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Abstract

Trawl-fishing is broadly considered to be one of the most destructive anthropogenic activities
toward benthic ecosystems. In this study, we examine the effects of bottom-contact fishing by otter
trawls on the geochemistry and macrofauna in sandy silt sediment in an area of the Baltic Sea where
clear spatial patterns in trawling activity were previously identified by acoustic mapping. We
calibrated an early diagenetic model to biogeochemical data from various coring locations. Fitting

measured mercury profiles allowed for the determination of the sediment mixing and burial
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velocity. For all sites, independent of the trawl mark density, good fits were obtained by applying
the model with the same organic matter loading and parameter values, while iron fluxes scaled
linearly with the burial velocity. A sensitivity analysis revealed that the fitted sulfate reduction rate,
solid sulfur contents, ammonium concentration, and both the isotopic composition and
concentration of dissolved inorganic carbon provided reliable constraints for the total
mineralization rate, which exhibited a narrow range of variability (around +20% from the mean)
across the sites. Also, the trawling intensity did not significantly correlate with total organic carbon
contents in surficial sediment, indicating limited loss of organic matter due to trawling. The fits to
the reactive iron, acid volatile sulfur, chromium(Il) reducible sulfur contents, and porewater
composition demonstrate that sediment burial and mixing primarily determine the redox
stratification. The mixing depth did not correlate with trawling intensity and is more likely the
result of bioturbation, as the analyzed macrofaunal taxonomy and density showed a high potential
for sediment reworking. The extraordinarily long-lived Arctica islandica bivalve dominated the
infaunal biomass, despite the expectation that trawling leads to the succession from longer-lived to
shorter-lived and bigger to smaller macrofauna. Our results further suggest that a clear geochemical
footprint of bottom-trawling may not develop in sediments actively reworked by tenacious

macrofauna.

1. Introduction

Coastal sediments play a critical role in global biogeochemical cycles by processing high loads of
organic matter (OM) and removing and recycling nutrients in ecosystems. About 70-90% of the

global ocean OM burial and more than half of sedimentary OM mineralization has been estimated
2
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to take place in continental shelf sediments that only account for 7% of the total seafloor (Berner,
1982; Middelburg et al., 1997; Thullner et al., 2009). The shelves have increasingly become
exposed to bottom-trawling, affecting currently 14% of the global and >50% of the European shelf
and continental slope sediments at <1000 m water depth, respectively (Amoroso et al., 2018).
Currently, the consequences of this disturbance for OM storage and mineralization are not well
understood and fiercely debated (Luisetti et al., 2019; Paradis et al., 2021; Sala et al., 2021; Epstein

et al., 2022; Hiddink et al., 2023; Atwood et al., 2023).

The drag force exerted by trawling gears can scrape off, resuspend, and mix sediments (e.g.,
Palanques et al., 2001; O’Neill and Summerbell, 2011; Oberle et al., 2016). Sediment resuspension
may lead to sediment coarsening and loss of organic carbon associated with fine-grained materials
(Pusceddu et al., 2014; Paradis et al., 2019). Both sediment mixing and resuspension can increase
OM exposure to Oz, which enhances mineralization. These impacts may be offset by the tendency
of bottom-trawling to kill particularly larger animals (Kaiser et al., 2006), which decreases
bioturbation (e.g., Queirds et al., 2006; Olsgard et al., 2008; McLaverty et al., 2020), i.e., the natural
stirring and oxygenation of sediment by benthic macrofauna that may also enhance sediment
resuspension (Hir et al., 2007). Trawling and natural disturbances can affect mineralization rates
through other mechanisms: for instance, by bringing deeper buried OM closer to the sediment-
water interface (SWI, Pusceddu et al., 2005), changing the benthic trophic state (Watling et al.,
2001; Polymenakou et al., 2005), and by priming microbial communities at depth with fresh OM

(see for more hypotheses van de Velde et al. [2018]).

Unraveling the footprint of trawling through observational and experimental studies has

proven to be a daunting task. Observational studies commonly analyze statistical trends along
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trawling intensity gradients (Nielsen et al., 2023). While advantageous for making inferences about
long-term ecosystem impacts, these studies often rely on less reliable indices for trawling activity
based on tracking data of fishing vessels (Muench et al., 2018). Furthermore, fishing activity may
correlate with other environmental parameters, such as water depth and sediment substrate
(Hintzen et al., 2020; Mazor et al., 2020; Downie et al., 2021; Bastardie et al., 2021), making it
challenging to isolate the effects of trawling on diagenetic processes. Trawling experiments that
monitor the conditions before, during, and after a trawling event or compare the effects to a control
area may be better posited to uncover causal relationships. The drawback of these studies is their
focus on analyzing the local effects of fresh trawl marks. Experiments typically last for one or a
couple of days, limiting the quantification to short-term impacts. However, a few studies have also
examined the effects of repeated trawling over several months (Lindeboom and De Groot, 1998;

Smith et al., 2000; Bhagirathan et al., 2008; Ferguson et al., 2020).

A meta-analysis by Epstein et al. (2022) found that 49 studies determined the effects of
bottom-trawling on carbon stocks, with 10% reporting an increase, 29% a decrease, and 61% no
significant change. Only 7 studies reported the effect on benthic OM mineralization, of which 4
reported an increase and 3 a decrease in mineralization rates. Similarly, varying results have been
reported concerning the effects on sediment-water exchange fluxes of nutrients and oxygen (e.g.,
Warnken et al., 2003; Durrieu de Madron et al., 2005; Zacharia et al., 2006; Morys et al., 2021;
Bradshaw et al., 2021). Many factors may have contributed to the varying results: The fishing gear,
towing intensity, and sediment lithology determine the generated drag force and amount of
resuspended materials (O'Neill and Ivanovi¢, 2016; Eigaard et al., 2015). The sensitivity of the

benthic macrofauna to trawling depends on the trawling gear and characteristics of the species (e.g.,
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typical life cycle, proximity to the seafloor, and body structure; Kaiser et al., 2006). At locations
accustomed to sediment mixing and resuspension caused by waves and bioturbation, trawling may
have less impact on the early diagenetic processes (Kaiser, 1998; Duplisea et al., 2001; Tiano et al.,
2022). Long-term carbon storage requires sufficiently high deposition and mild hydrodynamic
conditions for net sedimentation (Epstein et al., 2022). Other than that, benthic mineralization rates
and OM burial strongly depend on the organic matter reactivity and loading, bioturbation,
sedimentation rate, and type of sediment substrate, which are factors generally important for early

diagenesis (e.g., Berner, 1980; Boudreau, 1997; Arndt et al., 2013).

Modeling plays a vital role in assessing the importance of anthropogenic pressures and
environmental parameters, allowing for the generalization of observational and experimental
findings. The impact of various trawling gear and sediment substrate on the benthic trophic state,
infauna, and carbon and nutrients fluxes has been investigated in models that divide the sediment
into two or three compartments, representing different redox conditions (Duplisea et al., 2001;
Allen and Clarke, 2007). Recent studies have taken a step further by incorporating trawling activity
in depth-resolved early diagenetic models (de Borger et al., 2021; van de Velde et al., 2018).
Trawling is treated as intermittent disturbance events, whereby the mechanical impact of trawling
is assumed to mix the sediment and porewater and to resuspend sediment, causing OM loss.
Additionally, trawling is simulated as a factor that kills benthic macrofauna, resulting in a sudden
decrease in bioturbation activity, which may recover slowly afterward (de Borger et al., 2021).
Early diagenetic models allow for rates of complex processes, such as mineralization, which cannot
be directly measured, to be constrained by integrating various (bio-)geochemical data. Estimates

of the global impact of trawling on the carbon cycle have been modeled, relying on parameters
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constrained by the models, such as OM reactivity (Sala et al., 2021; Hiddink et al., 2023; Atwood
et al., 2023). However, a lack of studies integrating field data from trawled locations hinders

comprehensive understanding.

In this study, we analyze biogeochemical and macrofaunal data from sediment cores
obtained from locations with sandy silt sediment, experiencing varying degrees of trawling
intensity (Schonke et al., 2022). The dataset is used to calibrate a model, enabling us to investigate
the influence on diagenetic processes. This comprehensive approach allows for comparisons of
mineralization, burial, and mixing dynamics among the locations, facilitating an assessment of the

effects of both bottom-trawling and bioturbation on sediment processes.

2. Material and methods

2.1. Study site, seafloor mapping, and coring locations

The research cruise EMB238 was undertaken in May/June 2020 in the Fehmarn Belt area of the
southern Baltic Sea. The aims were to survey the pre-closure conditions in a designated part of a
marine protected area (MPA) and a nearby control area, where fishery will continue after the
exclusion. The focus areas surveyed within and outside MPA cover 4.7 km? and 3.7 km?,
respectively, and lie 1.7 km apart from each other (Fig. 1). They are located west of an abrasion
platform and characterized by sandy silt sediment with a fine sand component (BSH, 2016;
Schonke et al., 2022), inhabited by so-called “Arctica community” (FEMA, 2013). There was a
ban on targeted cod fisheries in the Baltic Sea in 2019 (ICES, 2021b,a) due to its stock collapse,
but bottom-trawl fishing targeting other fish species (sprat, flatfish) remained in the MPA and also

in the control area. Four sampling stations were selected in each focal area with different trawling
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intensities based on an initial evaluation of preceding acoustic mapping with side-scan sonar. In
2020, technical issues with the multibeam echosounder (MBES) caused a significant data loss from
outer beams. Resolving the issue resulted in better data quality and coverage in the EMB267 cruise
to the same area in June 2021. However, the trawling index based on the computed volume of trawl
mark incisions per 10 m x 10 m tile, using a threshold of 5 cm depth, could be calculated for both
years. In this study, we adopt trawling indices based on the total furrow volume per area, as

previously reported by Schonke et al. (2022) for the EMB267 cruise.

