality. All data that were not normally distributed were 
ound to be log-normal distributed. We report the median,
5% percentile, and 75% percentile for all model estimates. 

esults 

obile bottom-contact fishing induced sediment 
nd particulate organic carbon resuspension 

he estimated median annual amount of sediment resus- 
ended by MBCF in the NW European shelf can reach more
han 10 kg m−2 yr−1 , but is generally in the range of 0.1-
0 kg m−2 yr−1 ( Fig. 5 A). Model results indicate that MBCF-
nduced sediment resuspension is highest in areas with high 

ilt content, such as the Norwegian trench, the Irish Sea, or
laden Ground ( Fig. 2 A, Figure 5 A), as well as in intensively

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
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Figure 5. A Sediment resuspension and B particulate organic carbon (POC) resuspension induced by MBCF fisheries (otter, seine, beam, and dredge) in 
the NW European shelf for the period 2009–2017, calculated using eqs. ( 5 ) and ( 8 ) and the POC fraction shown in Fig. 2 C. We show the median (left 
column), 25% percentile (middle column), and 75% percentile (right column) of the Monte Carlo estimate. Spatial maps of individual MBCF gears are 
shown in Figs. S8 - S9 . 
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shed areas, such as the Celtic Sea or the English Channel ( Fig.
 , Figure 5 A). 
Otter trawling is by far the most widely applied MBCF tech-

ique in the NW European shelf and is responsible for more
han 60% of all the sediment resuspended annually ( Table 3 ).
n contrast, dredging and demersal seine play a minor role in
ediment resuspension in the NW European shelf ( Table 3 ). 

Model results highlight that the estimated amount of re-
uspended POC through MBCF is mainly determined by the
OC concentration, and to a lesser degree by fishing intensity
 Fig. 5 B). The estimated amount of resuspended POC is high-
st (POC resuspension rates of > 100 g C m−2 yr −1 ) in areas
ith the highest surface POC content (POC > 1 wt %), such

s the Norwegian trench, Fladen ground, Irish Sea, and Outer
ebrides ( Fig. 6 B). In these muddier and, thus, POC-rich ar-

as, otter trawling is the dominant MBCF technique and ac-
ounts for > 80% of total annual POC resuspension in the
W European shelf ( Table 3 ). In contrast, dredge fisheries are

imited in scope and target areas of coarser grain sizes with
ower POC content and are consequently responsible for less
han 0.4% of the estimated annual POC resuspension in the
W European shelf ( Table 3 ). Demersal seining resuspends
5 times less POC than beam trawling, while its swept area is
2 times larger, mainly because the seine gear creates less drag

 Table 1 ). In the context of these comparisons, it is important
o highlight again that these estimates of MBCF-induced sed-
ment and POC resuspension are based on upscaling from a
imited set of empirical studies. Future studies are required to
urther refine these estimates to overcome the high uncertainty
f POC resuspension caused by MBCF. 
obile bottom-contact fishing induced sediment 
nd particulate organic carbon mixing 

he spatial distribution of MBCF-induced sediment mixing
oes not correlate as strongly with the areas of high silt con-
ent as the MBCF-induced sediment resuspension ( Fig. 6 A).
esults indicate that otter trawling is responsible for the

argest sediment volume mixed (75 Gt yr−1 ; Table 3 ). Beam
rawling is responsible for an estimated 6.6 Gt yr−1 , which is
ouble the estimated mixed volume for seines (3.0 Gt yr−1 ),
ue to the deeper penetration depth of the beam trawl ( Table
 ) and the application of seine in more sandy areas ( Fig. 2
nd Figure 3 ). Dredges only mix 1.3 Gt yr−1 of NW Euro-
ean shelf sediment, mainly due to their limited application
n the NW European shelf ( Fig. 3 C). 
Like the amount of resuspended POC, the amount of POC
ixed by MBCF fishing strongly depends on the POC con-

ent. The spatial distribution of the mixed POC amount thus
eflects areas of high silt (and POC) content ( Fig. 6 B). Model
esults suggest that MBCF annually mixes an estimated total
edian amount of 360 Mt C yr−1 of POC in the NW Euro-
ean shelf. Otter (320 Mt C yr−1 ) and beam (20 Mt C yr−1 )
rawling are responsible for > 90% of the total annual POC
ixing ( Table 3 ). 

