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Abstract 23 

Trawl-fishing is broadly considered to be one of the most destructive anthropogenic activities 24 

toward benthic ecosystems. In this study, we examine the effects of bottom-contact fishing by otter 25 

trawls on the geochemistry and macrofauna in sandy silt sediment in an area of the Baltic Sea where 26 

clear spatial patterns in trawling activity were previously identified by acoustic mapping. We 27 

calibrated an early diagenetic model to biogeochemical data from various coring locations. Fitting 28 

measured mercury profiles allowed for the determination of the sediment mixing and burial 29 
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velocity. For all sites, independent of the trawl mark density, good fits were obtained by applying 30 

the model with the same organic matter loading and parameter values, while iron fluxes scaled 31 

linearly with the burial velocity. A sensitivity analysis revealed that the fitted sulfate reduction rate, 32 

solid sulfur contents, ammonium concentration, and both the isotopic composition and 33 

concentration of dissolved inorganic carbon provided reliable constraints for the total 34 

mineralization rate, which exhibited a narrow range of variability (around ±20% from the mean) 35 

across the sites. Also, the trawling intensity did not significantly correlate with total organic carbon 36 

contents in surficial sediment, indicating limited loss of organic matter due to trawling. The fits to 37 

the reactive iron, acid volatile sulfur, chromium(II) reducible sulfur contents, and porewater 38 

composition demonstrate that sediment burial and mixing primarily determine the redox 39 

stratification. The mixing depth did not correlate with trawling intensity and is more likely the 40 

result of bioturbation, as the analyzed macrofaunal taxonomy and density showed a high potential 41 

for sediment reworking. The extraordinarily long-lived Arctica islandica bivalve dominated the 42 

infaunal biomass, despite the expectation that trawling leads to the succession from longer-lived to 43 

shorter-lived and bigger to smaller macrofauna. Our results further suggest that a clear geochemical 44 

footprint of bottom-trawling may not develop in sediments actively reworked by tenacious 45 

macrofauna. 46 

 47 

1. Introduction 48 

Coastal sediments play a critical role in global biogeochemical cycles by processing high loads of 49 

organic matter (OM) and removing and recycling nutrients in ecosystems. About 70-90% of the 50 

global ocean OM burial and more than half of sedimentary OM mineralization has been estimated 51 
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to take place in continental shelf sediments that only account for 7% of the total seafloor (Berner, 52 

1982; Middelburg et al., 1997; Thullner et al., 2009). The shelves have increasingly become 53 

exposed to bottom-trawling, affecting currently 14% of the global and >50% of the European shelf 54 

and continental slope sediments at <1000 m water depth, respectively (Amoroso et al., 2018). 55 

Currently, the consequences of this disturbance for OM storage and mineralization are not well 56 

understood and fiercely debated (Luisetti et al., 2019; Paradis et al., 2021; Sala et al., 2021; Epstein 57 

et al., 2022; Hiddink et al., 2023; Atwood et al., 2023). 58 

The drag force exerted by trawling gears can scrape off, resuspend, and mix sediments (e.g., 59 

Palanques et al., 2001; O’Neill and Summerbell, 2011; Oberle et al., 2016). Sediment resuspension 60 

may lead to sediment coarsening and loss of organic carbon associated with fine-grained materials 61 

(Pusceddu et al., 2014; Paradis et al., 2019). Both sediment mixing and resuspension can increase 62 

OM exposure to O2, which enhances mineralization. These impacts may be offset by the tendency 63 

of bottom-trawling to kill particularly larger animals (Kaiser et al., 2006), which decreases 64 

bioturbation (e.g., Queirós et al., 2006; Olsgard et al., 2008; McLaverty et al., 2020), i.e., the natural 65 

stirring and oxygenation of sediment by benthic macrofauna that may also enhance sediment 66 

resuspension (Hir et al., 2007). Trawling and natural disturbances can affect mineralization rates 67 

through other mechanisms: for instance, by bringing deeper buried OM closer to the sediment-68 

water interface (SWI, Pusceddu et al., 2005), changing the benthic trophic state (Watling et al., 69 

2001; Polymenakou et al., 2005), and by priming microbial communities at depth with fresh OM 70 

(see for more hypotheses van de Velde et al. [2018]). 71 

Unraveling the footprint of trawling through observational and experimental studies has 72 

proven to be a daunting task.  Observational studies commonly analyze statistical trends along 73 



4  

trawling intensity gradients (Nielsen et al., 2023). While advantageous for making inferences about 74 

long-term ecosystem impacts, these studies often rely on less reliable indices for trawling activity 75 

based on tracking data of fishing vessels (Muench et al., 2018). Furthermore, fishing activity may 76 

correlate with other environmental parameters, such as water depth and sediment substrate 77 

(Hintzen et al., 2020; Mazor et al., 2020; Downie et al., 2021; Bastardie et al., 2021), making it 78 

challenging to isolate the effects of trawling on diagenetic processes. Trawling experiments that 79 

monitor the conditions before, during, and after a trawling event or compare the effects to a control 80 

area may be better posited to uncover causal relationships. The drawback of these studies is their 81 

focus on analyzing the local effects of fresh trawl marks. Experiments typically last for one or a 82 

couple of days, limiting the quantification to short-term impacts. However, a few studies have also 83 

examined the effects of repeated trawling over several months (Lindeboom and De Groot, 1998; 84 

Smith et al., 2000; Bhagirathan et al., 2008; Ferguson et al., 2020). 85 

A meta-analysis by Epstein et al. (2022) found that 49 studies determined the effects of 86 

bottom-trawling on carbon stocks, with 10% reporting an increase, 29% a decrease, and 61% no 87 

significant change. Only 7 studies reported the effect on benthic OM mineralization, of which 4 88 

reported an increase and 3 a decrease in mineralization rates. Similarly, varying results have been 89 

reported concerning the effects on sediment-water exchange fluxes of nutrients and oxygen (e.g., 90 

Warnken et al., 2003; Durrieu de Madron et al., 2005; Zacharia et al., 2006; Morys et al., 2021; 91 

Bradshaw et al., 2021). Many factors may have contributed to the varying results: The fishing gear, 92 

towing intensity, and sediment lithology determine the generated drag force and amount of 93 

resuspended materials (O'Neill and Ivanović, 2016; Eigaard et al., 2015). The sensitivity of the 94 

benthic macrofauna to trawling depends on the trawling gear and characteristics of the species (e.g., 95 
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typical life cycle, proximity to the seafloor, and body structure; Kaiser et al., 2006). At locations 96 

accustomed to sediment mixing and resuspension caused by waves and bioturbation, trawling may 97 

have less impact on the early diagenetic processes (Kaiser, 1998; Duplisea et al., 2001; Tiano et al., 98 

2022). Long-term carbon storage requires sufficiently high deposition and mild hydrodynamic 99 

conditions for net sedimentation (Epstein et al., 2022). Other than that, benthic mineralization rates 100 

and OM burial strongly depend on the organic matter reactivity and loading, bioturbation, 101 

sedimentation rate, and type of sediment substrate, which are factors generally important for early 102 

diagenesis (e.g., Berner, 1980; Boudreau, 1997; Arndt et al., 2013). 103 

Modeling plays a vital role in assessing the importance of anthropogenic pressures and 104 

environmental parameters, allowing for the generalization of observational and experimental 105 

findings. The impact of various trawling gear and sediment substrate on the benthic trophic state, 106 

infauna, and carbon and nutrients fluxes has been investigated in models that divide the sediment 107 

into two or three compartments, representing different redox conditions (Duplisea et al., 2001; 108 

Allen and Clarke, 2007). Recent studies have taken a step further by incorporating trawling activity 109 

in depth-resolved early diagenetic models (de Borger et al., 2021; van de Velde et al., 2018). 110 

Trawling is treated as intermittent disturbance events, whereby the mechanical impact of trawling 111 

is assumed to mix the sediment and porewater and to resuspend sediment, causing OM loss. 112 

Additionally, trawling is simulated as a factor that kills benthic macrofauna, resulting in a sudden 113 

decrease in bioturbation activity, which may recover slowly afterward (de Borger et al., 2021). 114 

Early diagenetic models allow for rates of complex processes, such as mineralization, which cannot 115 

be directly measured, to be constrained by integrating various (bio-)geochemical data. Estimates 116 

of the global impact of trawling on the carbon cycle have been modeled, relying on parameters 117 
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constrained by the models, such as OM reactivity (Sala et al., 2021; Hiddink et al., 2023; Atwood 118 

et al., 2023). However, a lack of studies integrating field data from trawled locations hinders 119 

comprehensive understanding. 120 

In this study, we analyze biogeochemical and macrofaunal data from sediment cores 121 

obtained from locations with sandy silt sediment, experiencing varying degrees of trawling 122 

intensity (Schönke et al., 2022). The dataset is used to calibrate a model, enabling us to investigate 123 

the influence on diagenetic processes. This comprehensive approach allows for comparisons of 124 

mineralization, burial, and mixing dynamics among the locations, facilitating an assessment of the 125 

effects of both bottom-trawling and bioturbation on sediment processes. 126 

2. Material and methods 127 

2.1. Study site, seafloor mapping, and coring locations 128 

The research cruise EMB238 was undertaken in May/June 2020 in the Fehmarn Belt area of the 129 

southern Baltic Sea. The aims were to survey the pre-closure conditions in a designated part of a 130 

marine protected area (MPA) and a nearby control area, where fishery will continue after the 131 

exclusion. The focus areas surveyed within and outside MPA cover 4.7 km2 and 3.7 km2, 132 

respectively, and lie 1.7 km apart from each other (Fig. 1). They are located west of an abrasion 133 

platform and characterized by sandy silt sediment with a fine sand component (BSH, 2016; 134 

Schönke et al., 2022), inhabited by so-called “Arctica community” (FEMA, 2013). There was a 135 

ban on targeted cod fisheries in the Baltic Sea in 2019 (ICES, 2021b,a) due to its stock collapse, 136 

but bottom-trawl fishing targeting other fish species (sprat, flatfish) remained in the MPA and also 137 

in the control area. Four sampling stations were selected in each focal area with different trawling 138 
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intensities based on an initial evaluation of preceding acoustic mapping with side-scan sonar. In 139 