A comparison of the trawl mark patterns from the two different years showed that while the
large-scale pattern across the survey area remained stable, the individual furrows showed
significant local spatial variability (Schonke et al., 2022). When examining the trawl mark patterns
based on MBES data in the research areas, clear trends in the trawling activity can be observed
(Fig. 1). Intensive trawling occurs in the southern region of the control area, which borders an
elevated abrasion platform with boulders. The high density of trawl marks running parallel to the
platform (Fig. 1C) suggests that fishers expect higher catches in this area. Fishers appear to avoid
a buoy northeast of the control area (Fig. 1C) and revolve around a shipwreck in the area’s
northwestern part within the designated MPA area (Fig. 1B). We consider 10 m x 10 m tiles with a

furrow volume of more than 1 m? to form the main trawling lane.

2.2. Sampling devices and procedures

Sediment samples were collected using a multicorer equipped with 60 cm long acrylic tubes having
a 10 cm internal diameter. Up to three parallel short sediment cores were obtained at each location,
serving for both geochemical and macrofaunal analyses. Special care was taken to discard sediment

cores potentially disturbed during sample collection, indicated by an inclined SWI or broken
7
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characteristic structures compared to the parallel cores. Three replicate samples were collected by
the Van Veen grab at every location (sampling area 0.1 m?) for sampling benthic macrofauna. At
each location, a surface sediment sample was taken from a separate core for later grain size (optical)
analyzes, whereas values for near-bottom salinity, temperature, and oxygen content were obtained

from CTD.

An underwater positioning device (EvoLogics Sinaps USBL) attached to the multicore
system provided a positioning accuracy of less than 1 m. Examination of sample positions overlain
with the acoustic map suggests that none were located directly on a trawl furrow or mound.
Additional information about the locations with GPS coordinates and local furrow volume is shown

in Table S1 in the supplement.

2.3. Geochemical analyses

Porewaters were collected from intact multicorer cores with rhizons (0.15 um pore width,
Rhizosphere) after siphoning the overlaying water to ca. 1 cm from the SWI. Porewaters were
collected at 1 cm intervals from 0-5 cm depth, then from 2 cm intervals from 5-15cm depth,
followed by 5 cm intervals from 15-25. Immediately upon sampling, solutions were aliquoted into
different vials preserved for the respective analyses. Samples for DIC and §'3C-DIC were preserved
with saturated HgCl2 solution and kept in exetainers dark and cool until further analysis by
continuous flow isotope-ratio-monitoring mass spectrometry (Winde et al., 2014). The DIC
concentrations and isotopic compositions were measured using a Thermo Gasbench II connected
to a Thermo Finnigan MAT 253 gas mass spectrometer via a Thermo Conflo IV split interface
(Winde et al., 2014). Samples for NH4 were kept frozen until photometric analysis on a QuAAtro

multi-analyzer system (Seal Analytical, Southampton, UK; Lipka et al., 2018). Samples for
8
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dissolved major and trace elements (Na, K, Ca, Mg, Li, Sr, Mn, Si, S, Fe, P) were preserved with
concentrated HNO3 and refrigerated until analysis by ICP-OES (Thermo ICAP 7400; Von Ahn et
al., 2021). Samples for sulfide were preserved with 5% Zn(OAc): solution and analyzed
photometrically (Specord 40 spectrophotometer, Analytik Jena) following the method proposed by

Cline (1969).

Sediment samples were collected immediately from intact sediment cores via extrusion at
1 cm intervals for the top 5 cm and 2 cm intervals for the remainder of the core. Care was taken to
prevent sampling of the potentially disturbed outer rim. Sediment samples were split, whereby half
of these were preserved with Zn(OAc)2 solution and kept frozen until analysis for chromium(II)
reducible sulfur (CRS, mostly pyrite) and acid-volatile sulfur (AVS) via a two-step distillation
following Fossing and Jergensen (1989). Sulfide concentrations were measured photometrically
(see above). The second half of the sediment samples were kept frozen in closed plastic vials until
subsequent analysis of water content via mass loss upon freeze drying, from which the porosity
was calculated. The freeze-dried sediment was homogenized and analyzed for total carbon, total
nitrogen, and total sulfur (TC, TN, TS) with a Eurovector elemental analyzer, total inorganic carbon
(TIC) with an Analytik Jena analyzer using infrared spectroscopy after phosphoric acid reaction
and total mercury (THg) with a DMA 80 element analyzer (Leipe et al., 2013). The total organic
carbon (TOC) content was calculated from the difference between TC and TIC (Al-Raei et al.,
2009). Freeze-dried sediments were extracted with 0.5 M HCI to obtain extractable major, minor,
and trace metal contents (Ca*, Mg*, Sr*, Fe*, Mn*, Pb*, Cd*, Zn*) and phosphorus (P*) that were

analyzed by ICP-OES (Thermo iCAP 7400; e.g., Von Ahn et al., 2021).
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2.4. Sulfate reduction rate measurements

Sulfate reduction rates (SRR) were quantified using incubations of intact sediment cores with
radioactive ¥SO4* radiotracer (Jorgensen, 1978). Using a single multicorer core per sampling site,
three 40 cm-long acrylic tubes (30 mm OD, 24 mm ID) were pushed vertically into the sediment
to retrieve mechanically undisturbed subcores. Along its side, each tube has a single row of 2 mm
holes drilled in 1 cm resolution, the holes are sealed with silicone to avoid seepage of porewater
but allow injection of radiotracer. When inserting the acrylic tubes, suction was applied to avoid
compression of the sediment. The subcores always contained more than 20 cm of sediment and a
few of the overlying bottom water to allow for undisturbed incubations from the SWI down to 20
cm. Immediately after retrieval of the multicorer, the core was subsampled and the three
subsampling tubes stored in an incubator at approximately in-situ temperature (10 °C). Incubations
were initated the same day. For incubation, 200 kBq of radiotracer was injected into each hole
from the SWI down to 20 cm. Immediately after injection of radiotracer, the core tube was put back
into the incubator and incubated for 24 h. Incubations were terminated by pushing the sediment out
of the subsampling tubes, slicing them into depth sections and transferring the sediment into 50 mL
centrifuge tubes, filled with 10 mL of 20% (w/v) zinc acetate solution. Before slicing, the remaining
bottom water was siphoned off with a syringe and treated the same way as sediment samples. The
following depth resolution was used on all cores: 0-6 cm: 1 cm, 6-10 cm: 2 cm, 10-20 cm: 5 cm.
The vials were thoroughly shaken to break up all sedimentary structures and effectively stop all
microbial activity. Due to lack of freezer space the fixed samples were stored at room temperature.
Back in the home lab, the microbially produced reduced inorganic sulfur compounds (TRIS, total

reduced inorganic sulfur) were separated from the bulk sample using cold chromium distillation

10
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(Kallmeyer et al., 2004). Radioactivity was quantified by scintillation counting.

2.5. Macrofaunal analysis

Sediment from grab samples included in this study was sieved using a 1.0 mm sieve mesh size. Ten
sediment cores were also sliced (in 2 cm steps down to 10 cm sediment depth, 10-15 cm, and the
rest below 15 cm) and sieved using a 0.5 mm sieve mesh size to estimate the vertical distribution
of macrobenthos. Biological material was preserved in a 4% buffered formaldehyde—seawater
solution. In the laboratory, the organisms were sorted, identified to species level (with the exception
of genus Phoronis and family Naididae), and counted and weighted to obtain data on species
abundance and biomass. The nomenclature followed the World Register of Marine Species

(WoRMS Editorial Board, 2020).

The bioturbation potential (BPc; Solan et al., 2004) was calculated for each sample as a
proxy for sediment mixing activity, following the methodological details described in Gogina et al.

(2020). It is defined as

n Bl
BPC = z ZAiMl'Ri
=1\t

where, for each taxon (i), Bi/Ai is the mean individual biomass, and A4; is the abundance (units
individuals/m?) at each sample. M; and R; are categorical scores for mobility and sediment
reworking, respectively, assigned to each taxon based on ecological knowledge. In cases where
trait categories were deemed irrelevant or negligible concerning sediment mixing or solute
exchange across the sediment-water interface (e.g., for epifauna), a score of zero was assigned,

leading to no contribution of specific species to BPe.

11
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2.6. Description of the early diagenetic model

A reaction-transport model was applied, simulating the key dynamics of coupled benthic oxygen,
nitrogen, manganese, iron, sulfur, and carbon cycles during early diagenesis. It follows a classical
approach (Wang and Van Cappellen, 1996; Boudreau, 1997) without accounting explicitly for

bottom-trawling events.

