
1 

 

Trawling effects on biogeochemical processes are mediated by fauna 

in high energy biogenic reef–inhabited coastal sediments 

Justin C. Tiano1,2, Jochen Depestele3, Gert Van Hoey2,3, João Fernandes4,5, Pieter van Rijswijk1, Karline 

Soetaert1,2 

1Royal Netherlands Institute for Sea Research (NIOZ) and Utrecht University, Department of 5 Estuarine and Delta Systems, 5 

PO box 140, 4400 AC, Yerseke, The Netherlands  
2Ghent University, Department of Biology, Marine Biology Section, Krijgslaan 281/S8, 9000 Ghent, 9 Belgium 
3Research Institute for Agriculture, Fisheries and Food (ILVO), Fisheries Research Group, Ankerstraat 1, 8400 Oostende, 

Belgium 
4CETEMARES, Instituto Politécnico de Leiria, Avenida do Porto de Pesca 30, 2520-620 Peniche, Portugal 10 
5Lab. MAREFOZ, Incubadora de Empresas da Figueira da Foz, R. Acácias lote 40A, 3090-380 Figueira da Foz, Portugal 

 

Correspondence to: Justin C. Tiano (Justin.Tiano@nioz.nl) 

Abstract. Dynamic, sandy environments are generally less vulnerable to mechanical stress compared to silty, low energy 

habitats. Biogenic reef communities, however, may provide an exception to this. This study explores the physical, biological 15 

and biogeochemical effects of bottom trawl fishing on a coastal ecosystem dominated by the tube building polychaete, Lanice 

conchilega. Two specific gears types, both used to exploit North Sea sole (Solea solea), were compared: electric pulse trawls 

and tickler chain rigged beam trawls. We detected a ~1 cm bathymetric deepening after trawling associated with significant 

losses in benthic chlorophyll a caused from both fishing gears. Tickler chain trawls significantly reduced sediment oxygen 

consumption (57%), total organic matter mineralization (56%), denitrification (61%), nitrification (60%), and total benthos 20 

densities (52%) while pulse trawls had no statistically significant impact on these parameters. Before trawling, significant 

relationships could be found between L. conchilega and very fine sand fractions, oxygen and nitrate fluxes, macrobenthos 

densities and species richness, however, the trawl disturbances from both gears disrupted these connections. Our results suggest 

a reduced average effect for pulse compared to tickler chain beam trawls for several ecological and biogeochemical 

characteristics though their impact was still significant for L. conchilega and associated species. This study also suggests that 25 

faunal-mediated ecosystem functions in L. conchilega dominated habitats may be sensitive to relatively shallow sediment 

penetration from trawl gears and should be considered when assessing habitat vulnerability. 

1 Introduction 

Marine sediment ecosystems are important drivers for benthic pelagic coupling (Mermillod-Blondin and Rosenberg, 2006) 

and carbon mineralization (Seiter et al., 2005). Biogenic reef habitats in particular, such as those created by the tube-building 30 

polychaete, Lanice conchilega, are able to capture substantial amounts of organic carbon compared to adjacent sediments (De 



2 

 

Smet et al., 2016a) resulting in dense and biologically diverse benthic communities (Van Hoey et al., 2008). This species may 

be found in various North Sea habitats but generally prefer shallow muddy and fine sands where it may exhibit densities up to 

1,000 individuals per m2 (Van Hoey et al., 2008). Bottom trawling activities are a common occurrence in North Sea L. 

conchilega dominated habitats (Rabaut, 2009) and can present a considerable threat to most biogenic reef ecosystems (Kaiser 35 

et al., 2002; Fariñas-Franco et al., 2018). Biological resilience to bottom trawl impacts have, however, been linked to both L. 

conchilega reefs (Rabaut et al., 2008) and the dynamic sandy habitats they are often found in (Kaiser et al., 2006; Sciberras et 

al., 2016; Rijnsdorp et al., 2020a). Consequences of trawling on more holistic ecosystem processes such as benthic pelagic 

coupling, however, have not been thoroughly examined in these systems.  