2020, technical issues with the multibeam echosounder (MBES) caused a significant data loss from 140 

outer beams. Resolving the issue resulted in better data quality and coverage in the EMB267 cruise 141 

to the same area in June 2021. However, the trawling index based on the computed volume of trawl 142 

mark incisions per 10 m x 10 m tile, using a threshold of 5 cm depth, could be calculated for both 143 

years. In this study, we adopt trawling indices based on the total furrow volume per area, as 144 

previously reported by Schönke et al. (2022) for the EMB267 cruise. 145 

A comparison of the trawl mark patterns from the two different years showed that while the 146 

large-scale pattern across the survey area remained stable, the individual furrows showed 147 

significant local spatial variability (Schönke et al., 2022). When examining the trawl mark patterns 148 

based on MBES data in the research areas, clear trends in the trawling activity can be observed 149 

(Fig. 1). Intensive trawling occurs in the southern region of the control area, which borders an 150 

elevated abrasion platform with boulders. The high density of trawl marks running parallel to the 151 

platform (Fig. 1C) suggests that fishers expect higher catches in this area. Fishers appear to avoid 152 

a buoy northeast of the control area (Fig. 1C) and revolve around a shipwreck in the area’s 153 

northwestern part within the designated MPA area (Fig. 1B). We consider 10 m x 10 m tiles with a 154 

furrow volume of more than 1 m3 to form the main trawling lane. 155 

2.2. Sampling devices and procedures 156 

Sediment samples were collected using a multicorer equipped with 60 cm long acrylic tubes having 157 

a 10 cm internal diameter. Up to three parallel short sediment cores were obtained at each location, 158 

serving for both geochemical and macrofaunal analyses. Special care was taken to discard sediment 159 

cores potentially disturbed during sample collection, indicated by an inclined SWI or broken 160 
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characteristic structures compared to the parallel cores. Three replicate samples were collected by 161 

the Van Veen grab at every location (sampling area 0.1 m2) for sampling benthic macrofauna. At 162 

each location, a surface sediment sample was taken from a separate core for later grain size (optical) 163 

analyzes, whereas values for near-bottom salinity, temperature, and oxygen content were obtained 164 

from CTD. 165 

An underwater positioning device (EvoLogics Sinaps USBL) attached to the multicore 166 

system provided a positioning accuracy of less than 1 m. Examination of sample positions overlain 167 

with the acoustic map suggests that none were located directly on a trawl furrow or mound. 168 

Additional information about the locations with GPS coordinates and local furrow volume is shown 169 

in Table S1 in the supplement. 170 

2.3. Geochemical analyses 171 

Porewaters were collected from intact multicorer cores with rhizons (0.15 µm pore width, 172 

Rhizosphere) after siphoning the overlaying water to ca. 1 cm from the SWI. Porewaters were 173 

collected at 1 cm intervals from 0-5 cm depth, then from 2 cm intervals from 5-15cm depth, 174 

followed by 5 cm intervals from 15-25. Immediately upon sampling, solutions were aliquoted into 175 

different vials preserved for the respective analyses. Samples for DIC and δ13C-DIC were preserved 176 

with saturated HgCl2 solution and kept in exetainers dark and cool until further analysis by 177 

continuous flow isotope-ratio-monitoring mass spectrometry (Winde et al., 2014). The DIC 178 

concentrations and isotopic compositions were measured using a Thermo Gasbench II connected 179 

to a Thermo Finnigan MAT 253 gas mass spectrometer via a Thermo Conflo IV split interface 180 

(Winde et al., 2014). Samples for NH4 were kept frozen until photometric analysis on a QuAAtro 181 

multi-analyzer system (Seal Analytical, Southampton, UK; Lipka et al., 2018). Samples for 182 
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dissolved major and trace elements (Na, K, Ca, Mg, Li, Sr, Mn, Si, S, Fe, P) were preserved with 183 

concentrated HNO3 and refrigerated until analysis by ICP-OES (Thermo ICAP 7400; Von Ahn et 184 

al., 2021). Samples for sulfide were preserved with 5% Zn(OAc)2 solution and analyzed 185 

photometrically (Specord 40 spectrophotometer, Analytik Jena) following the method proposed by 186 

Cline (1969). 187 

Sediment samples were collected immediately from intact sediment cores via extrusion at 188 

1 cm intervals for the top 5 cm and 2 cm intervals for the remainder of the core. Care was taken to 189 

prevent sampling of the potentially disturbed outer rim. Sediment samples were split, whereby half 190 

of these were preserved with Zn(OAc)2 solution and kept frozen until analysis for chromium(II) 191 

reducible sulfur (CRS, mostly pyrite) and acid-volatile sulfur (AVS) via a two-step distillation 192 

following Fossing and Jørgensen (1989). Sulfide concentrations were measured photometrically 193 

(see above). The second half of the sediment samples were kept frozen in closed plastic vials until 194 

subsequent analysis of water content via mass loss upon freeze drying, from which the porosity 195 

was calculated. The freeze-dried sediment was homogenized and analyzed for total carbon, total 196 

nitrogen, and total sulfur (TC, TN, TS) with a Eurovector elemental analyzer, total inorganic carbon 197 

(TIC) with an Analytik Jena analyzer using infrared spectroscopy after phosphoric acid reaction 198 

and total mercury (THg) with a DMA 80 element analyzer (Leipe et al., 2013). The total organic 199 

carbon (TOC) content was calculated from the difference between TC and TIC (Al-Raei et al., 200 

2009). Freeze-dried sediments were extracted with 0.5 M HCl to obtain extractable major, minor, 201 

and trace metal contents (Ca*, Mg*, Sr*, Fe*, Mn*, Pb*, Cd*, Zn*) and phosphorus (P*) that were 202 

analyzed by ICP-OES (Thermo iCAP 7400; e.g., Von Ahn et al., 2021). 203 
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2.4. Sulfate reduction rate measurements 204 

Sulfate reduction rates (SRR) were quantified using incubations of intact sediment cores with 205 

radioactive 35SO4
2− radiotracer (Jørgensen, 1978). Using a single multicorer core per sampling site, 206 

three 40 cm-long acrylic tubes (30 mm OD, 24 mm ID) were pushed vertically into the sediment 207 

to retrieve mechanically undisturbed subcores. Along its side, each tube has a single row of 2 mm 208 

holes drilled in 1 cm resolution, the holes are sealed with silicone to avoid seepage of porewater 209 

but allow injection of radiotracer. When inserting the acrylic tubes, suction was applied to avoid 210 

compression of the sediment. The subcores always contained more than 20 cm of sediment and a 211 

few of the overlying bottom water to allow for undisturbed incubations from the SWI down to 20 212 

cm. Immediately after retrieval of the multicorer, the core was subsampled and the three 213 

subsampling tubes stored in an incubator at approximately in-situ temperature (10 °C). Incubations 214 

were initated the same day.  For incubation, 200 kBq of radiotracer was injected into each hole 215 

from the SWI down to 20 cm. Immediately after injection of radiotracer, the core tube was put back 216 

into the incubator and incubated for 24 h. Incubations were terminated by pushing the sediment out 217 

of the subsampling tubes, slicing them into depth sections and transferring the sediment into 50 mL 218 

centrifuge tubes, filled with 10 mL of 20% (w/v) zinc acetate solution. Before slicing, the remaining 219 

bottom water was siphoned off with a syringe and treated the same way as sediment samples. The 220 

following depth resolution was used on all cores: 0-6 cm: 1 cm, 6-10 cm: 2 cm, 10-20 cm: 5 cm. 221 

The vials were thoroughly shaken to break up all sedimentary structures and effectively stop all 222 

microbial activity. Due to lack of freezer space the fixed samples were stored at room temperature.  223 

Back in the home lab, the microbially produced reduced inorganic sulfur compounds (TRIS, total 224 

reduced inorganic sulfur) were separated from the bulk sample using cold chromium distillation 225 
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(Kallmeyer et al., 2004). Radioactivity was quantified by scintillation counting. 226 

2.5. Macrofaunal analysis 227 

Sediment from grab samples included in this study was sieved using a 1.0 mm sieve mesh size. Ten 228 

sediment cores were also sliced (in 2 cm steps down to 10 cm sediment depth, 10-15 cm, and the 229 

rest below 15 cm) and sieved using a 0.5 mm sieve mesh size to estimate the vertical distribution 230 

of macrobenthos. Biological material was preserved in a 4% buffered formaldehyde–seawater 231 

solution. In the laboratory, the organisms were sorted, identified to species level (with the exception 232 

of genus Phoronis and family Naididae), and counted and weighted to obtain data on species 233 

abundance and biomass. The nomenclature followed the World Register of Marine Species 234 

(WoRMS Editorial Board, 2020). 235 

The bioturbation potential (BPc; Solan et al., 2004) was calculated for each sample as a 236 

proxy for sediment mixing activity, following the methodological details described in Gogina et al. 237 

(2020). It is defined as 238 

BPc =∑√
𝐵𝑖
𝐴𝑖
𝐴𝑖𝑀𝑖𝑅𝑖

𝑛

𝑖=1

 239 

where, for each taxon (i), Bi/Ai is the mean individual biomass, and Ai is the abundance (units 240 

individuals/m2) at each sample. Mi and Ri are categorical scores for mobility and sediment 241 

reworking, respectively, assigned to each taxon based on ecological knowledge. In cases where 242 

trait categories were deemed irrelevant or negligible concerning sediment mixing or solute 243 

exchange across the sediment-water interface (e.g., for epifauna), a score of zero was assigned, 244 

leading to no contribution of specific species to BPc. 245 
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2.6. Description of the early diagenetic model 246 

A reaction-transport model was applied, simulating the key dynamics of coupled benthic oxygen, 247 

nitrogen, manganese, iron, sulfur, and carbon cycles during early diagenesis. It follows a classical 248 

approach (Wang and Van Cappellen, 1996; Boudreau, 1997) without accounting explicitly for 249 

bottom-trawling events. 250 

2.6.1. Transport and governing equations 251 

The concentration profiles of solids and solutes were described as 252 

(1 − 𝜙)
𝜕𝐶𝑖

𝜕𝑡
=

𝜕

𝜕𝑧
[(1 − 𝜙)𝐷𝑇

𝜕𝐶𝑖

𝜕𝑧
− (1 − 𝜙∞)𝑤∞𝐶𝑖] +∑ (1 − 𝜙)