2.6.1. Transport and governing equations

The concentration profiles of solids and solutes were described as

A=) =2 [(1 = $)Dr 22— (1= Po)WeoCi] + X, (1 — ) VisRe (1)
and

ac; _d —2 ac;
$2L = 2 [G(Dy872 + Dp) 22 — PouWor G] + T § ¥ Ric + d(Co — C) )

respectively, whereby ¢ is the fitted porosity, w is the burial velocity, R is the reaction term, y
denotes the stoichiometric coefficient for reactions, D,, is the molecular diffusivity, 62 is the
sediment tortuosity, Dy is the turbation diffusivity, and a is a non-local transport parameter
(Boudreau, 1997). The molecular diffusivities were corrected for salinity, temperature, and
pressure, which were set to 18.8, 10 °C, and 2 bar, respectively. For DIC and alkalinity the
diffusivity of HCO3™ was used. Subscripts 0 and oo indicate evaluation at the SWI and below the
compaction zone, respectively, throughout the text. The terms containing D and & commonly
represent bioturbation in the form of biodiffusion and bio-irrigation, respectively (Boudreau, 1997,
Kristensen 190 et al., 2012), but here we will refer to it as turbation and non-local transport, as it
may also account for disturbances caused by bottom-trawling. The vertical profiles of the fitted

12
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porosity (¢), turbation (Dr), and non-local transport () each follow an exponential decay function

YF = 9f — @WE —pEe /" 3)

whereby uppercase ‘E’ is replaced by the respective symbols to distinguish the profiles of different
parameters, Y& is the fitted value at the SWI, and nf is the fitted e-folding distance. Y27 for
turbation (E = Dr) is set to 0. In the baseline simulations, irrigation (E = «) is turned off, and in

separate testing simulations where it is turned on, it decays to 0 at depth (i.c., Y& = 0). For porosity

(E =9), I/Ji), is the porosity below the compaction zone. For unit conversions, a solid-phase density

of 2.6 g cm™> was assumed.

2.6.2. Constraining solid-phase transport by fitting measured mercury profiles

To constrain the transport of solids, we first fitted mercury (Hg) profiles in a separate model.
Mercury is a contaminant released in large quantities in the Baltic Sea from the 1950s until the
1970s/1980s, after which the inputs decreased (Leipe et al., 2013). The imposed flux for metals at

the SWI is modeled as

For mercury (M = Hg), the parameter ((I){ £ was set to 0, and (lH ¢ was fitted as a time-dependent
parameter (see the results section). At the bottom, a zero-gradient boundary condition was imposed.
The model did not account for reactions. We have tested the effect of desorption in a model (not
shown) but found that it had a negligible effect on the solid-phase Hg content, as Hg adsorption to
sediment is strong (K ~ 1033 kg/L; Hollweg et al., 2009). The ReacTran package in R (Soetaert
and Meysman, 2012; R Core Team, 2022) was used to implement Eq. 1, whereby a model domain

length of 30 cm was discretized by 150 evenly spaced cells. Starting from initial concentration set
13
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to zero, the model was run to a steady state.

2.6.3. Constraining solid-phase transport by fitting measured mercury profiles

Reactive particulate organic matter (POM) is represented by a single state variable, and unreactive
POM is not explicitly modeled. Table 1 shows an overview of all the state variables used in the
model. The model tracks the isotopic composition of dissolved and solid carbonates. Both iron and
manganese oxide are represented by two state variables (i.e., MnO2%, MnO2#, Fe(OH)3%, Fe(OH)3P,
of which only the a-fractions react with organic matter. This can represent the effect of different
crystallinities, allowing metal oxides to reach deeper sediment layers (Wang and Cappellen, 1996;
Berg et al., 2003). Assuming dissolved acid-base chemistry to be in equilibrium, the pH was
computationally derived from total alkalinity (TA), dissolved inorganic carbon (DIC), total
dissolved sulfide, total reduced nitrogen, and a constant value representative of the overlying water

for the total borate ion concentration (Hofmann et al., 2010).

The model includes all major mineralization pathways (R; to Rg, Table 2) except
methanogenesis, which is assumed to be inhibited by the presence of SO4>". Oxygen can reoxidize
reduced metabolites (Rg to Rg) and react with the minerals FeS, FeSz, and So (Ryg, R1i5, Ri7,
respectively). MnO2 can reoxidize H2S, Fe?*, and So (R;,, Ry3, Ryg, respectively), while Fe(OH)3
only reoxidizes sulfide (R;;). FeS: formation can occur through a reaction between the
intermediates FeS and So, and also between FeS and Hz2S (Rickard and Luther, 2007), whereby the
produced H> is assumed to react immediately with SO4?~ (R,4). Reactions R;4 and R, account for

MnO2 and Fe(OH)s crystallization, respectively. R,; and R,, account for the precipitation and

14
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dissolution of CaCOs3 and FeS, respectively.

The kinetic rate laws and rate constants for all reactions are shown in Table 3. Aerobic
respiration is assumed to be 100 times kinetically faster than the anaerobic pathways (Table 3).
Mineralization of POM releases DIC with an isotopic composition —22%o (all reported §'3C values
are relative to the V-PDB standard), which is considerably lighter than DIC and TIC from the
overlying water (8!°C = —2%o, Table 4). Isotope fractionation factors for the reaction pathways
considered in the model are small and ignored (Meister et al., 2019). A high value for the rate
constant of Fe?" oxidation limited the escape of Fe?* to the overlying water (ks, Table 3), which
typically should be less than 5 mmol m2 y ! in settings without bio-irrigation (Raiswell and

Canfield, 2012).

For the solids, fluxes were imposed as upper boundary conditions (Table 4). The fluxes of
MnO:2 and Fe(OH)s depended linearly on the sediment accumulation rate, as described by Eq. 4
(see ¢! and {M in Table 4). Fixed concentrations representative of bottom water were imposed as
upper boundary conditions for solutes (Table 4). The zero-gradient condition prescribed the lower
boundary condition for all state variables. To establish initial conditions across the domain, the
concentration of TIC was initialized to a small value (1%) with §'3C = —2%o, while the DIC and
Ca®" were prescribed with representative values of the overlying water (Table 4). The alkalinity
was adjusted to 1.2 times the value found in the overlying water to ensure oversaturation with

respect to TIC. All other state variables were set to zero.

The domain covering the distance from the SWI to a depth of 61 cm was discretized in an
uneven grid with 40 cells and cell distances ranging from 1 mm at the top to 2 cm at depth. Applying
the modeling framework developed by Rooze et al. (2020) and Zindorf et al. (2021) for R (R Core
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Team, 2022), reaction rates resolved by CVODE (Hindmarsh et al., 2005) were coupled with
transport following the sequential iterative operator splitting approach (Steefel and MacQuarrie,

1996). The simulations were run to a steady state.

2.7. Data integration

2.7.1. Modeling approach

The integrated organic matter mineralization rate in the model at steady-state equals the reactive
organic matter input Fpoy. The most effective parameters for constraining mineralization in the
model are the sulfate reduction rates, the DIC and NH4" concentrations produced during
mineralization, and the in-situ 8'*C-DIC resulting from the distinct isotopic signatures of —2%o and
—22%o of inorganic carbon from the overlying water and POM, respectively. Redox stratification,
strongly impacting the sulfur-metal dynamics, was constrained by the degree of pyritization (DOP),
the penetration depth of reactive iron oxides, the ferruginous-sulfidic transition depth, and the SRR

profiles.

2.7.2. Data and model comparison

The measured TOC is interpreted as particulate organic carbon (POC), which is related to
particulate organic nitrogen and phosphorus through the adapted Redfield ratio (C:N:P = 122:16:1).
Only POM that is reactive in the upper sediment is explicitly modeled. In plots of simulated reactive
POM, the average measured TOC concentration below 15 cm is added and considered a refractory

fraction, which allows a better comparison between modeled and measured TOC. Similarly, the
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model only includes reactive solid metals and the unreactive fraction is removed from the plots. To

compare the iron extraction results to the model results, the measurements are interpreted as

[Fe(OH)3] = Fe* — Feavs — Feu* (5a)
[FeS] = Feavs (5b)
[FeS2] = Fecrs (5¢)
DOP = [FeSz] / ([Fe(OH)s] + [FeS] + [FeS:2]) (5d)

whereby Feu* is the mean Fe* concentration below 15 cm depth, which is considered to be
refractory. Fecrs can also include extracted So, which is here ignored, as in the model the amount
of So compared to FeS2 was negligible. DOP is an abbreviation for degree of pyritization. The
measured Mn* is interpreted as MnO2, ignoring possible contributions of other manganese

minerals.

Relative errors reported in the text are only determined in the upper 10 cm of sediment and

defined for single profiles as

n ~
2 Oi-y)?
ny?

(6)

whereby y; and y; are the measurement and model interpolated value at the same depth, n is the
number of measurements, and y is the average measured value. The overall error of multiple fits

was quantified by averaging the errors of several profiles.
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3. Results

3.1. Solid-phase sediment deposition and mixing

Metal profiles of extractable lead, zinc, cobalt, and copper appeared similar to total bulk Hg (THg;
Spearman correlation coefficients: 0.91, 0.88, 0.84, 0.83, respectively), indicating similar
depositional history and conservative behavior. TOC content was strongly correlated with porosity
(Spearman’s rank correlation: #[128]=.82) and to a lesser extent with THg (#[127]=.50; shown for
site 2 in Fig. 2A,B,C).

Fitting the mercury profiles resulted in an approach whereby the Hg content in deposited
sediment was set to 13 pg g ! before 1950, 150 ug ¢! from 1950 to 1980, and a linear decrease
from 150 pg g ! to 30 pg ¢! between 1950 and 2020 ({; in Eq. 4; Fig. 2F). By imposing this
pattern for all sites, the sediment accumulation rate w,, and the turbation e-folding distance n2 (Eq.
3; Table 5) were fitted to the measured THg profiles (Fig. 2C,D,E) for each individual site. In this

approach, w,, determines the total Hg input, and turbation affects the shape of the Hg profile.