Bottom fishing affects benthic carbon cycling by displacing bottom dwelling organisms (Hiddink et al., 2017; 40 

Sciberras et al., 2018), altering sediment structures leading to the impairment of biogeochemical processes (Depestele et al., 

2018; Ferguson et al., 2020), and resuspending fresh organic material from the sediment surface, which can result in reduced 

mineralization of organic carbon in seabed sediments (Tiano et., al. 2019; Paradis et al., 2020; Bradshaw et al., 2021; Morys 

et al., 2021). Conversely, trawling may also increase benthic carbon mineralization through depositional effects or if refractory 

organic fractions are mixed with and reactivated by fresh organic matter (van de Velde et al., 2018). Trawl-induced mortality 45 

to benthic organisms can simplify benthic communities and can lead to a loss in functional diversity (Tillin et al., 2006; Tiano 

et al., 2020). The removal (significant or partial) of an abundant ecosystem engineer such as L. conchilega and associated 

fauna would likely have major impacts on biogeochemical and community dynamics (Rabaut et al., 2008; Van Hoey et al., 

2008; De Smet et al., 2016a; Foshtomi et al., 2018).  

The severity of bottom trawl impact depends on the size and type of fishing gear used and speed at which it drags 50 

over the seabed (Eigaard et al., 2016; Depestele et al., 2016; Depestele et al., 2018; Rijnsdorp et al,. 2020a, 2020b). In the 

southern North Sea, beam trawls rigged with tickler chains mechanically stimulate flatfish up from the seafloor, facilitating 

their capture. An alternative fishing gear for flatfish called “pulse trawls” have been used to expose the seabed to electrical 

fields, causing the immobilization of target fish for oncoming bottom nets (Soetaert et al., 2015). Previous comparisons 

conducted in the Frisian Front, a relatively homogenous habitat known for high abundances and diversity of benthic organisms 55 

(Dauwe et al., 1998; Dewick et al., 2002), have found a reduced impact of pulse compared to tickler rigged trawls on physical 

(Depestele et al., 2018) and biogeochemical parameters (Tiano et al., 2019) but impacts on benthic communities were similar 

for both gears (Tiano et al., 2020). Dynamic nearshore habitats, in contrast, may provide a more challenging environment for 

detecting significant anthropogenic alterations.  

Regarding to sensitivity to direct impacts and recovery potential, coarse sediment ecosystems characterized by high 60 

levels of natural disturbance typically display more resistance and resilience to bottom fishing compared to muddy and more 

hydrodynamically static ecosystems (Kaiser et al., 2002; Bolam et al., 2014; Sciberras et al., 2016; Rijnsdorp et al., 2020a). 

Macrobenthos found in sandy, well-sorted sediments, tend to be less sensitive to trawl disturbance than in muddy poorly sorted 

habitats (Bolam et al., 2014; van Denderen et al., 2015). Communities dominated by three-dimensional biological features, 
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such biogenic reefs, seem to be an exception to this and can be vulnerable to trawl disturbance regardless of hydrodynamic 65 

energy level or substrate type (Kaiser et al., 2002; Grabowski et al., 2014). 

The current study uses a combination of water column, sonar, sediment profile imagery, box core sampling, sediment 

incubation and porewater nutrient extraction techniques to provide a comprehensive assessment of bottom trawling on 

ecosystem functioning. This integrated data collection allows us to explore the links between pure mechanical trawling effects, 

disturbance-induced changes to faunal-mediated biogeochemical functions and their collective impact on benthic pelagic 70 

coupling. Our main objective was to measure the acute ecosystem effects of electric pulse and tickler chain beam trawls in a 

high-energy coastal system. Furthermore, the high abundances of Lanice conchilega in the region, allowed us to quantify the 

effect of this species on ecological and biogeochemical parameters, and how this may change due to fishing disturbance. 