𝑘
𝛾𝑖,𝑘𝑅𝑘      (1) 253 

and  254 

𝜙
𝜕𝐶𝑗

𝜕𝑡
=

𝜕

𝜕𝑧
[𝜙(𝐷𝑚𝜃

−2 + 𝐷𝑇)
𝜕𝐶𝑗

𝜕𝑧
− 𝜙∞𝑤∞𝐶𝑗] + ∑ 𝜙𝑘 𝛾𝑗,𝑘𝑅𝑘 + 𝜙𝛼(𝐶0 − 𝐶𝑗)   (2) 255 

respectively, whereby 𝜙 is the fitted porosity, 𝑤 is the burial velocity, 𝑅 is the reaction term, 𝛾 256 

denotes the stoichiometric coefficient for reactions, 𝐷𝑚 is the molecular diffusivity, 𝜃2 is the 257 

sediment tortuosity, 𝐷𝑇 is the turbation diffusivity, and 𝛼 is a non-local transport parameter 258 

(Boudreau, 1997). The molecular diffusivities were corrected for salinity, temperature, and 259 

pressure, which were set to 18.8, 10 °C, and 2 bar, respectively. For DIC and alkalinity the 260 

diffusivity of HCO3
− was used. Subscripts 0 and ∞ indicate evaluation at the SWI and below the 261 

compaction zone, respectively, throughout the text. The terms containing 𝐷𝑇 and 𝛼 commonly 262 

represent bioturbation in the form of biodiffusion and bio-irrigation, respectively (Boudreau, 1997; 263 

Kristensen 190 et al., 2012), but here we will refer to it as turbation and non-local transport, as it 264 

may also account for disturbances caused by bottom-trawling. The vertical profiles of the fitted 265 
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porosity (𝜙), turbation (𝐷𝑇), and non-local transport (𝛼) each follow an exponential decay function 266 

𝜓𝐸 = 𝜓0
𝐸 − (𝜓0

𝐸 − 𝜓∞
𝐸 )𝑒−𝑧/𝜂

𝐸
        (3) 267 

whereby uppercase ‘E’ is replaced by the respective symbols to distinguish the profiles of different 268 

parameters, 𝜓0
𝐸 is the fitted value at the SWI, and 𝜂𝐸  is the fitted e-folding distance. 𝜓∞

𝐷𝑇 for 269 

turbation (𝐸 = 𝐷𝑇) is set to 0. In the baseline simulations, irrigation (𝐸 = 𝛼) is turned off, and in 270 

separate testing simulations where it is turned on, it decays to 0 at depth (i.e., 𝜓∞
𝛼 = 0). For porosity 271 

(𝐸 = 𝜙), 𝜓∞
𝜙

 is the porosity below the compaction zone. For unit conversions, a solid-phase density 272 

of 2.6 g cm−3 was assumed. 273 

2.6.2. Constraining solid-phase transport by fitting measured mercury profiles 274 

To constrain the transport of solids, we first fitted mercury (Hg) profiles in a separate model. 275 

Mercury is a contaminant released in large quantities in the Baltic Sea from the 1950s until the 276 

1970s/1980s, after which the inputs decreased (Leipe et al., 2013). The imposed flux for metals at 277 

the SWI is modeled as 278 

𝐹𝑀 = 𝜁0
𝑀 + (1 − 𝜙∞)𝑤∞𝜁1

𝑀         (4) 279 

For mercury (M = Hg), the parameter 𝜁0
Hg

 was set to 0, and 𝜁1
Hg

 was fitted as a time-dependent 280 

parameter (see the results section). At the bottom, a zero-gradient boundary condition was imposed. 281 

The model did not account for reactions. We have tested the effect of desorption in a model (not 282 

shown) but found that it had a negligible effect on the solid-phase Hg content, as Hg adsorption to 283 

sediment is strong (𝐾 ≈ 103.3 kg/L; Hollweg et al., 2009). The ReacTran package in R (Soetaert 284 

and Meysman, 2012; R Core Team, 2022) was used to implement Eq. 1, whereby a model domain 285 

length of 30 cm was discretized by 150 evenly spaced cells. Starting from initial concentration set 286 
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to zero, the model was run to a steady state. 287 

 288 

2.6.3. Constraining solid-phase transport by fitting measured mercury profiles 289 

Reactive particulate organic matter (POM) is represented by a single state variable, and unreactive 290 

POM is not explicitly modeled. Table 1 shows an overview of all the state variables used in the 291 

model. The model tracks the isotopic composition of dissolved and solid carbonates. Both iron and 292 

manganese oxide are represented by two state variables (i.e., MnO2
α, MnO2

β, Fe(OH)3
α, Fe(OH)3

β, 293 

of which only the α-fractions react with organic matter. This can represent the effect of different 294 

crystallinities, allowing metal oxides to reach deeper sediment layers (Wang and Cappellen, 1996; 295 

Berg et al., 2003).  Assuming dissolved acid-base chemistry to be in equilibrium, the pH was 296 

computationally derived from total alkalinity (TA), dissolved inorganic carbon (DIC), total 297 

dissolved sulfide, total reduced nitrogen, and a constant value representative of the overlying water 298 

for the total borate ion concentration (Hofmann et al., 2010). 299 

The model includes all major mineralization pathways (𝑅1 to 𝑅5, Table 2) except 300 

methanogenesis, which is assumed to be inhibited by the presence of SO4
2−. Oxygen can reoxidize 301 

reduced metabolites (𝑅6 to 𝑅9) and react with the minerals FeS, FeS2, and S0 (𝑅10, 𝑅15, 𝑅17, 302 

respectively). MnO2 can reoxidize H2S, Fe2+, and S0 (𝑅12, 𝑅13, 𝑅18, respectively), while Fe(OH)3 303 

only reoxidizes sulfide (𝑅11). FeS2 formation can occur through a reaction between the 304 

intermediates FeS and S0, and also between FeS and H2S (Rickard and Luther, 2007), whereby the 305 

produced H2 is assumed to react immediately with SO4
2− (𝑅16). Reactions 𝑅19 and 𝑅20 account for 306 

MnO2 and Fe(OH)3 crystallization, respectively. 𝑅21 and 𝑅22 account for the precipitation and 307 
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dissolution of CaCO3 and FeS, respectively. 308 

The kinetic rate laws and rate constants for all reactions are shown in Table 3. Aerobic 309 

respiration is assumed to be 100 times kinetically faster than the anaerobic pathways (Table 3). 310 

Mineralization of POM releases DIC with an isotopic composition −22‰ (all reported δ13C values 311 

are relative to the V-PDB standard), which is considerably lighter than DIC and TIC from the 312 

overlying water (δ13C = −2‰, Table 4). Isotope fractionation factors for the reaction pathways 313 

considered in the model are small and ignored (Meister et al., 2019). A high value for the rate 314 

constant of Fe2+ oxidation limited the escape of Fe2+ to the overlying water (k8, Table 3), which 315 

typically should be less than 5 mmol m−2 y−1 in settings without bio-irrigation (Raiswell and 316 

Canfield, 2012). 317 

For the solids, fluxes were imposed as upper boundary conditions (Table 4). The fluxes of 318 

MnO2 and Fe(OH)3 depended linearly on the sediment accumulation rate, as described by Eq. 4 319 

(see 𝜁0
𝑀 and 𝜁1

𝑀 in Table 4). Fixed concentrations representative of bottom water were imposed as 320 

upper boundary conditions for solutes (Table 4). The zero-gradient condition prescribed the lower 321 

boundary condition for all state variables. To establish initial conditions across the domain, the 322 

concentration of TIC was initialized to a small value (1%) with δ13C = −2‰, while the DIC and 323 

Ca2+ were prescribed with representative values of the overlying water (Table 4). The alkalinity 324 

was adjusted to 1.2 times the value found in the overlying water to ensure oversaturation with 325 

respect to TIC. All other state variables were set to zero. 326 

The domain covering the distance from the SWI to a depth of 61 cm was discretized in an 327 

uneven grid with 40 cells and cell distances ranging from 1 mm at the top to 2 cm at depth. Applying 328 

the modeling framework developed by Rooze et al. (2020) and Zindorf et al. (2021) for R (R Core 329 
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Team, 2022), reaction rates resolved by CVODE (Hindmarsh et al., 2005) were coupled with 330 

transport following the sequential iterative operator splitting approach (Steefel and MacQuarrie, 331 

1996). The simulations were run to a steady state. 332 

 333 

2.7. Data integration 334 

2.7.1. Modeling approach 335 

The integrated organic matter mineralization rate in the model at steady-state equals the reactive 336 

organic matter input 𝐹POM. The most effective parameters for constraining mineralization in the 337 

model are the sulfate reduction rates, the DIC and NH4
+ concentrations produced during 338 

mineralization, and the in-situ δ13C-DIC resulting from the distinct isotopic signatures of −2‰ and 339 

−22‰ of inorganic carbon from the overlying water and POM, respectively. Redox stratification, 340 

strongly impacting the sulfur-metal dynamics, was constrained by the degree of pyritization (DOP), 341 

the penetration depth of reactive iron oxides, the ferruginous-sulfidic transition depth, and the SRR 342 

profiles. 343 

2.7.2. Data and model comparison 344 

The measured TOC is interpreted as particulate organic carbon (POC), which is related to 345 

particulate organic nitrogen and phosphorus through the adapted Redfield ratio (C:N:P = 122:16:1). 346 

Only POM that is reactive in the upper sediment is explicitly modeled. In plots of simulated reactive 347 

POM, the average measured TOC concentration below 15 cm is added and considered a refractory 348 

fraction, which allows a better comparison between modeled and measured TOC. Similarly, the 349 
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model only includes reactive solid metals and the unreactive fraction is removed from the plots. To 350 

compare the iron extraction results to the model results, the measurements are interpreted as 351 

[Fe(OH)3] = Fe* − FeAVS − FeU*        (5a) 352 

[FeS] = FeAVS           (5b) 353 

[FeS2] = FeCRS           (5c) 354 

DOP = [FeS2] / ([Fe(OH)3] + [FeS] + [FeS2])      (5d) 355 

whereby FeU* is the mean Fe* concentration below 15 cm depth, which is considered to be 356 

refractory. FeCRS can also include extracted S0, which is here ignored, as in the model the amount 357 

of S0 compared to FeS2 was negligible. DOP is an abbreviation for degree of pyritization. The 358 

measured Mn* is interpreted as MnO2, ignoring possible contributions of other manganese 359 

minerals. 360 

Relative errors reported in the text are only determined in the upper 10 cm of sediment and 361 

defined for single profiles as 362 

𝜖 =
∑ (�̂�𝑖−𝑦𝑖)