Sites 10, 13, and 18 had slower solid-phase transport, as lower w,, and n2 values indicated
(Weo: 0.2 = 0.4 mm y'; n2: 0.6 — 1.2 cm; Table 5). Conversely, solid-phase transport was faster at
sites 2, 5, 8, 15, and 17 (We: 0.4 — 1.2mm y'; n2: 1.3 — 2.2 cm; Table 5). The fitted Hg profiles
for sites 10, 13, and 18 with slower transport are shown in Figure 3, and for sites 2, 8, and 15 with

faster transport in Figure 4. See supplementary Figure S1 for the profiles of sites 5 and 17.
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3.2. Trends in (bio-)geochemical profiles: Comparison of model results to

measurements

The biogeochemical data and model fits are shown in separate figures for sites with slower (Fig.
3) and faster solid-phase transport (Figs. 4 and S1). The distributions of the modeled mineralization
rates over depth exhibit sensitivity to solid-phase transport, with more mineralization occurring
near the SWI in cases of slower transport compared to faster transport (compare SRR profiles in
Figs. 3 and 4). In the model, faster burial and deeper mixing of solids lead to higher NH4*, PO4>",
and DIC accumulation and more negative 3'3C values at depth (Figs. 3,4, S1). The sites with slower
solid-phase transport (10, 13, 18) show Fe(OH)3 and MnOz2 reaching less deep into the sediment
(modeled Fe(OH)s reaches 5 — 7 cm depth, Fig. 3) and a steeper slope of the DOP profile (Fig. 3).
Conversely, Fe* and Mn* reach deeper and the DOP profiles exhibit a lower slope at sites 2, 5, 8,
15, and 17 with faster solid transport (modeled Fe(OH)3 reaches 7.5 — 9 cm depth, Figs. 4, S1). The
model generally fits the measured Fe(OH)3, FeS2, and DOP slope at various sites well. The
measured solid P profiles closely follow the measured Fe* trends, which is simulated by a fixed

P:Fe adsorption ratio in the model (Figs. 3, 4, S1).

The measured SO4*~ and Ca®' concentrations tended to increase over depth following a
trend of increasing salinity. In Figures 3, 4, and S1, the trends are removed by scaling the measured
concentrations to salinity and compared to SO4*~ and Ca?" profiles produced by the model, which
did not account for changes in salinity. The magnitude of maximum Fe?" and H2S concentrations
can differ strongly between core duplicates (compare different symbols representing measurements
from duplicate sediment cores in Figs. 3 and 4) and can show large deviations from the modeled

values. Generally, H2S accumulation at depth is underestimated by the model. The measured Ca**
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concentrations corrected for salinity match well with the simulations and indicate conservative
behavior (Figs. 3 and 4). The measured TIC concentrations often show a decrease at depth at the

sites with faster transport (Figs. 3, S1), which the model did not reproduce.

Fitting the biogeochemical datasets converged in an approach whereby the POM
degradation rate parameter (k, Table 3) and the POM loading (Fpgy; Table 4) and, hence, the depth-
integrated mineralization rates are the same at all sites. Also, the same rate constants for other
reaction pathways were kept constant (Table 3). The effect of changing the reactive POM loading
is shown in Fig. 5. For all sites, increasing or decreasing the fluxes by 20% worsened the fits of
profiles considered to be directly related to mineralization (sect. 4.1.1), except for sites 5 and 8§,

where lowering the POM loading improved the fits slightly.

The reactive POM included in the model constitutes only a relatively small fraction of the
total measured TOC concentrations (Figs. 3, 4, S1). Considering the effects of environmental
parameters on carbon storage, the data indicate that the TOC contents in the upper 5 cm layer did
not correlate significantly with trawling intensity (r = .14, p = .783), sediment accumulation rate
(r = —=.19, p = .665), turbation mixing depth (r = .10, p = .840), or water depth (r = .08, p =

845).

3.3. Macrofaunal analysis and bioturbation potentials

Overall, a total of 87 macrofauna taxa were recorded in samples. The biomass comprised up to
93% of Arctica islandica, an active suspension-feeding long-lived bivalve, scored as a surficial
modifier and classified as critically endangered ((HELCOM Red List Biotope Expert Group, 2019).

Results support the presence of the typical Arctica community in the aphotic fine-grained sediment
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at all locations independent of trawling intensity. The contributions to total abundance were more
evenly distributed between different taxa (dominated by few bivalves, the brittle star Ophiura
albida, camacean Diastylis rathkei and few polychaete species, including Scoloplos armiger and

Nephtys ciliata, see Table S2).

The unitless bioturbation potentials based on the macrofauna showed considerable
variability, occasionally also between duplicate cores or nearby locations. For example, in one
multicorer cast from site 5, BPc ranged from 795 to 1526 across three replicate cores. At sites 10
and 13, which are approximately 70 meters apart, BP. was estimated as 318+84 (mean+SD) and
460+12, respectively, in grab samples. Spatial patterns were explored by evaluating their
correlation with the distance from the main trawling lane (DTL), the trawling indices (TI), and
water depth (Fig. 6). The correlation between the community bioturbation potential and TI was
stronger for larger than for smaller tiles (75 m x 75 m compared to 10 m x 10 m tiles, Fig. 6).
Surprisingly, BP. correlated strongest with water depth. Other abiotic factors such as near-bottom
oxygen concentrations, salinity, granulometry parameters (not shown), and total organic content of
surface sediments (Fig. 6) were also tested, but the association with them was less strong. The
trawling indices and DTL also strongly correlated with water depth (Fig. 6). Calculation of the
semi-partial Spearman correlation coefficients that removed the variability in water depth from TI
and DTL resulted in a correlation reduction from —0.56 to —0.13 between BP, and TI 75 m x 75 m
and from 0.60 to 0.15 between BP, and DTL. Similarly, semi-partial correlation coefficients
between A. islandica biomass and TI 75 m x 75 m and DTL, when controlling for water depth,
were —0.17 and 0.21 (comparing to —0.40 and 0.43 before detrending), respectively, and were

both not significant anymore.
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4. Discussion

General hypotheses considering the effects of bottom-trawling on sediment transport and OM
mineralization are displayed in Figure 7 and summarized in the following: Bottom-trawling
disturbs the seafloor mechanically (link 1, Fig. 7). The mechanical force exerted by trawls is
expected to mix sediment (link 2), kill animals (link 3), and resuspend sediments (link 4). The
killing of animals decreases bioturbation (link 5) and may also have a weak negative effect on the
erodibility and resuspension of sediment (link 6). Sediment mixing may enhance benthic
mineralization (link 7). Sediment resuspension leads to a loss of sedimentary OM, which decreases
benthic mineralization rates (link 8, Fig. 2). The extent to which the biogeochemical data and
modeling support the hypotheses and allow for the rejection of the null hypothesis of no trawling
impact will be discussed in detail in sections 4.1, 4.2, and 4.3, accompanied by a summary overview
provided in Figure 7. Finally, section 4.4 discusses the environmental context relevant for

generalizing the findings.

4.1. Reaction-transport dynamics in relation to bottom-trawling and
bioturbation in the study area

First, the interpretation of Hg profiles in relation to solid-phase transport and trawling will be
discussed (sect. 4.1.1). Then the model performance and reliability concerning OM mineralization

(sect. 4.1.2) and redox stratification (sect. 4.1.3) will be evaluated. Finally, the impact of trawling

on the sediment biogeochemistry is discussed in section 4.1.4.
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4.1.1. Interpretation of mercury profiles

Sediment resuspension decreases net sediment accumulation over time. Sites 10 and 13, located in
a heavily trawled area, have slow sedimentation rates, consistent with sediment loss due to
trawling. Overall, there is a negative correlation between trawling intensity and sediment
accumulation rate, which is significant depending on the correlation method used (Pearson
correlation: r[5] = —.63, p = .128; Spearman’s rank correlation: r[5] = —.96, p = .003). Site 8
forms an exception with a high trawling index (Table S1) and fast sediment accumulation (W,
Table 5). The limited number of stations examined for geochemical analysis, i.e., corresponding to
5 or 6 degrees of freedom, prevent robust statistical analysis, particularly since the distance between
sites with similar trawling indices is not random, and spurious correlations may result from
covariations with other environmental parameters. Sites 10 and 13 are located at the shallowest
depths in each other’s vicinity, close to an abrasion platform (Fig. 1A,C). The bathymetry likely
affects the sediment accumulation rates, despite a relatively weak correlation in the data
(Spearman’s rank correlation: r[6] = .48, p = .230). Hence, the effect of trawling intensity on w,,

remains unclear (link 4, Fig. 7).

Bottom-trawling may also induce sediment mixing (link 2, Fig. 7). Of the sites with high
trawling indices, sites 10, 13, and 18 exhibited shallow mixing depths, and site 8 experienced
deeper mixing n°T, Table 5). There is an insignificant (negative) correlation between mixing depth
(nPT, Table 5) and trawling index (Spearman’s rank correlation: r[5] = —0.57, p = .200) since
other sites with deeper mixing have lower or zero trawling indices (site 2, Table S1). Bioturbation
could be responsible for the mixing at both more and less intensely trawled areas, as bioturbation

potentials did not significantly correlate with the trawling index. Due to the very patchy distribution
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of macrofauna and the distance between sampling locations for geochemical and macrofaunal
analysis, the mixing depths (n°T) obtained by fitting mercury profiles cannot be directly compared
to determined bioturbation potentials. However, given the insignificant or negative correlation
between trawling intensity and mixing depth and the generally high bioturbation potentials,

bioturbation is most likely responsible for the observed mixing (link 5, Fig. 7).