nhanced mineralization due to mobile 

ottom-contact fishing induced sediment 
isturbances 

odel results reveal that MBCF-induced sediment mix-
ng stimulates POC mineralization more than sediment

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
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esuspension ( Fig. 7 ), which is expected based on the amount
f POC that is affect by mixing on an annual basis (13 times
ore). Nevertheless, the impact of sediment resuspension on 

ineralization is only 2–3 times lower than that of mixing
 Table 3 ). This non-linearity in the cause-effect relationship is
ainly related to the differences in recovery time (hours for

he mixing versus days for resuspension). In addition, the re-
ults of the ensemble run show that the estimated amount of
OC degraded due to MBCF-induced disturbances is, due to 

he orders-of-magnitude uncertainties in the parameters of the 
C model, associated with higher uncertainty than the sed- 

ment volume and POC mixing and resuspension estimates 
 Table 3 ). 

iscussion 

ur estimates of MBCF-induced POC mineralization on the 
W European shelf amount to 0.27 [0.11, 0.73] Mt C yr−1 

 Table 3 ), which is similar to the 0.4 ± 1.0 Mt C yr−1 estimated
or the North Sea by the 3D biogeochemical modelling study
f (Zhang et al. 2024 ), and two orders of magnitude lower
han the NW European shelf estimates of Sala et al. (2021) and
twood et al. (2024) ( ∼40 Mt C yr−1 ; Millage et al. 2025 ),
hile using the same 1 G POC mineralization model. 
The divergent estimates illustrate that quantifying the im- 

act of MBCF on marine OC sequestration is not a trivial
ask. Our analysis suggests three main groups of parameters 
ontribute to the overall uncertainty on the impact on ma-
ine OC sequestration; (i) spatial distribution of gear-specific 

BCF activities, sediment type, POC content, and POC re- 
ctivity, (ii) parameters related to estimating the physical im- 
act of MBCF on the seafloor, and (iii) parameterization of
he POC mineralization, notably including parameters related 

o the impact of disturbance on the POC reactivity. Below,
e give examples of each group of potential sources of un-

ertainty, and we put our analysis and the various estimates
nto perspective, including how the non-normal distribution 

f some of the parameters can lead to a large increase in the
nal uncertainty. 
The critical first step in any assessment is to know the spa-

ial distribution of MBCF gear activity, sediment type (or silt
raction), POC concentrations, and the reactivity of seafloor 
OC. Fishing distribution maps were based on VMS-based 

AR estimates (ICES 2021 ) rather than Global Fishing Watch
ata products derived from Automatic Identification System 

AIS). Our study used these estimates, while Sala et al. (2021)
nd Atwood et al. (2024) started from AIS-derived fisheries 
istribution, and Zhang et al. (2024) combined AIS and VMS.
he VMS-based SAR data have a lower resolution (0.05◦ by 
.05◦, ∼20 km2 in the NW European shelf) than the AIS-based
ffort distribution maps (0.01◦ by 0.01◦, ∼1 km2 , depending 
n latitude). Our study nevertheless focused on the lower res-
lution data, because they did not compromise the even lower
esolution of the sediment maps (0.125◦ by 0.125◦, Wilson et 
l. 2018 ). VMS-based SAR data were preferred over the AIS-
erived products, because AIS may not only be turned off, and
ave limited data coverage (Shepperson et al. 2018 ) but it may
lso lead to biased effort estimates (Hintzen et al. 2025 ) and
t is not coupled to logbook data with gear specifications. De-
ailed logbook data provide a better match of SAR estimates
ith the categorization of fishing activities into gear groups 
ith diverging seabed impacts. Indeed, VMS-based SAR esti- 
ates are based on vessel speeds, but also on métier defini-

ions of gear and targeted species, length overall, and vessel
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Figure 6. A Sediment mixing and B particulate organic carbon (POC) mixing induced by MBCF fisheries (otter, seine, beam, and dredge) in the NW 

European shelf for the period 2009–2017, calculated using eqs. ( 10 )-( 11 ) and the POC fraction shown in Fig. 2 C. We show the median (left column), 25% 

percentile (middle column), and 75% percentile (right column) of the Monte Carlo estimate. Spatial maps of individual MBCF gears are shown in 
Figs. S10 - S11 . 