2𝑛
𝑖=1

𝑛𝑦‾2
          (6) 363 

whereby 𝑦𝑖 and �̂�𝑖 are the measurement and model interpolated value at the same depth, 𝑛 is the 364 

number of measurements, and 𝑦‾ is the average measured value. The overall error of multiple fits 365 

was quantified by averaging the errors of several profiles. 366 
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 367 

3. Results 368 

3.1. Solid-phase sediment deposition and mixing 369 

Metal profiles of extractable lead, zinc, cobalt, and copper appeared similar to total bulk Hg (THg; 370 

Spearman correlation coefficients: 0.91, 0.88, 0.84, 0.83, respectively), indicating similar 371 

depositional history and conservative behavior. TOC content was strongly correlated with porosity 372 

(Spearman’s rank correlation: r[128]=.82) and to a lesser extent with THg (r[127]=.50; shown for 373 

site 2 in Fig. 2A,B,C). 374 

Fitting the mercury profiles resulted in an approach whereby the Hg content in deposited 375 

sediment was set to 13 µg g−1 before 1950, 150 µg g−1 from 1950 to 1980, and a linear decrease 376 

from 150 µg g−1 to 30 µg g−1 between 1950 and 2020 (𝜁1 in Eq. 4; Fig. 2F). By imposing this 377 

pattern for all sites, the sediment accumulation rate 𝑤∞ and the turbation e-folding distance 𝜂𝑇
𝐷  (Eq. 378 

3; Table 5) were fitted to the measured THg profiles (Fig. 2C,D,E) for each individual site. In this 379 

approach, 𝑤∞ determines the total Hg input, and turbation affects the shape of the Hg profile. 380 

Sites 10, 13, and 18 had slower solid-phase transport, as lower 𝑤∞ and 𝜂𝑇
𝐷  values indicated 381 

(𝑤∞: 0.2 – 0.4 mm y−1; 𝜂𝑇
𝐷: 0.6 – 1.2 cm; Table 5). Conversely, solid-phase transport was faster at 382 

sites 2, 5, 8, 15, and 17 (𝑤∞: 0.4 – 1.2mm y−1; 𝜂𝑇
𝐷: 1.3 – 2.2 cm; Table 5). The fitted Hg profiles 383 

for sites 10, 13, and 18 with slower transport are shown in Figure 3, and for sites 2, 8, and 15 with 384 

faster transport in Figure 4. See supplementary Figure S1 for the profiles of sites 5 and 17. 385 

 386 



19  

3.2. Trends in (bio-)geochemical profiles: Comparison of model results to 387 

measurements 388 

The biogeochemical data and model fits are shown in separate figures for sites with slower (Fig. 389 

3) and faster solid-phase transport (Figs. 4 and S1). The distributions of the modeled mineralization 390 

rates over depth exhibit sensitivity to solid-phase transport, with more mineralization occurring 391 

near the SWI in cases of slower transport compared to faster transport (compare SRR profiles in 392 

Figs. 3 and 4). In the model, faster burial and deeper mixing of solids lead to higher NH4
+, PO4

3−, 393 

and DIC accumulation and more negative δ13C values at depth (Figs. 3, 4, S1). The sites with slower 394 

solid-phase transport (10, 13, 18) show Fe(OH)3 and MnO2 reaching less deep into the sediment 395 

(modeled Fe(OH)3 reaches 5 – 7 cm depth, Fig. 3) and a steeper slope of the DOP profile (Fig. 3). 396 

Conversely, Fe* and Mn* reach deeper and the DOP profiles exhibit a lower slope at sites 2, 5, 8, 397 

15, and 17 with faster solid transport (modeled Fe(OH)3 reaches 7.5 – 9 cm depth, Figs. 4, S1). The 398 

model generally fits the measured Fe(OH)3, FeS2, and DOP slope at various sites well. The 399 

measured solid P profiles closely follow the measured Fe* trends, which is simulated by a fixed 400 

P:Fe adsorption ratio in the model (Figs. 3, 4, S1). 401 

The measured SO4
2− and Ca2+ concentrations tended to increase over depth following a 402 

trend of increasing salinity. In Figures 3, 4, and S1, the trends are removed by scaling the measured 403 

concentrations to salinity and compared to SO4
2− and Ca2+ profiles produced by the model, which 404 

did not account for changes in salinity. The magnitude of maximum Fe2+ and H2S concentrations 405 

can differ strongly between core duplicates (compare different symbols representing measurements 406 

from duplicate sediment cores in Figs. 3 and 4) and can show large deviations from the modeled 407 

values. Generally, H2S accumulation at depth is underestimated by the model. The measured Ca2+ 408 
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concentrations corrected for salinity match well with the simulations and indicate conservative 409 

behavior (Figs. 3 and 4). The measured TIC concentrations often show a decrease at depth at the 410 

sites with faster transport (Figs. 3, S1), which the model did not reproduce. 411 

Fitting the biogeochemical datasets converged in an approach whereby the POM 412 

degradation rate parameter (𝑘, Table 3) and the POM loading (𝐹POM; Table 4) and, hence, the depth-413 

integrated mineralization rates are the same at all sites. Also, the same rate constants for other 414 

reaction pathways were kept constant (Table 3). The effect of changing the reactive POM loading 415 

is shown in Fig. 5. For all sites, increasing or decreasing the fluxes by 20% worsened the fits of 416 

profiles considered to be directly related to mineralization (sect. 4.1.1), except for sites 5 and 8, 417 

where lowering the POM loading improved the fits slightly. 418 

The reactive POM included in the model constitutes only a relatively small fraction of the 419 

total measured TOC concentrations (Figs. 3, 4, S1). Considering the effects of environmental 420 

parameters on carbon storage, the data indicate that the TOC contents in the upper 5 cm layer did 421 

not correlate significantly with trawling intensity (𝑟 = .14, 𝑝 = .783), sediment accumulation rate 422 

(𝑟 = −.19, 𝑝 = .665), turbation mixing depth (𝑟 = .10, 𝑝 = .840), or water depth (𝑟 = .08, 𝑝 =423 

.845). 424 

3.3. Macrofaunal analysis and bioturbation potentials 425 

Overall, a total of 87 macrofauna taxa were recorded in samples. The biomass comprised up to 426 

93% of Arctica islandica, an active suspension-feeding long-lived bivalve, scored as a surficial 427 

modifier and classified as critically endangered ((HELCOM Red List Biotope Expert Group, 2019). 428 

Results support the presence of the typical Arctica community in the aphotic fine-grained sediment 429 
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at all locations independent of trawling intensity. The contributions to total abundance were more 430 

evenly distributed between different taxa (dominated by few bivalves, the brittle star Ophiura 431 

albida, cumacean Diastylis rathkei and few polychaete species, including Scoloplos armiger and 432 

Nephtys ciliata, see Table S2). 433 

The unitless bioturbation potentials based on the macrofauna showed considerable 434 

variability, occasionally also between duplicate cores or nearby locations. For example, in one 435 

multicorer cast from site 5, BPc ranged from 795 to 1526 across three replicate cores. At sites 10 436 

and 13, which are approximately 70 meters apart, BPc was estimated as 318±84 (mean±SD) and 437 

460±12, respectively, in grab samples. Spatial patterns were explored by evaluating their 438 

correlation with the distance from the main trawling lane (DTL), the trawling indices (TI), and 439 

water depth (Fig. 6). The correlation between the community bioturbation potential and TI was 440 

stronger for larger than for smaller tiles (75 m x 75 m compared to 10 m x 10 m tiles, Fig. 6). 441 

Surprisingly, BPc correlated strongest with water depth. Other abiotic factors such as near-bottom 442 

oxygen concentrations, salinity, granulometry parameters (not shown), and total organic content of 443 

surface sediments (Fig. 6) were also tested, but the association with them was less strong. The 444 

trawling indices and DTL also strongly correlated with water depth (Fig. 6). Calculation of the 445 

semi-partial Spearman correlation coefficients that removed the variability in water depth from TI 446 

and DTL resulted in a correlation reduction from −0.56 to −0.13 between BPc and TI 75 m x 75 m 447 

and from 0.60 to 0.15 between BPc and DTL. Similarly, semi-partial correlation coefficients 448 

between A. islandica biomass and TI 75 m x 75 m and DTL, when controlling for water depth, 449 

were −0.17 and 0.21 (comparing to −0.40 and 0.43 before detrending), respectively, and were 450 

both not significant anymore. 451 
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 452 

4. Discussion 453 

General hypotheses considering the effects of bottom-trawling on sediment transport and OM 454 

mineralization are displayed in Figure 7 and summarized in the following: Bottom-trawling 455 

disturbs the seafloor mechanically (link 1, Fig. 7). The mechanical force exerted by trawls is 456 

expected to mix sediment (link 2), kill animals (link 3), and resuspend sediments (link 4). The 457 

killing of animals decreases bioturbation (link 5) and may also have a weak negative effect on the 458 

erodibility and resuspension of sediment (link 6). Sediment mixing may enhance benthic 459 

mineralization (link 7). Sediment resuspension leads to a loss of sedimentary OM, which decreases 460 

benthic mineralization rates (link 8, Fig. 2). The extent to which the biogeochemical data and 461 

modeling support the hypotheses and allow for the rejection of the null hypothesis of no trawling 462 

impact will be discussed in detail in sections 4.1, 4.2, and 4.3, accompanied by a summary overview 463 

provided in Figure 7. Finally, section 4.4 discusses the environmental context relevant for 464 

generalizing the findings. 465 

4.1. Reaction-transport dynamics in relation to bottom-trawling and 466 

bioturbation in the study area 467 

First, the interpretation of Hg profiles in relation to solid-phase transport and trawling will be 468 

discussed (sect. 4.1.1). Then the model performance and reliability concerning OM mineralization 469 

(sect. 4.1.2) and redox stratification (sect. 4.1.3) will be evaluated. Finally, the impact of trawling 470 

on the sediment biogeochemistry is discussed in section 4.1.4. 471 

 472 
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4.1.1. Interpretation of mercury profiles 473 