4.1.2. Validation of modeled mineralization processes

Mineralization rates imposed in the model are mostly inferred from measured SRRs, total sulfur
solids, NH4", DIC, and 8'*C-DIC. The measured SRRs provide a direct estimate of in-situ
mineralization at the time of sampling. The model successfully captured a trend of a deeper sulfate
reduction zone, attributed to increased sediment mixing at greater depths (Table 5, Fig. 4). The
inhibition of sulfate reduction near the SWI caused by metal oxides following the diagenetic
sequence (i.e., the consumption of terminal electron acceptors in order of decreasing energy yield;
Froelich et al., 1979; Berner, 1980) often appeared to be overly pronounced (see sites 2, 8, 15 in
Fig. 4). However, as most sulfide produced during SRR binds to iron, the well fitted FeS2 profiles
and the total accumulation of sulfur solids support the modeled depth-integrated SRRs. In addition,
FeS2 accumulation may provide a better measure for long-term average SRRs, as it is less affected
by seasonality and short-term disturbances compared to aqueous-phase chemistry. The fits of DIC
and NH4" support the modeled mineralization rate, as higher mineralization rates would have led
to higher DIC and NH4" concentrations and more negative §'3C-DIC values. There is some
uncertainty in the DIC and NH4" profiles due to the potential role of bio-irrigation. Particularly for

site 5, imposing bio-irrigation (¥ § = 10 y !, n°T = 3.3 ¢m; Egs. 2, 3) improved these fits but
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worsened the fit of FeSz at steady-state (Fig. S1).

The measured TOC contents do not provide a quantitative constraint for mineralization
because most of the present TOC appears to be refractory on time scales for early diagenesis. With
depth, TOC and porosity increase and decrease simultaneously (sect. 3.1, Fig. 2A,B), indicating
non-steady state sediment deposition and possibly a lithological control. The TOC contents in the
upper 5 cm showed no significant correlation with trawling intensity or other environmental
parameters (sect. 3.2). The C:N ratios of TOC varied between 7.7 and 12, indicating a predominant
marine source of OM (Rullkoétter, 2006), which tends to be more labile than terrestrial OM. The
relatively featureless siliciclastic grain size distributions over depth (not shown) did not follow the
trends in porosity, which may indicate that the biogenic contents (i.e., organics and carbonates)
removed for this analysis play an important role in the coating of grains and thereby providing
physical protection to mineralization (Keil et al., 1994; Mayer, 1994), while early compaction of

clay minerals may also take place (Bottcher et al., 2000; Al-Raei et al., 2009).

The legacy of episodic saltwater inflows from the North Sea (e.g., Naumov et al., 2023) and
recent freshening led to an increasing trend of porewater salinity over depth. It strongly influenced
ion profiles with slower turnover rates. Cations such as Ca*" (Figs. 3, 4, S1) and Sr?>* (not shown)
generally followed the salinity trends (not shown), indicating limited precipitation/dissolution of
carbonates, despite the decline at depth in measured TIC values not reproduced by the model. One
of the duplicate cores of site 18 formed an exception, as a clear peak in Ca®" indicated recent CaCO3
dissolution (Fig. 3). The SO4>~ concentrations also increased with salinity over depth, masking the
effect of sulfate reduction. The model did not account for changes in bottom-water salinity, and the

sulfate profiles were, therefore, not used to constrain sulfate reduction. Nevertheless, the modeled
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profiles look similar to the measured values scaled to salinity (Figs. 3, 4, S1), which supports the

modeled turnover rates.

4 .1.3. Validation of modeled redox stratification

The DOP profiles show the conversion of Fe(OH)s to FeS2 over depth, indicating the change in
redox conditions. Fe(OH)3 reaches deeper and DOP gradients are less steep at sites 2, 5, 8, 15, and
17 (Figs. 4, S1) compared to sites 10, 13, and 18 (Fig. 3). This is the result of differences in mixing,
which is well-predicted by turbation diffusivity profiles (D, Table 5) obtained by fitting the Hg
profiles. At sites with lower turbation (i.e., mixing decaying faster with depth), mineralization takes
place closer to the SWI, favoring aerobic mineralization and leading to significantly lower depth-
integrated SRRs (e.g., sites 10 and 13; Fig. 3). The modeled Fe(OH)3 and FeS: generally agree well

with the measurements.

Similar to Fe(OH)s, the penetration depth of MnO2 depends on the redox zonation. There
is a high local spatial variability in both Fe?* and Mn?*, as shown by comparing profiles from
duplicate cores (Figs. 3 and 4). Both benthic Mn and Fe dynamics are strongly affected by reactions
with H2S, which also varies between duplicates and is often not well reproduced by the model.
Significant mismatches emerged between modeled and measured MnO: profiles at sites 2 and 15
(Fig. 4). Dissolved Mn?" is less quickly reoxidized than Fe?*, making it more mobile (Kowalski et
al., 2009) and sensitive to turbation (Schaller, 2014). Therefore, Mn contents, compared to Fe, may

have been less well predicted by the modeled w,,-dependent linear relationship (Eq. 4).
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4.1.4. Bottom-trawling effects on sediment mineralization rates and organic

matter loss

The classical early diagenetic model, simulating vertically stratified redox zonations at steady-
state, could reproduce the main features in the porewater chemistry and solid phases. Contrary to
the expected disturbances caused by trawling, the DOP and sulfur solids exhibited consistent trends
over depth (Figs. 3, 4, S1), similar to the uninterrupted heavy metal contamination trends observed
since the 1950s. They do not point towards irregular mixing events associated with trawling events.
The same labile POM flux imposed for all sites in the model (Fpoy, Table 4) and the sensitivity
analysis showing that a change of 20% in the labile POM flux generally worsened the fits (Fig. 5)
clearly suggest that the available reactive POM does not scale with the sedimentation rates, varying
by a factor of 7 (Table 5). In contrast, a strong correlation between mineralization rates and
sediment accumulation rates would be expected to result from a loss of POM associated with
resuspended sediment. Since this is not the case, bottom-trawling appears not to cause significant

loss of sediment and organic matter (links 4, 8; Fig. 7).

In our model formulation, the higher kinetic rate constant applied for aerobic respiration
(R4, Table 3) allows oxygenation to lead to faster mineralization. Therefore, it does not contradict
experimental studies that showed short-term differences in sediment O2 uptake within a day after
trawling (e.g., Morys et al., 2021, link 7 in Fig. 7). However, since all reactive POM is mineralized
within the model domain, our results indicate that mineralization rates integrated over depth
corresponding to decades of sediment deposition are not significantly affected by trawling (link 7

not supported, Fig. 7).
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4.2. Reaction-transport dynamics in relation to bottom-trawling and

bioturbation in the study area

Arctica islandica strongly dominated the macrofaunal biomass (Fig. 6; Table S2) and effectively
determined the bioturbation potential. This clam species is a burrowing suspension feeder with
short siphons. It can have an extremely long life span (up to 70-80 years in the Baltic Sea and over
200 years in the Atlantic) and becomes sexually mature after ~ 5-10 years s (Zettler et al., 2001;
Thompson et al., 1980a,b). Their prevalence in the southwestern part of the Baltic Sea largely
results from their ability to cope with hypoxic conditions, as they can switch to anaerobic
metabolism for up to several days (Taylor, 1976). Variable salinity and depleted oxygen conditions
with oxygen levels below 1 ml/l commonly occur in the study area for 20 to 40 days per year
(Gogina et al., 2014; Friedland et al., 2023). Adults may survive over 8 weeks without oxygen and
over 6 weeks even under euxinic conditions. Exposure to hypoxia is more severe for larvae and
juveniles, who are also more exposed to predation (Vaquer-Sunyer and Duarte, 2010). As a result,
favorable environmental conditions for successful recruitment and larval survival may occur

sporadically only once in several years.

The slow life cycle and infrequent recruitment worsen the ability of macrofauna to recover
after a mass mortality event, and suspension feeders in fine-grained sediments are more vulnerable
to the mechanical effects of bottom-trawling (link 3, Fig. 7; Kaiser et al., 2006; Allen and Clarke,
2007). It is, therefore, unsurprising that A4. islandica is considered to have low resistance and
resilience and high sensitivity to bottom-trawling (Tyler-Walters and Sabatini, 2017). The otter
boards used for trawling in the Baltic Sea have been shown to damage shells of 4. islandica, making

it more vulnerable to predation (Rumohr and Krost, 1991; von Arntz and Weber, 1970). During
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sampling, we also observed broken and empty shells. Unfortunately, there is no good baseline for
comparison to estimate the isolated impacts of trawling, as gradients in salinity, oxygen levels, and
bathymetry lead to large spatial variability of macrofauna in the Baltic Sea. It is unclear to what
extent the communities are adapted to motorized bottom-trawling activities taking place since the

1930s (Schacht and Voss, 2022).

The negative correlation between bioturbation potential and water depth (which varies only
in a very limited range; see Fig. 6) suggests the significant cumulative effect of this complex factor.
Even at such a fine spatial scale, it integrates the effects of several other factors, including bottom
currents, supply of fresh organic matter for suspension feeding, and hydrodynamics of particles
resuspended by trawling. The routes of trawlers may also follow convenient isobaths and
alignments or sediment types to some extent reflected by bathymetry. Correlations between
macrofaunal variables and trawling index were stronger in larger tiles (compare 75 mx 75 mto 10
m x 10 m, Fig. 6), suggesting that the trends are not driven by recent trawling activity. Smaller tiles
provide more precise estimates of the present furrow volumes in the near environments of coring
locations; conversely, larger tiles may provide more robust estimates of average trawling activity
on longer decadal time scales. Bioturbation potential, driven mainly by A. islandica (r = 0.87),
also shows the strongest negative association with water depth, followed by the distance to the
main trawling lane derived from aggregated data. Remarkably, as the correlations between both
BP. and trawling intensity and BP. and distance from the main trawling lane become insignificant
when detrended for water depth (see Results, sect. 3.3), the data does not provide any solid evidence

for an adverse effect of trawling on bioturbation in our study area (link 3 not supported, Fig. 7).
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4.3. Theoretical considerations: assessing trawling's influence on sediment

turbation and resuspension, and estimating trawling frequency

Bottom-trawling is considered to disturb the sediment directly by inducing mixing and sediment
resuspension. Yet, our analysis did not identify clear traces from either process or their impact on
OM mineralization. Here, we interpret these observations with estimations of physical transport
caused by trawling in the context of previous modeling studies (sect. 4.3.1 and 4.3.2) and consider

the chance that a random sampling location has been trawled in the past (sect. 4.3.1 and 4.3.2).