Figure 7. Enhanced organic carbon mineralization due to A sediment resuspension and B sediment mixing induced by MBCF fisheries (otter, seine, 
beam, and dredge) in the NW European shelf for the period 2009–2017, calculated using eq. (3) and (4). We show the median (left column), 25% 

percentile (middle column), and 75% percentile (right column) of the Monte Carlo estimate. Spatial maps of individual MBCF gears are shown in 
Figs. S12 - S13 . 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf154#supplementary-data
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power, which are specified in the logbook data. These param- 
eters can subsequently be coupled to gear-specific inference 
of gear width using questionnaire-informed data on métier- 
tailored gear design, dimensions, and related fishing power 
(Eigaard et al. 2016 , Rijnsdorp et al. 2020 ). Rickwood et al.
(2025) for instance, challenged the reliability of global fishing 
footprints due to the lack of representative data on commer- 
cial gear designs. 

The areal extent of our study region was largely defined 

by the availability of sediment data. In regions such as North 

America or Northern Europe, detailed spatial maps of silt frac- 
tion and POC concentration are available and continuously 
being improved (see e.g. Wilson et al. 2018 , Diesing et al.
2021 , Epstein et al. 2024 ), whereas in other, data-poor, ocean 

regions these maps are quasi non-existent. Efforts to map the 
global seabed characteristics could fill that gap but suffer from 

coarse resolution and the need to extrapolate the data. The 
larger issue is the lack of any information on the reactivity 
of the POC in the seabed, which will determine the impact 
MBCF on the global carbon cycle. Recent efforts to create lo- 
cal spatial maps using qualitative measurements using pyroly- 
sis (such as done in Smeaton and Austin 2022 ) help, but do not 
allow for a quantitative estimation of the amount of organic 
carbon that is mineralized. Recent efforts to constrain organic 
carbon mineralization rates across several environments show 

that data coverage is sparse (Freitas et al. 2021 ) and highlight 
the need for quantitative measurements of organic carbon re- 
activity in the seafloor. 

To estimate the physical impact, we quantified how much 

sediment is mixed by the penetration in the seabed and how 

much sediment is resuspended by the drag that is created 

by a passing MBCF gear. The penetration depth of the gear 
is an important parameter to assess the mixing component.
A global meta-analysis categorized fishing gears into four 
generic groups with increasing penetration depths from ot- 
ter trawls over beam trawls to toothed and hydraulic dredges 
(Hiddink et al. 2017 ). The penetration depths of individual 
gear components vary but have been summarized to an over- 
all gear penetration depth by a weighted average using the 
spread of the individual gear components over the whole gear 
width. Métier-specific penetration depths have been inferred 

using the width of gear components (Rijnsdorp et al. 2020 ,
Szostek et al. 2022 ), and sediment-specific penetration depths 
were also inferred from the same global database (Pitcher et al.
2022 ). While these global meta-analyses are to our knowledge 
the best available summarizing source on penetration depth,
we should be aware that they may be subject to publication 

bias (e.g. when impacts may be expected hard to quantify, such 

as for shrimp-targeting beam trawls or Danish seines), or out- 
dated information (e.g. the one study on beam trawl impacts 
in gravel dates back to 1972). The penetration depth has only 
been quantified for a limited number of MBCF, leading to a 
large uncertainty on this parameter ( Table 1 ) and consequent 
sediment volume estimates ( Table 3 ). 