Sediment resuspension decreases net sediment accumulation over time. Sites 10 and 13, located in 474 

a heavily trawled area, have slow sedimentation rates, consistent with sediment loss due to 475 

trawling. Overall, there is a negative correlation between trawling intensity and sediment 476 

accumulation rate, which is significant depending on the correlation method used (Pearson 477 

correlation: 𝑟[5] = −.63, 𝑝 = .128; Spearman’s rank correlation: 𝑟[5] = −.96, 𝑝 = .003). Site 8 478 

forms an exception with a high trawling index (Table S1) and fast sediment accumulation (𝑤∞, 479 

Table 5). The limited number of stations examined for geochemical analysis, i.e., corresponding to 480 

5 or 6 degrees of freedom, prevent robust statistical analysis, particularly since the distance between 481 

sites with similar trawling indices is not random, and spurious correlations may result from 482 

covariations with other environmental parameters. Sites 10 and 13 are located at the shallowest 483 

depths in each other’s vicinity, close to an abrasion platform (Fig. 1A,C). The bathymetry likely 484 

affects the sediment accumulation rates, despite a relatively weak correlation in the data 485 

(Spearman’s rank correlation: 𝑟[6] = .48, 𝑝 = .230). Hence, the effect of trawling intensity on 𝑤∞ 486 

remains unclear (link 4, Fig. 7). 487 

Bottom-trawling may also induce sediment mixing (link 2, Fig. 7). Of the sites with high 488 

trawling indices, sites 10, 13, and 18 exhibited shallow mixing depths, and site 8 experienced 489 

deeper mixing 𝜂𝐷𝑇 , Table 5). There is an insignificant (negative) correlation between mixing depth 490 

(𝜂𝐷𝑇, Table 5) and trawling index (Spearman’s rank correlation: 𝑟[5] = −0.57, 𝑝 = .200) since 491 

other sites with deeper mixing have lower or zero trawling indices (site 2, Table S1). Bioturbation 492 

could be responsible for the mixing at both more and less intensely trawled areas, as bioturbation 493 

potentials did not significantly correlate with the trawling index. Due to the very patchy distribution 494 
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of macrofauna and the distance between sampling locations for geochemical and macrofaunal 495 

analysis, the mixing depths (𝜂𝐷𝑇) obtained by fitting mercury profiles cannot be directly compared 496 

to determined bioturbation potentials. However, given the insignificant or negative correlation 497 

between trawling intensity and mixing depth and the generally high bioturbation potentials, 498 

bioturbation is most likely responsible for the observed mixing (link 5, Fig. 7). 499 

 500 

4.1.2. Validation of modeled mineralization processes 501 

Mineralization rates imposed in the model are mostly inferred from measured SRRs, total sulfur 502 

solids, NH4
+, DIC, and δ13C-DIC. The measured SRRs provide a direct estimate of in-situ 503 

mineralization at the time of sampling. The model successfully captured a trend of a deeper sulfate 504 

reduction zone, attributed to increased sediment mixing at greater depths (Table 5, Fig. 4). The 505 

inhibition of sulfate reduction near the SWI caused by metal oxides following the diagenetic 506 

sequence (i.e., the consumption of terminal electron acceptors in order of decreasing energy yield; 507 

Froelich et al., 1979; Berner, 1980) often appeared to be overly pronounced (see sites 2, 8, 15 in 508 

Fig. 4). However, as most sulfide produced during SRR binds to iron, the well fitted FeS2 profiles 509 

and the total accumulation of sulfur solids support the modeled depth-integrated SRRs.  In addition, 510 

FeS2 accumulation may provide a better measure for long-term average SRRs, as it is less affected 511 

by seasonality and short-term disturbances compared to aqueous-phase chemistry. The fits of DIC 512 

and NH4
+ support the modeled mineralization rate, as higher mineralization rates would have led 513 

to higher DIC and NH4
+ concentrations and more negative δ13C-DIC values. There is some 514 

uncertainty in the DIC and NH4
+ profiles due to the potential role of bio-irrigation. Particularly for 515 

site 5, imposing bio-irrigation (𝜓0
𝛼 = 10 y−1, 𝜂𝐷𝑇 = 3.3 cm; Eqs. 2, 3) improved these fits but 516 
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worsened the fit of FeS2 at steady-state (Fig. S1). 517 

The measured TOC contents do not provide a quantitative constraint for mineralization 518 

because most of the present TOC appears to be refractory on time scales for early diagenesis. With 519 

depth, TOC and porosity increase and decrease simultaneously (sect. 3.1, Fig. 2A,B), indicating 520 

non-steady state sediment deposition and possibly a lithological control. The TOC contents in the 521 

upper 5 cm showed no significant correlation with trawling intensity or other environmental 522 

parameters (sect. 3.2). The C:N ratios of TOC varied between 7.7 and 12, indicating a predominant 523 

marine source of OM (Rullkötter, 2006), which tends to be more labile than terrestrial OM. The 524 

relatively featureless siliciclastic grain size distributions over depth (not shown) did not follow the 525 

trends in porosity, which may indicate that the biogenic contents (i.e., organics and carbonates) 526 

removed for this analysis play an important role in the coating of grains and thereby providing 527 

physical protection to mineralization (Keil et al., 1994; Mayer, 1994), while early compaction of 528 

clay minerals may also take place (Böttcher et al., 2000; Al-Raei et al., 2009). 529 

The legacy of episodic saltwater inflows from the North Sea (e.g., Naumov et al., 2023) and 530 

recent freshening led to an increasing trend of porewater salinity over depth. It strongly influenced 531 

ion profiles with slower turnover rates. Cations such as Ca2+ (Figs. 3, 4, S1) and Sr2+ (not shown) 532 

generally followed the salinity trends (not shown), indicating limited precipitation/dissolution of 533 

carbonates, despite the decline at depth in measured TIC values not reproduced by the model. One 534 

of the duplicate cores of site 18 formed an exception, as a clear peak in Ca2+ indicated recent CaCO3 535 

dissolution (Fig. 3). The SO4
2− concentrations also increased with salinity over depth, masking the 536 

effect of sulfate reduction. The model did not account for changes in bottom-water salinity, and the 537 

sulfate profiles were, therefore, not used to constrain sulfate reduction. Nevertheless, the modeled 538 
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profiles look similar to the measured values scaled to salinity (Figs. 3, 4, S1), which supports the 539 

modeled turnover rates. 540 

 541 

4.1.3. Validation of modeled redox stratification 542 

The DOP profiles show the conversion of Fe(OH)3 to FeS2 over depth, indicating the change in 543 

redox conditions. Fe(OH)3 reaches deeper and DOP gradients are less steep at sites 2, 5, 8, 15, and 544 

17 (Figs. 4, S1) compared to sites 10, 13, and 18 (Fig. 3). This is the result of differences in mixing, 545 

which is well-predicted by turbation diffusivity profiles (𝐷𝑇, Table 5) obtained by fitting the Hg 546 

profiles. At sites with lower turbation (i.e., mixing decaying faster with depth), mineralization takes 547 

place closer to the SWI, favoring aerobic mineralization and leading to significantly lower depth-548 

integrated SRRs (e.g., sites 10 and 13; Fig. 3). The modeled Fe(OH)3 and FeS2 generally agree well 549 

with the measurements. 550 

Similar to Fe(OH)3, the penetration depth of MnO2 depends on the redox zonation. There 551 

is a high local spatial variability in both Fe2+ and Mn2+, as shown by comparing profiles from 552 

duplicate cores (Figs. 3 and 4). Both benthic Mn and Fe dynamics are strongly affected by reactions 553 

with H2S, which also varies between duplicates and is often not well reproduced by the model. 554 

Significant mismatches emerged between modeled and measured MnO2 profiles at sites 2 and 15 555 

(Fig. 4). Dissolved Mn2+ is less quickly reoxidized than Fe2+, making it more mobile (Kowalski et 556 

al., 2009) and sensitive to turbation (Schaller, 2014). Therefore, Mn contents, compared to Fe, may 557 

have been less well predicted by the modeled 𝑤∞-dependent linear relationship (Eq. 4). 558 

 559 
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4.1.4. Bottom-trawling effects on sediment mineralization rates and organic 560 

matter loss 561 

The classical early diagenetic model, simulating vertically stratified redox zonations at steady-562 

state, could reproduce the main features in the porewater chemistry and solid phases. Contrary to 563 

the expected disturbances caused by trawling, the DOP and sulfur solids exhibited consistent trends 564 

over depth (Figs. 3, 4, S1), similar to the uninterrupted heavy metal contamination trends observed 565 

since the 1950s. They do not point towards irregular mixing events associated with trawling events. 566 

The same labile POM flux imposed for all sites in the model (𝐹POM, Table 4) and the sensitivity 567 

analysis showing that a change of 20% in the labile POM flux generally worsened the fits (Fig. 5) 568 

clearly suggest that the available reactive POM does not scale with the sedimentation rates, varying 569 

by a factor of 7 (Table 5). In contrast, a strong correlation between mineralization rates and 570 

sediment accumulation rates would be expected to result from a loss of POM associated with 571 

resuspended sediment. Since this is not the case, bottom-trawling appears not to cause significant 572 

loss of sediment and organic matter (links 4, 8; Fig. 7). 573 

In our model formulation, the higher kinetic rate constant applied for aerobic respiration 574 

(𝑅1, Table 3) allows oxygenation to lead to faster mineralization. Therefore, it does not contradict 575 

experimental studies that showed short-term differences in sediment O2 uptake within a day after 576 

trawling (e.g., Morys et al., 2021, link 7 in Fig. 7). However, since all reactive POM is mineralized 577 

within the model domain, our results indicate that mineralization rates integrated over depth 578 

corresponding to decades of sediment deposition are not significantly affected by trawling (link 7 579 

not supported, Fig. 7). 580 

 581 
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4.2. Reaction-transport dynamics in relation to bottom-trawling and 582 

bioturbation in the study area 583 

Arctica islandica strongly dominated the macrofaunal biomass (Fig. 6; Table S2) and effectively 584 

determined the bioturbation potential. This clam species is a burrowing suspension feeder with 585 

short siphons. It can have an extremely long life span (up to 70-80 years in the Baltic Sea and over 586 

200 years in the Atlantic) and becomes sexually mature after ~ 5-10 years s (Zettler et al., 2001; 587 

Thompson et al., 1980a,b). Their prevalence in the southwestern part of the Baltic Sea largely 588 

results from their ability to cope with hypoxic conditions, as they can switch to anaerobic 589 

metabolism for up to several days (Taylor, 1976). Variable salinity and depleted oxygen conditions 590 

with oxygen levels below 1 ml/l commonly occur in the study area for 20 to 40 days per year 591 