4.3.1. Sediment mixing in trawled and bioturbated sediment

In previous model studies, bottom-trawling was simulated to cause intermittent mixing of solids
and porewater (link 2 in Fig. 7; de Borger et al., 2021; van de Velde et al., 2018). Discrete and
continuous mixing models are mathematically closely related and may produce indistinguishable
chemical profiles (Meysman et al., 2003; Boudreau, 2005). Intermittent mixing in the upper
sediment can be mimicked by continuous diffusion with a diffusivity of D = 0.5f(L/3)?, whereby
f is the trawling frequency, L is the depth of the mixed layer, and L/3 is the statistically average
vertical distance over which a particle is moved during a single mixing event. When values for
trawling frequency (e.g., 6 y ') and depth (5 cm) are inserted, diffusivity coefficients on the order
of 10 cm? y! are obtained, which lies within the range of literature values for biodiffusion
coefficients (Middelburg et al., 1997). Mixing of porewater caused by trawling has been simulated
by imposing a linear concentration profile between the bottom-water concentration and the in-situ

concentration at depth L before trawling (de Borger et al., 2021). In a time-continuous formulation,
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this may be better represented by a non-local exchange term (see the last term in Eq. 2) than
diffusion to allow more reactive chemicals, such as oxygen, to penetrate deeper into the sediment.
As an end-member case for a highly reactive chemical, the expression of @ = f(1 — z/L) can be
derived, whereby both the maximum irrigation intensity (a[z = 0]) and irrigation depth (L) are
low compared to typical values used for simulating bio-irrigation (e.g., Meile and Cappellen, 2003).
Hence, bioturbation may be indistinguishable from or exceed mixing caused directly by trawling

(links 2, 5; Fig. 7).

4.3.2. Estimating effects of bottom-trawling-induced sediment resuspension

Sediment resuspension caused by bottom trawling can impact biogeochemistry by shifting
mineralization from sediment to the overlying water (van de Velde et al., 2018). De Borger et al.
(2021) modeled that each trawling event eroded an upper layer with a thickness ranging from 3 to
15 mm, while Allen and Clarke (2007) assumed it removed the oxic layer (link 4, Fig. 7).
Accounting for the accumulation of sediment and particulate organic carbon in the water column
after trawling, Durrieu de Madron et al. (2005) determined that otter trawls resuspended 0.1 to 0.4
mm thick layers in muddy sediments. The resuspension of much thicker layers has been estimated
for fluxes of dissolved nutrients (Durrieu de Madron et al., 2005; Duplisea et al., 2001), but these

studies may not have distinguished between porewater mixing and resuspension (see sect. 4.3.1).

The quantified furrow volume allows the amount of material resuspended by otter trawls to
be estimated. Furrows disappear on the time scale of a year (Schonke et al., 2022). Under the

assumption of steady-state (Q = AV), where Q represents the volumetric furrow production rate by
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trawling, A is a constant for the furrow disappearance rate (estimated to be 1 y!), and V denotes
the furrow volume in a tile, the erosion can be estimated as r = Qf /A. Here, f denotes the ratio of
the resuspended layer depth over the furrow volume, and A represents the tile area. When f is 22%
(de Borger et al., 2021), the erosion exceeds or is on the same magnitude as the burial velocities
for sites 8, 10, 13, and 18. However, considering a resuspended depth layer on the order of 0.2 mm
for furrow depths that typically range between 15 — 30 cm in fine-grained sediment (Linnane et al.,
2000), this f-ratio would be only ~1%, yielding lower erosion rates that are by far exceeded by the
sediment burial velocities. The latter estimates agree better with our findings. Clouds of
resuspended materials spread horizontally over 100s of meters in the water column (e.g., Durrieu
de Madron et al., 2005) far outside local tiles (10 m x 10 m, Fig. 1). The net accumulation rates in
combination with POM fluxes that are similar at all sites and do not scale with sediment
accumulation rate (Table 5) are consistent with lower estimates of sediment resuspension rates, as
otherwise more heavily trawled locations would have lost greater amounts of reactive POM (link

8; Fig. 7).

4.3.3. Evaluating the trawling probability at coring locations

Following the reasoning in the previous section, an areal trawling intensity can be estimated as
G = AS (dimensions T™'), whereby A is the constant for recovery (estimated to be 1 y™'), and S is
the steady-state furrow area divided by the control area. The chance for a random point in the
control area of being ploughed one or more times during a period t is p(t) = 1 — exp(—Gt).

Furrows covered about 5% of the entire study area (S = 0.05; Schonke et al., 2022), which yields
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probabilities of p = 5%, 50%, and 95% corresponding to t = 1, 14, and 60 years, respectively. For
site 13, with the highest trawling intensity index, these chances correspond to t = 0.2, 3, and 14
years, respectively. Hence, it is very likely that many coring locations in our study have been

directly exposed to otter boards in the last decades (link 1 supported, Fig. 7).

These calculations do not consider the potential impact of the nets and ground gear on the
seabed. In the acoustic data, a clear imprint of nets between tracks of otter boards could not be
discerned. However, as noted by O'Neill and Ivanovi¢ (2016), the drag forces associated with the
nets and ground gear can exceed those of the otter boards but are more spread out. While the
likelihood of random points encountering a net is considerably higher than encountering an otter
board, the nets may not visibly create furrows, and the sediment substrate likely influences the

relative impact.

4.4. The influence of environmental conditions and policies on the impact of

bottom-trawling on early diagenesis

Bioturbation can have similar effects as trawling by mixing and oxygenating sediment (links 2 and
5, Fig. 7) and enhancing resuspension (links 4, 6; Fig. 7). Therefore, bottom-trawling may be less
disruptive in strongly bioturbated environments (Duplisea et al., 2001; de Borger et al., 2021) when

the bioturbation potential remains relatively unaffected (link 3, Fig. 7).

At our study site, large A4. islandica and a few smaller polychaetes effectively determine the
reworking of sediments and can survive in the intensely trawled area. Van Denderen et al. (2022)
also found that trawling did not negatively affect the abundance of other mollusk species deeper in
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the Baltic Sea. A ban on beam trawling probably helped to reduce the impacts, as beam trawls
typically cause higher mortality rates than otter trawls (e.g., Lindeboom and De Groot, 1998). The
annual fishing mortality of mature A. islandica was 11% for beam trawling and <0.5% for otter
trawling in the southern North Sea (Bergman and van Santbrink, 2000), but Rumohr and Krost
(1991) observed a larger impact of otter trawling in the western Baltic. High macrofaunal
biomasses and low biodiversity resulting from episodic hypoxia and low salinity are typical for the
Baltic Sea (Bonsdorff, 2006). The low biodiversity combined with the slow reproduction of A.
islandica could make the system behave more stable and less adaptive to gradual changes in
trawling intensity and gear until thresholds for its survival, which also depend on other
environmental stressors (e.g., warming), are exceeded, leading potentially to more abrupt changes

in community composition and bioturbation potential.

Fishing gear regulations not only influence benthic fauna mortality and bycatch but also
impact sediment resuspension. Smaller mesh sizes result in larger twine areas, increasing drag
forces during trawling (Reid, 1977). These regulations have evolved, and variations exist across
different maritime zones. For instance, the Baltic Sea experienced a significant shift in regulations,
transitioning from the absence of minimum mesh sizes before 1950 to the current allowance of
only standard meshes >105 mm (Madsen, 2007). On top of environmental diversity in sediment
substrate and benthic fauna, the variety in fishing gear further contributes to the complexity of

comparing trawling impacts between studies.

The effects of trawling on OM storage in sediments are expected to depend on the sediment
accumulation rate and hydrodynamic conditions (Epstein et al., 2022). However, despite significant

net sediment deposition and sufficiently calm hydrodynamic conditions allowing for the
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accumulation of sandy silt sediments in the study area, we observed little impact.

Conclusion

As reflected by the redox-defined zonation of microbial OM mineralization, the biogeochemical
functions at all sites follow the classical pattern of vertical redox stratification (Froelich et al.,
1979). Observed and modeled differences in bioturbation and sedimentation rates explain most
variability in early diagenetic transformation rates at the study sites. A direct link between trawling
intensities and net sediment accumulation rates could not be established. The same model-
constrained mineralization rates at all sites indicate limited loss of reactive OM due to trawling-
induced resuspension. The effect of bottom-trawling on bioturbation potentials and the
macrofaunal community was found to be very limited, even at locations with high trawling
intensity. Trawling intensities could not be clearly associated with biogeochemical features, and it
is likely that the trawling impact was diminished by the stronger disturbance caused by persistent

bioturbation.