While the uncertainty in the created drag of specific MBCF 

gears has been accounted for, gear designs are variable and 

introduce uncertainty, which we could not fully account for.
Furthermore, the drag has only been experimentally quanti- 
fied for a limited number of MBCF gear types and experimen- 
tal trials. Not all these quantifications included an uncertainty 
assessment, and a global meta-analysis, as was done for pen- 
etration depth, was not available. This lack of empirical data 
forced us to make assumptions about the drag of, for exam- 
le, seine and dredges, which led to further unaccounted un-
ertainty. Zhang et al. (2024) also discriminated physical fish- 
ng impact from mixing and sediment resuspension. They ap- 
roached sediment mixing numerically using a scenario-based 

ssessment with two physical mixing coefficients (Porz et al.
024 ), while sediment resuspension was based on hydrody- 
amic drag as in our study. Despite the progress in includ-

ng sediment resuspension from individual gear components,
t should be noted that Rijnsdorp et al. (2021) stressed that
he hydrodynamic drag of net panels requires further study 
o be closer aligned with empirical data. While both studies
ollowed the classification of physical impacts into geotech- 
ical or hydrodynamic effects, as suggested by the review of
’Neill and Ivanovic (2016) , Sala et al. (2021) and Atwood et

l. (2024) did not discriminate between those physical impacts 
ut focused on the average gear penetration depth only. 
Similarly, empirical estimates show that the fishing impacts 

n OC are uncertain. Epstein et al. (2022) showed no sig-
ificant effect of mobile fishing in 61% of 49 studies, while
9% reported a decrease and 10% reported an increase in
C. The empirical data underpinning Zhang et al. (2024) il-

ustrated that for a similar mud percentage, there is less OC
t higher than at lower MBCF intensities. Tiano et al. ( 2024 )
oncluded that total OC increased in chronically fished areas,
hough they attributed this to an artefact of MBCF behaviour,
here fishing was done more often in productive, and thus
OC rich, areas. 
Another substantial source of uncertainty is the impact of 
BCF disturbances on the reactivity of the POC. To have any

mpact on POC mineralization, and thus POC sequestration,
isturbances must lead to a change in reactivity. There has
een very little research directly comparing POC reactivity 
ithin the sediment versus in suspension, which leads to a

arge uncertainty in the potential changes in POC reactivity.
his impact of resuspension will also vary between sediment 

ypes (see, e.g. Kalapurakkal et al. 2025 ). Further uncertainty
elates to the timescales of impact, as well as potential long-
erm impacts due to priming (van de Velde et al. 2018 , Zhu
t al. 2024 ), or impairment of benthic ecosystems (Katz et al.
016 , Hiddink et al. 2017 , Epstein et al. 2022 ). Our analy-
is shows that the uncertainty related to the POC mineraliza-
ion parameters follows a log-normal distribution and is large
ompared to most other parameters, which leads to almost an
rder of magnitude increase in the 25%-75% interpercentile 
ange ( Table 3 ). Gains can be made if we can better constrain
he POC reactivity parameters through targeted resuspension 

xperiments with different sediment types and depths. Addi- 
ionally, the differences in reactivity will probably differ lo- 
ally, as certain systems exhibit higher rates of natural resus-
ension (such as most transient depositional areas on the NW
uropean shelf; Fig. 1 ) and will thus be expected to be less af-

ected by anthropogenic disturbance events than systems with 

ower rates of natural resuspension. 
Finally, another major reason for this orders-of-magnitude 

ifference in regional POC mineralization estimates can be 
ought in the parametrization of the 1 G models. There are
ssentially 6 parameters that need to be constrained to cal-
ulated MBCF-induced POC mineralization using the simple 
 G model (Eq. (3) and (4)); (i) Cdist , which is the concentra-
ion of disturbed POC, (ii) trecovery , which is the duration of
he disturbance (i.e. the timescale over which mineralization 

s calculated); (iii) k , which is the mineralization rate constant.
ecause we are assessing the impact of a disturbance event, 2
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 -values need to be considered; kundisturbed , which is the reac-
ivity without any disturbances, and kdisturbed , which reflects
he reactivity change upon disturbance. Like Sala et al. (2021)
nd Atwood et al. (2024) , we derive the parameter Cdist from
imilar gridded POC datasets, which show minimal variation
nd is thus not expected to be the source of the large dis-
repancies between studies. Instead, the main difference be-
ween our model approaches lies in the parameterization of
he first-order rate constant k and the mineralization timescale
 trecovery ). 