(Gogina et al., 2014; Friedland et al., 2023). Adults may survive over 8 weeks without oxygen and 592 

over 6 weeks even under euxinic conditions. Exposure to hypoxia is more severe for larvae and 593 

juveniles, who are also more exposed to predation (Vaquer-Sunyer and Duarte, 2010). As a result, 594 

favorable environmental conditions for successful recruitment and larval survival may occur 595 

sporadically only once in several years. 596 

The slow life cycle and infrequent recruitment worsen the ability of macrofauna to recover 597 

after a mass mortality event, and suspension feeders in fine-grained sediments are more vulnerable 598 

to the mechanical effects of bottom-trawling (link 3, Fig. 7; Kaiser et al., 2006; Allen and Clarke, 599 

2007). It is, therefore, unsurprising that A. islandica is considered to have low resistance and 600 

resilience and high sensitivity to bottom-trawling (Tyler-Walters and Sabatini, 2017). The otter 601 

boards used for trawling in the Baltic Sea have been shown to damage shells of A. islandica, making 602 

it more vulnerable to predation (Rumohr and Krost, 1991; von Arntz and Weber, 1970). During 603 
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sampling, we also observed broken and empty shells. Unfortunately, there is no good baseline for 604 

comparison to estimate the isolated impacts of trawling, as gradients in salinity, oxygen levels, and 605 

bathymetry lead to large spatial variability of macrofauna in the Baltic Sea. It is unclear to what 606 

extent the communities are adapted to motorized bottom-trawling activities taking place since the 607 

1930s (Schacht and Voss, 2022). 608 

The negative correlation between bioturbation potential and water depth (which varies only 609 

in a very limited range; see Fig. 6) suggests the significant cumulative effect of this complex factor. 610 

Even at such a fine spatial scale, it integrates the effects of several other factors, including bottom 611 

currents, supply of fresh organic matter for suspension feeding, and hydrodynamics of particles 612 

resuspended by trawling. The routes of trawlers may also follow convenient isobaths and 613 

alignments or sediment types to some extent reflected by bathymetry. Correlations between 614 

macrofaunal variables and trawling index were stronger in larger tiles (compare 75 m x 75 m to 10 615 

m x 10 m, Fig. 6), suggesting that the trends are not driven by recent trawling activity. Smaller tiles 616 

provide more precise estimates of the present furrow volumes in the near environments of coring 617 

locations; conversely, larger tiles may provide more robust estimates of average trawling activity 618 

on longer decadal time scales. Bioturbation potential, driven mainly by A. islandica (𝑟 = 0.87), 619 

also shows the strongest negative association with water depth, followed by the distance to the 620 

main trawling lane derived from aggregated data. Remarkably, as the correlations between both 621 

BPc and trawling intensity and BPc and distance from the main trawling lane become insignificant 622 

when detrended for water depth (see Results, sect. 3.3), the data does not provide any solid evidence 623 

for an adverse effect of trawling on bioturbation in our study area (link 3 not supported, Fig. 7). 624 

 625 
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4.3. Theoretical considerations: assessing trawling's influence on sediment 626 

turbation and resuspension, and estimating trawling frequency 627 

Bottom-trawling is considered to disturb the sediment directly by inducing mixing and sediment 628 

resuspension. Yet, our analysis did not identify clear traces from either process or their impact on 629 

OM mineralization. Here, we interpret these observations with estimations of physical transport 630 

caused by trawling in the context of previous modeling studies (sect. 4.3.1 and 4.3.2) and consider 631 

the chance that a random sampling location has been trawled in the past (sect. 4.3.1 and 4.3.2). 632 

 633 

4.3.1. Sediment mixing in trawled and bioturbated sediment 634 

In previous model studies, bottom-trawling was simulated to cause intermittent mixing of solids 635 

and porewater (link 2 in Fig. 7; de Borger et al., 2021; van de Velde et al., 2018). Discrete and 636 

continuous mixing models are mathematically closely related and may produce indistinguishable 637 

chemical profiles (Meysman et al., 2003; Boudreau, 2005). Intermittent mixing in the upper 638 

sediment can be mimicked by continuous diffusion with a diffusivity of 𝐷 = 0.5𝑓(𝐿/3)2, whereby 639 

𝑓 is the trawling frequency, 𝐿 is the depth of the mixed layer, and 𝐿/3 is the statistically average 640 

vertical distance over which a particle is moved during a single mixing event. When values for 641 

trawling frequency (e.g., 6 y−1) and depth (5 cm) are inserted, diffusivity coefficients on the order 642 

of 10 cm2 y−1 are obtained, which lies within the range of literature values for biodiffusion 643 

coefficients (Middelburg et al., 1997). Mixing of porewater caused by trawling has been simulated 644 

by imposing a linear concentration profile between the bottom-water concentration and the in-situ 645 

concentration at depth 𝐿 before trawling (de Borger et al., 2021). In a time-continuous formulation, 646 



31  

this may be better represented by a non-local exchange term (see the last term in Eq. 2) than 647 

diffusion to allow more reactive chemicals, such as oxygen, to penetrate deeper into the sediment. 648 

As an end-member case for a highly reactive chemical, the expression of 𝛼 ≡ 𝑓(1 − 𝑧/𝐿) can be 649 

derived, whereby both the maximum irrigation intensity (𝛼[𝑧 = 0]) and irrigation depth (𝐿) are 650 

low compared to typical values used for simulating bio-irrigation (e.g., Meile and Cappellen, 2003). 651 

Hence, bioturbation may be indistinguishable from or exceed mixing caused directly by trawling 652 

(links 2, 5; Fig. 7). 653 

 654 

4.3.2. Estimating effects of bottom-trawling-induced sediment resuspension 655 

Sediment resuspension caused by bottom trawling can impact biogeochemistry by shifting 656 

mineralization from sediment to the overlying water (van de Velde et al., 2018). De Borger et al. 657 

(2021) modeled that each trawling event eroded an upper layer with a thickness ranging from 3 to 658 

15 mm, while Allen and Clarke (2007) assumed it removed the oxic layer (link 4, Fig. 7). 659 

Accounting for the accumulation of sediment and particulate organic carbon in the water column 660 

after trawling, Durrieu de Madron et al. (2005) determined that otter trawls resuspended 0.1 to 0.4 661 

mm thick layers in muddy sediments. The resuspension of much thicker layers has been estimated 662 

for fluxes of dissolved nutrients (Durrieu de Madron et al., 2005; Duplisea et al., 2001), but these 663 

studies may not have distinguished between porewater mixing and resuspension (see sect. 4.3.1). 664 

The quantified furrow volume allows the amount of material resuspended by otter trawls to 665 

be estimated. Furrows disappear on the time scale of a year (Schönke et al., 2022). Under the 666 

assumption of steady-state (𝑄 = 𝜆𝑉), where 𝑄 represents the volumetric furrow production rate by 667 
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trawling, 𝜆 is a constant for the furrow disappearance rate (estimated to be 1 y−1), and 𝑉 denotes 668 

the furrow volume in a tile, the erosion can be estimated as 𝑟 = 𝑄𝑓/𝐴. Here, 𝑓 denotes the ratio of 669 

the resuspended layer depth over the furrow volume, and 𝐴 represents the tile area. When 𝑓 is 22% 670 

(de Borger et al., 2021), the erosion exceeds or is on the same magnitude as the burial velocities 671 

for sites 8, 10, 13, and 18. However, considering a resuspended depth layer on the order of 0.2 mm 672 

for furrow depths that typically range between 15 – 30 cm in fine-grained sediment (Linnane et al., 673 

2000), this 𝑓-ratio would be only ~1%, yielding lower erosion rates that are by far exceeded by the 674 

sediment burial velocities. The latter estimates agree better with our findings. Clouds of 675 

resuspended materials spread horizontally over 100s of meters in the water column (e.g., Durrieu 676 

de Madron et al., 2005) far outside local tiles (10 m x 10 m, Fig. 1). The net accumulation rates in 677 

combination with POM fluxes that are similar at all sites and do not scale with sediment 678 

accumulation rate (Table 5) are consistent with lower estimates of sediment resuspension rates, as 679 

otherwise more heavily trawled locations would have lost greater amounts of reactive POM (link 680 

8; Fig. 7). 681 

 682 

4.3.3. Evaluating the trawling probability at coring locations 683 

Following the reasoning in the previous section, an areal trawling intensity can be estimated as 684 

𝐺 = 𝜆𝑆 (dimensions T−1), whereby 𝜆 is the constant for recovery (estimated to be 1 y−1), and 𝑆 is 685 

the steady-state furrow area divided by the control area. The chance for a random point in the 686 

control area of being ploughed one or more times during a period 𝑡 is 𝑝(𝑡) = 1 − exp(−𝐺𝑡). 687 

Furrows covered about 5% of the entire study area (𝑆 = 0.05; Schönke et al., 2022), which yields 688 
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probabilities of 𝑝 = 5%, 50%, and 95% corresponding to 𝑡 = 1, 14, and 60 years, respectively. For 689 

site 13, with the highest trawling intensity index, these chances correspond to 𝑡 = 0.2, 3, and 14 690 

years, respectively. Hence, it is very likely that many coring locations in our study have been 691 

directly exposed to otter boards in the last decades (link 1 supported, Fig. 7). 692 

These calculations do not consider the potential impact of the nets and ground gear on the 693 

seabed. In the acoustic data, a clear imprint of nets between tracks of otter boards could not be 694 

discerned. However, as noted by O'Neill and Ivanović (2016), the drag forces associated with the 695 

nets and ground gear can exceed those of the otter boards but are more spread out. While the 696 

likelihood of random points encountering a net is considerably higher than encountering an otter 697 

board, the nets may not visibly create furrows, and the sediment substrate likely influences the 698 

relative impact. 699 

 700 

4.4. The influence of environmental conditions and policies on the impact of 701 

bottom-trawling on early diagenesis 702 

Bioturbation can have similar effects as trawling by mixing and oxygenating sediment (links 2 and 703 