The results in this study challenge the initial predictions based on environmental
parameters. Despite the high vulnerability of 4. islandica to bottom-trawling, as indicated in the
literature (sect. 4.2), they exhibited resilience and dominated the biomass. Additionally, it was
anticipated that bottom-trawling would have a more significant impact on the biogeochemistry,
considering the positive net deposition of sediment and the finer sediment substrate prone to
resuspension. The effects of bottom-trawling on early diagenesis appear to be highly contingent

upon the local environment and its macrofauna, which are also exposed to other anthropogenic and
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natural stressors, particularly in estuaries, marginal seas, and coastal areas. To gain a
comprehensive understanding of the trawling impact and enable general estimations, it is essential
to account for the variability in site-specific conditions. Unfortunately, there is a scarcity of
empirical biogeochemical studies, as highlighted in the compilation by Epstein et al. (2022), where
only seven studies reported the effects of trawling on benthic mineralization. Therefore, it is crucial
to conduct further investigations across diverse environments to evaluate the long-term impact of

bottom-trawling on early diagenesis and sediment carbon storage.
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Tables

Table 1: Model state variables

Chemical Notation Type
Total reduced nitrogen* NHs*  Solute
Phosphate PO  Solute
Light dissolved inorganic carbon* DI*?C  Solute
Heavy dissolved inorganic carbon*  DI**C  Solute
Calcium Ca?*  Solute
Iron(1l) Fe**  Solute
Manganese(I1) Mn?*  Solute
Oxygen 0, Solute
Nitrate NOs;~  Solute
Sulfate SO+  Solute
Total dissolved sulfide* H.S  Solute
Total alkalinity* TA  Solute
Particulate organic matter* POM Solid
Manganese(IV) oxidet MnO;*F  Solid
Iron(111) oxide-hydroxidet, Fe(OH):**  Solid
Ironmonosulfide FeS Solid
Pyrite FeS, Solid
Polysulfide So Solid
Light calcium carbonate Ca'?CO; Solid
Heavy calcium carbonate Ca®CO; Solid

*Chemical definitions for equilibrium acid-base chemistry: NH4" = [NH4"] + [NH3]; DIC =
[H2CO3] + [HCO37] + [CO3*]; H2S = [HaS] + [HS]; TA = [HCO37] + 2 [CO3?] + [NH4"] + [HS]
+ [B(OH)4 ] + [OH] - [H30"]. POM is defined as (CH20)4«(NHa4)s(PO4)c, whereby the a:b:c ratio
is set to 122:16:1. tFor metal oxides, superscript o and £ indicate separate state variables denoting
different mineralogies. Only the reduction of a-phases (i.e., Fe(OH)3* and MnO:%) can be coupled

to POM mineralization. {Phosphate is adsorbed to Fe(OH)s in a fixed Fe:P ratio of 10:1 (Slomp et

al., 1996).

55



1154 Table 2: Reaction network

R, POM+a0O;—a(l—f) 12CO, + af *CO,+ a H20 + b NH4* + ¢ PO4*~

R2 POM + 0.8a NO;~ — a (1 — ) ?CO,+ a f ®*CO, + 0.6a H,O + b NH," +
cPOs~+0.4 N2+ 0.8 OH"

Rs POM + 2a MnOy*+ 4a H* — a(1 — f) 12CO, + af 3CO, + b NH," +

¢ PO + 2a Mn?" + 3a H,0
Ri  POM + 4a Fe(OH)s* + 4ay Pags — a(l — f) 2CO, + af 8CO, + b NH4" +
(c + 4y) PO + 3a H,0O + 4a Fe** + 8a OH~

Rs POM + 0.5a SO,> — a(1 — f) 2CO, + af 3CO, + b NH,* +
(c + 4y) PO +0.5a H,S +a OH™
Re NH4*+ 2 O+ 2 OH — NOs + 3 H,0
R; Mn?* +0.5 O, + 2 OH™ — MnO2* + H,0
Re Fe?* +0.25 O, + 2 OH + 0.5 H;0 + 5 PO — Fe(OH)s* + Pacs
Rg HS+20,+20H — 80427"' 2 H,O
Rio FeS + 2 O, — SO4* + Fe?*
R11*P 2 Fe(OH)g“'B + 2y Pags + H2S — 2Fe? + 2 PO+ So
+40H +2 H,0
Ri™P MnO,%P + 0.25 H,S + 0.5 H,O0 — Mn?*+ 0.25 SO4% + 1.5 OH~
Riz*P MnO*P + 2 Fe?* + 2y PO + 2 H,0 + 2 OH —
2 Fe(OH)s" + 2y Pags + Mn2*
R4 FeS + So— FeS;
Ris FeS, +3.50,+ 2 OH — 2 SO4* + Fe?* + H,0
Rie FeS + 0.75 H,S + 0.25 SO, — FeS; + 0.5 H,0 + 0.5 OH~
Ri7 So+ 1.5 0+ 2 OH — SO4* + H,0
R13u’[3 3 |\/|I’]Ozm’[3 +2H,0+S;—3 Mn2* + 80427 +4 OH
R MnO2* — MnO2?
R2o Fe(OH)s* — Fe(OH)3?
Rot* Ca* + (1 — g) lzCOz +g 13C02 +20H —
(1 -g) Cal?CO3 + g BCaCO; + H.0

Ry~ (1 - h) C812C03+ h C813C03 + H,O —

Ca* + (1 — h) 12COz"‘ h 13C02+ 2 OH
Ra2 Fe?* + H,S + 20H = FeS + 2 H,0

1155  The stoichiometric parameters f, g, and 4 denote the BCA'2C + 3C) fractions of POC, DIC, and
1156  TIC, respectively; Pads and y denote phosphate adsorbed to iron and the P:Fe adsorption ratio,

1157  respectively.
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1159

Table 3: Rate expressions and kinetic rate constants

Rate expression Rate parameters Source” Values source
Inhibition terms
I — Km,Oz
92 ™ Kim,02+(0,] Km,02 =8 UM a 1-30
_ _ Kmnos K =12 uM a 4-80
Inos = Km,no3+[NO;] mNo3 H
— _ Kmmnoz K = 4mmol kg a 4-32
Timoz = 5 im0, MmOz :
_ Km,Fe(OH)3 K =65mmolkg? a 65-100
Trecoms = o reomyy OO ’
Organic matter mineralization
Ry = 102k[POM](1 — Ipy) k=0.06y!* m
Ry = k[POM]lp, (1 — Iyo3)
R; = k[POM]1021N03
(1 = Iynoz)
Ry = k[POM]lp21y03
IMnOZ(l - IFe(OH)3)
Rs = k[POM]lp,1n03
Inno2Ireom)3
Other reactions
Re= k6[NH4+][OZ] ke =1.0 x 10* mM™ y7l a 5e3-1e4
R;= k7[|\/|n2+][02] k7 =2.0 x 10* mM™ y_l a 8e2-2e4
Rs= ks[F62+][Oz] ks=2.4x 10 mM? y*1 m
Ro= kg[HzS][Oz] kg =1.0 x 10* mM™ y_:L a > 160
R10= kio[FeS][O2] kio=3.0x10°mM1ty? a 300
R = kll[Fe(OH)sa’B][HQS] kir = 2.0 mM1 y’l a < 100
R12a’B= klz[MnOQO"ﬁ][st] kip=2.0 mMt y7l a < 10°
R13u’B= k13[Mn02a’B][F62+] kiz =2.0 % 10t mM1? y‘l a 2
Ris= k14[FeS][So] kis = 1.0 x 10t mMm™ y’l a 7
Ris = k15[FeSQ][Oz] kis =5.0 x 102 mM™ y—l m
Rig= k16[FeS][H28] kig =3.0 mM1 y*1 m
Ri7 = k17[So][Oz] ki7=1.0 x 10t mMm y_1 m
ngq’ﬁ': kls[MnOQ(x‘ﬁ][So] kis = 3.0 mM1 y’l m
Ry = km[MﬂOza] kig = 6.0 x 101 y*1 a 1.8
Ry = kzo[Fe(OH)aa] kog = 2.0 x 101 y’l a 0.6
Saturation state*
S. = [Ca**][c03™] 1 Kc=2.1x 107t mM? b
C= T ke
g — [Fe’TIHST] Ks=6.3 x 10'mM m
S T HYIKs

57




Mineral reactionst

RIZB = 0(S0)k$; S 23 f - k31=1.0x10°mMy™ c 10°
0(—Sc)ky, Sc[TI13C] kz1 =10y c 5

RZZ = Q(SS)k;ZSS — k;zz 1.3 x 10'mM y_l m

1160  *Sources: (a) Wang and Cappellen (1996), (b) Hofmann et al. (2010), (c¢) Luff and Wallmann
1161  (2003), (m) model constrained.

1162 *[COs*] is the sum of ['>)CO3>] and [3COs].

1163  The 6 function denotes the Heaviside step function. Ri? and R} implemented as separate
1164  reactions to distinguish turnover rates of '?C and 13C, respectively. '?fand *f denote the fraction of
1165 light and heavy DIC, respectively.

1166

1167
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1168 Table 4: Boundary conditions

Chemical Upper BC Values
POM F 37gmz2y?
MnO.* % 0
4 52x103gm™

MnO2? % 0
4 52x10%gm

Fe(OH)z® % 0.6gm2y?
4 1.0x10*gm3

Fe(OH)3? F 0
CaCOs F 31gmz?y?
d3C —2%so

FeS F 0
FeS; F 0
So F 0
0; Co 150 uM
NOs~ CO 23 |.,l|V|
S04~ Co 15 mM
MnZ Co 0
FeZ Co 0
H,S Co 0
DIC Co 1.9 mM
dt3C —2%o0

TA Co 1.9 mM
NHg* Co 0
PO43~ Co 0.5 uM
Ca% Co 5.7-6.7 mM

1169  Co stands for fixed concentration boundary condition, and F stands for imposed flux. Upper
1170  boundary fluxes of MnO2*, MnO:P, and Fe(OH)3* are modeled as F = {o + (1 — ¢po)wol1, whereby
1171  ¢oand wo are the porosity and burial velocity at the sediment-water interface, respectively. Zero-

1172  gradient boundary conditions are imposed at the bottom of the model domain.