Hiddink et al. (2023) critically discussed the choice of the
rst-order decay constant k , suggesting that the use of k values
hat are too high can inflate the POC mineralization. Atwood
t al. (2024) tested a first order of magnitude reduction in de-
ay constant k , and found that this only halved the original
odel estimates by Sala et al. (2021) , and can therefore not

ully account for the higher estimates of Sala et al. (2021) and
twood et al. (2024) versus our study and Zhang et al. (2024) .
ur study also discriminated between k -values from disturbed

ersus undisturbed sediments. We chose kundisturbed values (i.e.
he POC reactivity in the absence of disturbances) in the range
f 10−4 –10−1 yr−1 , which are representative of POC fractions
n the first 5-10 cm of continental shelf sediments and agree
ell with observations from the studied area (Arndt et al.
013 , van de Velde et al. 2018 , De Borger et al. 2021 , Freitas
t al. 2021 ). We subsequently calculated the impact of MBCF
y increasing the kundisturbed values with a factor 1–5, using the
stimated impact of oxygen exposure to POC mineralization
Katsev and Crowe 2015 ), and corrected this MBCF-induced
ineralization rate by the mineralization rate under undis-

urbed conditions (Eq. (3) and (4)). Because the oxic miner-
lization constants of Katsev and Crowe (2015) were mostly
erived from water column data, they integrate all effects of
esuspension, including the effect of potential desorption of
OC from the mineral matrix (Hedges and Keil 1995 , Burdige
007 ). This is in contrast to the Sala et al. (2021) approach,
hich (i) implied that POC in the sediment is unreactive un-

ess it is disturbed by MBCF (i.e. the entire amount of POC
isturbed and degraded during an MBCF event contributes
o the additional carbon release), and (ii) used k values that
re comparatively high and representative of highly reactive
OC at the sediment surface, rather than the more unreactive
OC within the sediment. Later, Atwood et al. (2024) eased
ssumption (i) by assuming that 75% of the POC that reaches
he sediment is mineralized regardless of whether it has been
isturbed by MBCF or not. 
Sala et al. (2021) , and later Atwood et al. (2024) and Mil-

age et al. (2025) , assigned a constant value of 1 year to the
ecovery timescale (i.e. trecovery = 1 ). Practically, this implies
hat a passing MBCF gear will impact POC mineralization for
ne year. More importantly, this treatment also implies that,
n the case of more than one MBCF event per year, the impact
ill count double (for two MBCF events per year), triple (for

hree MBCF events per year), and so on. Here, we constrain
wo different trecovery by estimating the time a POC particle
emains in suspension (for MBCF-induced resuspension) and
he time a POC particle is re-exposed to oxygen mixed into the
ediment (for MBCF-induced mixing) (Section 2.3.3). Our es-
imated impact times are in the order of hours to days. Thus
ur POC mineralization estimates will be 1.5 (if trecovery is 1
ay)–20 (if trecovery is 1 hour) times lower than if using 1 year
note that trecovery is in the exponent in Eq. ( 2 ), so changes in
recovery do not linearly scale with changes in the Rmin ). 
By estimating the excess mineralization over the natural
ineralization that would occur without disturbances, we di-

ectly calculate the reduction in POC storage and eventual
OC removal through burial. However, our analysis does not
ccount for other carbon cycle feedbacks, such as the impact
n primary productivity through nutrient release, the impact
f injecting more reactive POC from the surface into deeper,
noxic layers, as well as MBCF impacts on the benthic com-
unities and their effects on remineralization. We addition-

lly are not able to account for altered carbon transport path-
ays by the MBCF-induced resuspension. Once resuspended,
OC could be transported off shelf to the deeper ocean, which
ould increase the burial—or it could settle on the shelf in
 very different environmental context (e.g. more rapidly ac-
umulating sediment, more sandy sediment with higher O2 