5, Fig. 7) and enhancing resuspension (links 4, 6; Fig. 7). Therefore, bottom-trawling may be less 704 

disruptive in strongly bioturbated environments (Duplisea et al., 2001; de Borger et al., 2021) when 705 

the bioturbation potential remains relatively unaffected (link 3, Fig. 7). 706 

At our study site, large A. islandica and a few smaller polychaetes effectively determine the 707 

reworking of sediments and can survive in the intensely trawled area. Van Denderen et al. (2022) 708 

also found that trawling did not negatively affect the abundance of other mollusk species deeper in 709 
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the Baltic Sea. A ban on beam trawling probably helped to reduce the impacts, as beam trawls 710 

typically cause higher mortality rates than otter trawls (e.g., Lindeboom and De Groot, 1998). The 711 

annual fishing mortality of mature A. islandica was 11% for beam trawling and <0.5% for otter 712 

trawling in the southern North Sea (Bergman and van Santbrink, 2000), but Rumohr and Krost 713 

(1991) observed a larger impact of otter trawling in the western Baltic. High macrofaunal 714 

biomasses and low biodiversity resulting from episodic hypoxia and low salinity are typical for the 715 

Baltic Sea (Bonsdorff, 2006). The low biodiversity combined with the slow reproduction of A. 716 

islandica could make the system behave more stable and less adaptive to gradual changes in 717 

trawling intensity and gear until thresholds for its survival, which also depend on other 718 

environmental stressors (e.g., warming), are exceeded, leading potentially to more abrupt changes 719 

in community composition and bioturbation potential. 720 

Fishing gear regulations not only influence benthic fauna mortality and bycatch but also 721 

impact sediment resuspension. Smaller mesh sizes result in larger twine areas, increasing drag 722 

forces during trawling (Reid, 1977). These regulations have evolved, and variations exist across 723 

different maritime zones. For instance, the Baltic Sea experienced a significant shift in regulations, 724 

transitioning from the absence of minimum mesh sizes before 1950 to the current allowance of 725 

only standard meshes >105 mm (Madsen, 2007). On top of environmental diversity in sediment 726 

substrate and benthic fauna, the variety in fishing gear further contributes to the complexity of 727 

comparing trawling impacts between studies. 728 

The effects of trawling on OM storage in sediments are expected to depend on the sediment 729 

accumulation rate and hydrodynamic conditions (Epstein et al., 2022). However, despite significant 730 

net sediment deposition and sufficiently calm hydrodynamic conditions allowing for the 731 
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accumulation of sandy silt sediments in the study area, we observed little impact. 732 

 733 

Conclusion 734 

As reflected by the redox-defined zonation of microbial OM mineralization, the biogeochemical 735 

functions at all sites follow the classical pattern of vertical redox stratification (Froelich et al., 736 

1979). Observed and modeled differences in bioturbation and sedimentation rates explain most 737 

variability in early diagenetic transformation rates at the study sites. A direct link between trawling 738 

intensities and net sediment accumulation rates could not be established. The same model-739 

constrained mineralization rates at all sites indicate limited loss of reactive OM due to trawling-740 

induced resuspension. The effect of bottom-trawling on bioturbation potentials and the 741 

macrofaunal community was found to be very limited, even at locations with high trawling 742 

intensity. Trawling intensities could not be clearly associated with biogeochemical features, and it 743 

is likely that the trawling impact was diminished by the stronger disturbance caused by persistent 744 

bioturbation. 745 

 The results in this study challenge the initial predictions based on environmental 746 

parameters. Despite the high vulnerability of A. islandica to bottom-trawling, as indicated in the 747 

literature (sect. 4.2), they exhibited resilience and dominated the biomass. Additionally, it was 748 

anticipated that bottom-trawling would have a more significant impact on the biogeochemistry, 749 

considering the positive net deposition of sediment and the finer sediment substrate prone to 750 

resuspension. The effects of bottom-trawling on early diagenesis appear to be highly contingent 751 

upon the local environment and its macrofauna, which are also exposed to other anthropogenic and 752 
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natural stressors, particularly in estuaries, marginal seas, and coastal areas. To gain a 753 

comprehensive understanding of the trawling impact and enable general estimations, it is essential 754 

to account for the variability in site-specific conditions. Unfortunately, there is a scarcity of 755 

empirical biogeochemical studies, as highlighted in the compilation by Epstein et al. (2022), where 756 

only seven studies reported the effects of trawling on benthic mineralization. Therefore, it is crucial 757 

to conduct further investigations across diverse environments to evaluate the long-term impact of 758 

bottom-trawling on early diagenesis and sediment carbon storage. 759 
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Tables 1143 

Table 1: Model state variables 1144 

Chemical Notation Type 

Total reduced nitrogen* NH4
+ Solute 

Phosphate PO4
3− Solute 

Light dissolved inorganic carbon* DI12C Solute 

Heavy dissolved inorganic carbon* DI13C Solute 

Calcium Ca2+ Solute 

Iron(II) Fe2+ Solute 

Manganese(II) Mn2+ Solute 

Oxygen O2 Solute 

Nitrate NO3
− Solute 

Sulfate SO4
2− Solute 

Total dissolved sulfide* H2S Solute 

Total alkalinity* TA Solute 

Particulate organic matter* POM Solid 

Manganese(IV) oxide† MnO2
α,β Solid 

Iron(III) oxide-hydroxide†,‡ Fe(OH)3
α,β Solid 

Ironmonosulfide FeS Solid 

Pyrite FeS2 Solid 

Polysulfide S0 Solid 

Light calcium carbonate Ca12CO3 Solid 

Heavy calcium carbonate Ca13CO3 Solid 

*Chemical definitions for equilibrium acid-base chemistry: NH4
+ = [NH4

+] + [NH3]; DIC = 1145 

[H2CO3] + [HCO3
–] + [CO3

2–]; H2S = [H2S] + [HS–]; TA = [HCO3
–] + 2 [CO3

2–] + [NH4
+] + [HS–] 1146 

+ [B(OH)4
–] + [OH–] - [H3O+]. POM is defined as (CH2O)a(NH4)b(PO4)c, whereby the a:b:c ratio 1147 

is set to 122:16:1. †For metal oxides, superscript α and β indicate separate state variables denoting 1148 

different mineralogies. Only the reduction of α-phases (i.e., Fe(OH)3
α and MnO2

α) can be coupled 1149 

to POM mineralization. ‡Phosphate is adsorbed to Fe(OH)3 in a fixed Fe:P ratio of 10:1 (Slomp et 1150 

al., 1996). 1151 

 1152 
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Table 2: Reaction network 1154 

R1 POM + a O2 → a (1 − f) 12CO2 + af  13CO2 + a H2O + b NH4
+ + c PO4

3− 

R2 POM + 0.8a NO3
− → a (1 − f) 12CO2 + a f 13CO2 + 0.6a H2O + b NH4

+ +  

c PO4
3− + 0.4 N2 + 0.8 OH− 

R3 POM + 2a MnO2
α + 4a H+ → a(1 – f) 12CO2 + af 13CO2 + b NH4

+ +  

c PO4
3− + 2a Mn2+ + 3a H2O 

R4 POM + 4a Fe(OH)3
α + 4aχ Pads → a(1 − f) 12CO2 + af 13CO2 + b NH4

+ +  

(c + 4χ) PO4
3− + 3a H2O + 4a Fe2+ + 8a OH− 

R5 POM + 0.5a SO4
2− → a(1 − f) 12CO2 + af 13CO2 + b NH4

+ + 

(c + 4χ) PO4
3− + 0.5a H2S + a OH− 

R6 NH4
+ + 2 O2 + 2 OH– → NO3

– + 3 H2O 

R7 Mn2+ +0.5 O2 + 2 OH– → MnO2
α + H2O 

R8 Fe2+ + 0.25 O2 + 2 OH– + 0.5 H2O + χ PO4
3– → Fe(OH)3

α + χ Pads 

R9 H2S + 2 O2 + 2 OH– → SO4
2– + 2 H2O 

R10 FeS + 2 O2 → SO4
2– + Fe2+ 

R11
α,β 2 Fe(OH)3

α,β + 2χ Pads + H2S → 2Fe2+ + 2χ PO4
3– + S0 

+ 4 OH– + 2 H2O 

R12
α,β MnO2

α,β + 0.25 H2S + 0.5 H2O →  Mn2+ + 0.25 SO4
2– + 1.5 OH− 

R13
α,β MnO2

α,β + 2 Fe2+ + 2χ PO4
3– + 2 H2O + 2 OH– →  

2 Fe(OH)3
α + 2χ Pads + Mn2+ 

R14 FeS + S0 → FeS2 

R15 FeS2 + 3.5 O2 + 2 OH− → 2 SO4
2– + Fe2+ + H2O 

R16 FeS + 0.75 H2S + 0.25 SO4
2– → FeS2 + 0.5 H2O + 0.5 OH− 

R17 S0 + 1.5 O2 + 2 OH– → SO4
2– + H2O 

R18
α,β 3 MnO2

α,β + 2 H2O + S0 → 3 Mn2+ + SO4
2– + 4 OH– 

R19 MnO2
α → MnO2

β 

R20 Fe(OH)3
α → Fe(OH)3

β 

R21
+ Ca2+ + (1 – g) 12CO2 + g 13CO2 + 2 OH– → 

(1 – g) Ca12CO3 + g 13CaCO3 + H2O  

R21
– (1 − h) Ca12CO3 + h Ca13CO3 + H2O →  

Ca2+ + (1 − h) 12CO2 + h 13CO2 + 2 OH− 

R22 Fe2+ + H2S + 2OH− ⇋ FeS + 2 H2O 

The stoichiometric parameters f, g, and h denote the 13C/(12C + 13C) fractions of POC, DIC, and 1155 

TIC, respectively; Pads and χ denote phosphate adsorbed to iron and the P:Fe adsorption ratio, 1156 

respectively. 1157 
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Table 3: Rate expressions and kinetic rate constants 1159 

Rate expression Rate parameters Source# Values source 

Inhibition terms 

𝐼𝑂2 =
𝐾𝑚,𝑂2

𝐾𝑚,𝑂2+[O2]
  𝐾𝑚,𝑂2 = 8 µM a 1-30 

𝐼𝑁𝑂3 =
𝐾𝑚,𝑁𝑂3

𝐾𝑚,𝑁𝑂3+[NO3]
  𝐾𝑚,𝑁𝑂3 = 12 µM a 4-80 

  𝐼𝑀𝑛𝑂2 =
𝐾𝑚,𝑀𝑛𝑂2

𝐾𝑚,𝑀𝑛𝑂2+[MnO2]
  𝐾𝑚,𝑀𝑛𝑂2 = 4 mmol kg−1 a 4-32 

𝐼𝐹𝑒(𝑂𝐻)3 =
𝐾𝑚,𝐹𝑒(𝑂𝐻)3

𝐾𝑚,𝐹𝑒(𝑂𝐻)3+[Fe(OH)3]
  𝐾𝑚,𝐹𝑒(𝑂𝐻)3 = 65 mmol kg−1 a 65-100 

Organic matter mineralization    

𝑅1 = 102𝑘[POM](1 − 𝐼𝑂2) k = 0.06 y−1 m  

𝑅2 = 𝑘[POM]𝐼𝑂2(1 − 𝐼𝑁𝑂3)    