1173
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1174 Table 5: Transport parameters obtained by fitting porosity and mercury profiles.

Station 23 52 8 2 10 2 132 152 17 3 18 3
Sed. ratet W (mm y‘l) 1.2 0.44 0.70 0.17 0.36 0.82 0.97 0.37
Turbation* ¢()DT(m2 yfl) 32 32 32 32 32 32 32 32
nDT(cm) 1.3 1.4 2.2 0.63 1.2 1.6 1.9 0.78
Porosity* 1/)3’(%) 90 85 88 80 80 85 85 85
1/)3;(%) 65 66 68 67 67 66 66 68
7I¢ (cm) 6.6 4.0 6.0 2.3 2.3 7.0 4.0 3.0

1175  +The sediment accumulation rate is equivalent to the burial velocity below the compaction zone.
1176  *See equation 3.
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Figure 1: Bottom-trawling activity and coring locations in the study area. Panel (a) shows a
bathymetric map offering an overview of the research areas in the Fehmarn Belt, all situated at a
similar water depth. The control area's southern corner borders an abrasion platform, located east
of the island of Fehmarn. Close-ups of highlighted focal areas are presented in panels (b) and (c).
Trawl intensities, quantified as furrow volume per area, are color-coded, with light purple
representing higher intensity and dark purple indicating lower intensity. Locations for Van-Veen-
grab and multi-corer sampling (see legend) were calibrated using an ultra-short baseline (USBL)

system. Bathymetry sources: Baltic Sea Hydrographic Commission (2013); Tauber (2012).
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Figure 2: Constraining solid-phase transport for site 23 (dots are measurements, lines are model
fits): (A) Porosity fitted with an exponential function, (B) The total organic carbon content, which
correlates strongly with porosity (Spearman r[14] = —.81), (C) the mercury profile, which
correlates weakly with total organic carbon content (Spearman r[14] =.27), (D) the burial

velocity over depth, (E) the fitted turbation profile, (F) the Hg sediment loading (see text).
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Figure 3: Comparison of simulated (bio-)geochemistry with measurements for three selected
stations with slower solid-phase transport (Table 5). Distinct symbols are used to distinguish
measurements from replicate sediment cores. The abbreviations DIC, SRR, and DOP represent
dissolved inorganic carbon, sulfate reduction rate, and degree of pyritization, respectively. $The
average measured TOC concentration below a depth of 15 c¢cm was added to the simulated
concentrations to account for refractory TOC not included in the model. $Measured SO4% and Ca?*

concentrations were scaled to remove the trend associated with increasing salinity over depth.
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1206
1207  Figure 4: Comparison of simulated (bio-)geochemistry with measurements at three selected
1208  stations exhibiting faster solid-phase transport (Table 5). For symbol meanings and abbreviations,

1209  refer to Figure 3.
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Figure 5: Sensitivity analysis for varying total reactive organic matter loading (Fpgoys) on model
fits. Relative errors (eq. 6) of S solids, Fe(OH)3, NH4", SRR, DIC, and 8'3C are plotted with distinct
symbols and colors (see legend). Bar heights represent the average error for these parameters. Each
site's bars and symbols denote a 20% decrease (left, light green), no change (middle, light yellow),

and a 20% increase (right, pink) in organic matter loading.
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1220  Figure 6: The Spearman correlations between bioturbation potentials (BPc), Arctica islandica
1221  biomass, water-depth, trawling index based on furrow volume in 10 m x 10 m tiles (TT 10m) and
1222 75 m x 75m tiles (TI 75m), and distance from major trawling line (DTL).
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Expected interaction: Results of our study:

» positive \/ supported

|::>negative X not supported
? not investigated

1225

1226  Figure 7: Main hypotheses for the effect of disturbances on early diagenesis (see text) and their

1227  relevance at the Fehmarn Belt.
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1. Supplementary Figure
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Figure S1: Simulated (bio-)geochemistry compared to measurements for sites 5 2 and 17_3.
Dashed lines indicate the simulation for site 5_2 with bio-irrigation (5_2 irr) turned on. The
measured sulfate reduction rates (SRR) come from the coring locations 5_4 (54°32.79'
10°46.62") and 17_2 (54°32.48' 10°41.18"). For the meaning of the symbols and abbreviations,
refer to Figure 3 in the manuscript.



2. Supplementary Tables

Table S1: Sampling locations

Station Latitude Longitude Water Depth (m) Gear* TI (M)
2.3 54°33.35' 10°45.53' 23.0 MUC 0.00
52 54°32.8' 10°46.62' 23.4 MUC

82 54°33.08' 10°45.67 23.8 MUC 0.26
10 2 54°32.36' 10°43.48' 22.7 MUC 0.31
13 2 54°32.38' 10°43.52' 22.9 MUC 1.10
15 2 54°32.51' 10°41.72' 23.0 MUC 0.02
17 3 54°32.5' 10°41.16' 23.5 MUC 0.01
18 3 54°32.92' 10°46.11' 23.1 MUC 0.30
23 1 54°32.35' 10°43.53' 23.9 VVG 0.70
23 2 54°32.36' 10°43.5' 23.7 VVG 1.05
23 3 54°32.36' 10°43.5' 23.8 VVG 0.70
24 1 54°32.33' 10°43.47 23.7 VVG 0.80
24 2 54°32.33' 10°43.47 23.5 VVG 1.41
24 3 54°32.34' 10°43.46' 23.7 VVG 1.41
25 1 54°32.4' 10°42.64' 24.1 VVG 1.36
25 2 54°32.4' 10°42.63' 24.1 VVG 0.89
25 3 54°32.4' 10°42.63' 24.1 VVG 0.88
26 1 54°32.49' 10°41.67 24.0 VVG 0.39
26_2 54°32.49' 10°41.67 23.8 VVG 0.27
26 3 54°32.48' 10°41.68' 23.9 VVG 0.97
27 1 54°32.52' 10°41.19' 23.8 MUC 0.46
27 2 54°32.51' 10°41.14' 23.8 VVG 0.25
27 3 54°32.52' 10°41.13' 23.8 VVG 0.33
30 1 54°32.78' 10°46.61' 23.1 MUC 0.11
302 54°32.7T7 10°46.6' 22.9 VVG 0.05
30_3 54°32.78' 10°46.62' 22.9 VVG 0.05
42 1 54°32.92' 10°46.08' 23.4 VVG 0.02
42 2 54°32.91' 10°46.09' 234 VVG 0.41
42 3 54°32.91' 10°46.09' 23.4 VVG 0.02
43 1 54°33.26' 10°46.3' 23.7 VVG 0.70
43 2 54°33.26' 10°46.3' 23.6 VVG 0.67
43 3 54°33.25' 10°46.29' 23.7 VVG 0.30
44 1 54°33.1' 10°45.63' 23.4 VVG 0.40
44 2 54°33.09' 10°45.65' 23.8 VVG 1.24
44 3 54°33.09' 10°45.64' 23.4 VVG 0.29
45 1 54°33.35' 10°45.54' 23.8 VVG 0.14
45 2 54°33.35' 10°45.54' 23.7 VVG 0.14
45 3 54°33.35' 10°45.54' 23.8 VVG 0.14

*MUC and VVG stand for multicorer and Van Veen Grab sampler, respectively. TI stands

for trawling index based on furrow volume in 10 m x 10 m tiles.



Table S2: Taxa dominating abundance and biomass (ash-free dry weight, AFDW) and mean

values of these parameters in the study area. Frequency indicates the percentage of occurrence

of taxa in all 30 grab samples (15 grab samples each in MPA and control area).

Taxa Abundance Fre- Taxa AFDW Fre-
quency biomass  quency

(ind. m>) (%) (gm?) (%)
Ophiura albida 198 100 Arctica islandica 56.08 100
Varicorbula gibba 190 100 Nephtys ciliata 2.12 100
Diastylis rathkei 183 97 Ophiura albida 0.68 100
Abra alba 139 90 Asterias rubens 0.34 3
Scoloplos armiger 123 100 Abra alba 0.20 90
Levinsenia gracilis 79 100 Phaxas pellucidus 0.15 67
Nephtys ciliata 73 100 Diastylis rathkei 0.07 97
Arctica islandica 43 100 Lagis koreni 0.07 83
Aricidea suecica 32 93 Terebellides stroemii 0.06 43
Lagis koreni 27 83 Scoloplos armiger 0.06 100
Phaxas pellucidus 18 67 Varicorbula gibba 0.04 100
Kurtiella bidentata 17 77 Psammechinus miliaris 0.04 3
Terebellides stroemii 14 43 Malacobdella grossa 0.03 30
Paradoneis eliasoni 11 50 Lineus ruber 0.02 3
Tubificinae 9 47 Philine aperta 0.02 30
Phoronis sp. 8 47 Tritia reticulata 0.01 17
Halcampa duodecimcirrata 8 53 Levinsenia gracilis 0.01 100
Peringia ulvae 7 37 Aricidea suecica 0.01 93
Ampharete baltica 6 47 Rhodine loveni 0.01 23
Gastrosaccus spinifer 5 37 Halcampa duodecimcirrata 0.01 20
Prionospio steenstrupi 4 30 Nucula nitidosa 0.01 53
Total abundance 1226 (£388) Total biomass 60(x27)
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