upply, etc.) and thus degrade faster/slower than in the undis-
urbed case where it would remain in its original environ-
ental context. No models currently exist that can account

or the full range of environmental conditions and the re-
ation to POC reactivity. Models such as the ones used by
Porz et al. 2024 ) and (Zhang et al. 2024 ), have a sediment
ransport scheme and a very simplified POC mineralization
cheme. Their simulations suggest that part of the direct im-
act of MBCF is offset by secondary impacts, particularly on
enthic ecosystem functioning (e.g. fauna mortality), but these
ssumptions bring in additional uncertainties (e.g. the impact
f benthic fauna on POC mineralisation) (Epstein et al. 2022 ,
iano et al. 2024a ). These 3D models require a lot of work

o set up and validate, and include many parameters that in-
roduce additional uncertainties. They also need high compu-
ational resources to run and are thus costly and energy in-
ensive. In contrast, simple models like the one employed here
llow for a fast first-order estimate of the potential impact,
nd when employed correctly, give numbers that are close to
he more complex models. Our simulation study intends to
pply yet another approach to address the same underlying
uestion, i.e. assessment of MBCF effects on carbon seques-
ration, to contribute to the robustness of the findings (Mu-
afò and Davey Smith 2018 ), and in case of disparate find-
ngs, to stimulate scientific progress by addressing underlying
odel assumptions. The underlying rationale of our simula-

ion study is not to be found in its direct implementation in
anagement, but rather to contribute to understanding how
ncertainties may propagate and require being accounted for
rior to making policy actions (Cochrane et al. 2024 ). 

ummary and conclusion 

BCF leaves a major imprint on the sediment dynamics and
arbon cycle of continental shelf seas. By re-evaluating the pa-
ameterization used in previous high-end model estimates and
asing this parametrization on the large body of empirical as
ell as model derived values, we arrive at a potential increase

n NW European shelf OC mineralization of 0.27 [0.11, 0.73]
t C yr−1 , which is an order of magnitude smaller the previ-

us estimates but agree well with more recent 3D model es-
imates. Yet, the estimate presented here still has a consider-
ble uncertainty range of 0.62 Mt C yr−1 , which is primarily
aused by uncertainty in POC reactivity parameters. Uncer-
ainty also arises from unaccounted processes and our generic
nderstanding of sediment mechanics and fishing interactions.
ecent efforts to constrain OC mineralization rates across sev-
ral environments show that data coverage is still sparse (Fre-
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itas et al. 2021 ) and highlight the need for quantitative mea- 
surements of OC reactivity in the seafloor. Additionally, the 
impact of resuspension and mixing on OC mineralization rate 
is poorly constrained due to the lack of local and mechanis- 
tic studies, including experimental studies on impacts of var- 
ious fishing gears in different sediment types. Targeted stud- 
ies should aim to experimentally constrain the difference in 

OC reactivity within the sediment and during resuspension, as 
well as to better understand gear-specific effects. These exper- 
iments will need to be conducted on a wide range of different 
sedimentary environments. 

We have only focused our estimates on the increase of POC 

mineralization rates following MBCF -induced disturbances. 
However, in certain transitional systems like the flanks of the 
Norwegian trench or the Iberian margin, MBCF could poten- 
tially accelerate natural transport pathways, potentially lead- 
ing to more carbon sequestration by bringing POC faster to 

the deeper parts of the ocean. MBCF can also reduce sedi- 
mentary alkalinity production (van de Velde et al. 2025 ), and 

increase nutrient release to the water column, which will fur- 
ther influence the carbon cycle. More detailed regional studies 
that consider regional transport as well as transformations in 

the water column and seafloor, such as those of Zhang et al.
(2024) and Porz et al. (2024) , will help to assess the overall 
impact of MBCF on carbon cycling in the different regional 
seas, as well as evaluate the efficiency of management plans 
concerning MBCF fisheries. 
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