  𝑅3 = 𝑘[POM]𝐼𝑂2𝐼𝑁𝑂3 

         (1 − 𝐼𝑀𝑛𝑂2) 

   

𝑅4 = 𝑘[POM]𝐼𝑂2𝐼𝑁𝑂3 

         𝐼𝑀𝑛𝑂2(1 − 𝐼𝐹𝑒(𝑂𝐻)3) 

   

𝑅5 = 𝑘[POM]𝐼𝑂2𝐼𝑁𝑂3 

         𝐼𝑀𝑛𝑂2𝐼𝐹𝑒(𝑂𝐻)3 

   

Other reactions 

R6 = k6[NH4
+][O2] k6 = 1.0 × 104 mM−1 y−1 a 5e3-1e4 

R7 = k7[Mn2+][O2] k7 = 2.0 × 104 mM−1 y−1 a 8e2-2e4 

R8 = k8[Fe2+][O2] k8 = 2.4 × 106 mM−1 y−1 m  

R9 = k9[H2S][O2] k9 = 1.0 × 104 mM−1 y−1 a ≥ 160 

R10 = k10[FeS][O2] k10 = 3.0 × 102 mM−1 y−1 a 300 

 R11 = k11[Fe(OH)3
α,β][H2S] k11 = 2.0 mM−1 y−1 a < 100 

  R12
α,β

 = k12[MnO2
α,β][H2S] k12 = 2.0 mM−1 y−1 a < 105 

 R13
α,β

 = k13[MnO2
α,β][Fe2+] k13 = 2.0 × 10−1 mM−1 y−1 a 2 

R14 = k14[FeS][S0] k14 = 1.0 × 101 mM−1 y−1 a 7 

R15 = k15[FeS2][O2] k15 = 5.0 × 102 mM−1 y−1 m  

R16 = k16[FeS][H2S] k16 = 3.0 mM−1 y−1 m  

R17 = k17[S0][O2] k17 = 1.0 × 101 mM−1 y−1 m  

  R18
α,β

 = k18[MnO2
α,β][S0] k18 = 3.0 mM−1 y−1 m  

R19 = k19[MnO2
α] k19 = 6.0 × 10−1 y−1 a 1.8 

R20 = k20[Fe(OH)3
α] k20 = 2.0 × 10−1 y−1 a 0.6 

Saturation state* 
  

 

𝑆𝐶 =
[Ca2+][CO3

2−]

𝐾𝐶
− 1  KC = 2.1 × 10−1 mM2 b  

𝑆𝑆 =
[Fe2+][HS−]

[H+]𝐾𝑆
− 1  KS = 6.3 × 101 mM m  
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Mineral reactions† 
   

𝑅21
12,13 = 𝜃(𝑆𝐶)𝑘21

+ 𝑆𝐶 𝑓12,13 − 

      𝜃(−𝑆𝐶)𝑘21
− 𝑆𝐶[TI C12,13 ]  

𝑘21
+ = 1.0 × 105 mM y−1 

𝑘21
− = 1.0 y−1 

c 

c 

105 

5 

𝑅22 = 𝜃(𝑆𝑆)𝑘22
+ 𝑆𝑆 −  

      𝜃(−𝑆𝑆)𝑘22
− [FeS]    

𝑘22
+ = 1.3 × 101 mM y−1 

𝑘22
− = 1.0 y−1 

m 

m 

 

#Sources: (a) Wang and Cappellen (1996), (b) Hofmann et al. (2010), (c) Luff and Wallmann 1160 

(2003), (m) model constrained. 1161 

*[CO3
2–] is the sum of [12CO3

2–] and [13CO3
2–]. 1162 

†The θ function denotes the Heaviside step function. 𝑅21
12 and 𝑅21

13 implemented as separate 1163 

reactions to distinguish turnover rates of 12C and 13C, respectively. 12f and 13f denote the fraction of 1164 

light and heavy DIC, respectively. 1165 

 1166 

  1167 
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Table 4: Boundary conditions 1168 

Chemical Upper BC Values 

POM F 37 g m−2 y−1 

MnO2
α 𝜁0 0 

 𝜁1 5.2 × 103 g m−3 

MnO2
β 𝜁0 0 

 𝜁1 5.2 × 103 g m−3 

Fe(OH)3
α 𝜁0 0.6 g m−2 y−1 

 𝜁1 1.0 × 104 g m−3 

Fe(OH)3
β F 0 

CaCO3 F 3.1 g m−2 y−1 

 δ13C −2‰ 

FeS F 0 

FeS2 F 0 

S0 F 0 

O2 C0 150 µM 

NO3
− C0 23 µM 

SO4
2− C0 15 mM 

Mn2+ C0 0 

Fe2+ C0 0 

H2S C0 0 

DIC C0 1.9 mM 

 δ13C −2‰ 

TA C0 1.9 mM 

NH4
+ C0 0 

PO4
3− C0 0.5 µM 

Ca2+ C0 5.7-6.7 mM 

C0 stands for fixed concentration boundary condition, and F stands for imposed flux. Upper 1169 

boundary fluxes of MnO2
α, MnO2

β, and Fe(OH)3
α are modeled as F = ζ0 + (1 − ϕ0)w0ζ1, whereby 1170 

ϕ0 and w0 are the porosity and burial velocity at the sediment-water interface, respectively. Zero-1171 

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

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

Station  2_3 5_2 8_2 10_2 13_2 15_2 17_3 18_3 

Sed. rate† 𝑤∞(mm y−1) 1.2 0.44 0.70 0.17 0.36 0.82 0.97 0.37 

Turbation* 𝜓0
𝐷𝑇(m2 y−1) 32 32 32 32 32 32 32 32 

 𝜂𝐷𝑇(cm) 1.3 1.4 2.2 0.63 1.2 1.6 1.9 0.78 

Porosity* 𝜓0
𝜙

(%) 90 85 88 80 80 85 85 85 

 𝜓∞
𝜙

(%) 65 66 68 67 67 66 66 68 

 𝜂𝜙 (cm) 6.6 4.0 6.0 2.3 2.3 7.0 4.0 3.0 

†The sediment accumulation rate is equivalent to the burial velocity below the compaction zone. 1175 

* See equation 3. 1176 

  1177 
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Figures 1178 

 1179 

Figure 1: Bottom-trawling activity and coring locations in the study area. Panel (a) shows a 1180 

bathymetric map offering an overview of the research areas in the Fehmarn Belt, all situated at a 1181 

similar water depth. The control area's southern corner borders an abrasion platform, located east 1182 

of the island of Fehmarn. Close-ups of highlighted focal areas are presented in panels (b) and (c). 1183 

Trawl intensities, quantified as furrow volume per area, are color-coded, with light purple 1184 

representing higher intensity and dark purple indicating lower intensity. Locations for Van-Veen-1185 

grab and multi-corer sampling (see legend) were calibrated using an ultra-short baseline (USBL) 1186 

system. Bathymetry sources: Baltic Sea Hydrographic Commission (2013); Tauber (2012). 1187 

  1188 
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 1189 

 1190 

Figure 2: Constraining solid-phase transport for site 2_3 (dots are measurements, lines are model 1191 

fits): (A) Porosity fitted with an exponential function, (B) The total organic carbon content, which 1192 

correlates strongly with porosity (Spearman 𝑟[14] = −.81), (C) the mercury profile, which 1193 

correlates weakly with total organic carbon content (Spearman 𝑟[14] = .27), (D) the burial 1194 

velocity over depth, (E) the fitted turbation profile, (F) the Hg sediment loading (see text). 1195 

  1196 
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 1197 

Figure 3: Comparison of simulated (bio-)geochemistry with measurements for three selected 1198 

stations with slower solid-phase transport (Table 5). Distinct symbols are used to distinguish 1199 

measurements from replicate sediment cores. The abbreviations DIC, SRR, and DOP represent 1200 

dissolved inorganic carbon, sulfate reduction rate, and degree of pyritization, respectively. †The 1201 

average measured TOC concentration below a depth of 15 cm was added to the simulated 1202 

concentrations to account for refractory TOC not included in the model. ‡Measured SO4
2- and Ca2+ 1203 

concentrations were scaled to remove the trend associated with increasing salinity over depth. 1204 
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 1206 

Figure 4: Comparison of simulated (bio-)geochemistry with measurements at three selected 1207 

stations exhibiting faster solid-phase transport (Table 5). For symbol meanings and abbreviations, 1208 

refer to Figure 3. 1209 

 1210 

  1211 



65  

 1212 

Figure 5: Sensitivity analysis for varying total reactive organic matter loading (𝐹POM) on model 1213 

fits. Relative errors (eq. 6) of S solids, Fe(OH)3, NH4
+, SRR, DIC, and δ13C are plotted with distinct 1214 

symbols and colors (see legend). Bar heights represent the average error for these parameters. Each 1215 

site's bars and symbols denote a 20% decrease (left, light green), no change (middle, light yellow), 1216 

and a 20% increase (right, pink) in organic matter loading. 1217 
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 1219 

Figure 6: The Spearman correlations between bioturbation potentials (BPc), Arctica islandica 1220 

biomass, water-depth, trawling index based on furrow volume in 10 m x 10 m tiles (TI 10m) and 1221 

75 m x 75m tiles (TI 75m), and distance from major trawling line (DTL). 1222 

 1223 

  1224 
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 1225 

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

relevance at the Fehmarn Belt. 1227 

 1228 
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1. Supplementary Figure 

 

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 (m3)† 

2_3 54°33.35' 10°45.53' 23.0 MUC 0.00 

5_2 54°32.8' 10°46.62' 23.4 MUC  

8_2 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 

30_2 54°32.77' 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' 23.4 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 

 

(ind. m−2) 

Fre-

quency 

(%) 

Taxa 

 

 

AFDW  

biomass 

(g m−2) 

Fre-

quency 

(%) 

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(±27)  
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