2 Methods 

2.1 Study area 75 

This study took place in shallow subtidal waters (8 – 10 m depth), 10 km away from the Netherlands coast close to the Dutch 

and Belgian EEZ (exclusive economic zone) border (Fig. 1). This region, known as the “Vlakte van de Raan”, is an area known 

for its subtidal sandbanks, which create a mosaic of habitat areas of varying ecological value (Degraer and Hostens, 2016, 

Pecceu et al., 2016). The experimental areas were characterized by “fine sand” with an average median grain size of 200.5 µm 

and an average chlorophyll a content (0 – 10 cm depth) of 13.1 µg g-1 (Fig. S1 in the Supplement). The exact location for this 80 

study within the Vlakte van de Raan (Fig. 1), was chosen due to its relatively low levels of bottom trawl disturbance (no flatfish 

or shrimp trawl disturbance in one year as verified with vessel monitoring data) and the high macrobenthic densities and 

biomass (Craeymeersch et al., 2006).  

2.2 Experimental trawling design 

Three experimental treatments were conducted: (1) tickler chain beam trawling (hereafter referred to as “Tickler” treatment or 85 

tickler trawls), (2) pulse trawling with and (3) without electricity turned on (hereafter referred to as “Pulse-ON” and “Pulse-

OFF” treatment). Each treatment was repeated three times in spatially separated areas (Pulse-ON = A, B, C; Pulse-OFF = D, 

E, F, Tickler = G, H, I), resulting in a total of nine experimental plots of 50 by 300 m (15,000 m² per plot; Fig. 1). The locations 

and orientation of the treatment plots were chosen based on their position within a bathymetric depression. Plots and untrawled 

adjacent sites were designated to represent northwest, central and southeast areas within this depression and were spatially 90 

separated by at least 100 m to minimize effects of trawl induced sediment resuspension and deposition. Individual plots were 

also subdivided by three different sampling stations representing the northwest, central, and southeast locations within the plot. 

Three additional untrawled stations located adjacent to the treatment plots (AD1, AD2, AD3) were chosen within the 

experimental area (Fig. 1). Samples taken from AD stations deviated within 80 m of a single sampling point.  
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 Pulse trawls (Delmaco; Soetaert et al., 2015) were deployed from the commercial fishing vessel (FV) TH6 Johanna 95 

Cornelia (24 m) and tickler trawls from the FV YE238 Geertruida (22 m). The vessels were relatively small trawlers (<221 

kW engine) and allowed to fish within 12 nm of the coast. Both pulse trawl (~ 1.1 tonne in air) and tickler trawl (~ 2.4 tonne 

in air) gears measured 4 m in width and had one trawl shoe at either side of its beam. The fishing vessels made a total of six 

trawl passes over each experimental plot at a speed of ~ 5 knots (pulse) and ~ 6 knots (tickler). Experimental fishing with the 

pulse trawl was performed on 12 June 2018 while the tickler trawl was used on 15 of June 2018 (Table S1 in the Supplement). 100 

All experimental equipment was deployed from the research vessel (RV) Simon Stevin.  

2.3 Water column turbidity 

To measure turbidity during trawling events, the RV deployed an SBE 25plus Sealogger (CTD) with two optical backscatter 

point sensors (OBS) while suspended continuously at 5 m depth during experimental trawling activity. For each treatment plot 

measured (A, B, C, D, E, G, and H), the RV strategically positioned itself against the current and the ongoing trawling ~ 80 m 105 

adjacent to the corresponding plots (due to logistic constraints plots F and I were not measured).  

2.4 Bathymetry and backscatter 

Bathymetry and backscatter data were collected using a Kongsberg EM2040 single head multi-beam echo sounder (MBES) 

mounted on the RV (Depestele et al., 2018). All data were collected with a MBES frequency of 300 kHz, a speed of 8 knots 

and at orientation parallel to the longest side of the experimental plots to avoid backscatter bias from the survey line directions 110 

(Lurton et al., 2018). Bathymetrical and backscatter data were collected before (T0) and after (T1) trawling (Table S1 in the 

Supplement). The RV followed the FV at an approximate distance of 300 m during one single haul in each of the experimental 

plots to register the bathymetrical data. After six passes in each experimental plot, the RV collected MBES backscatter data 

within 12 hours.  

 A high resolution (0.5 x 0.5 m) digital elevation model of the seabed was created from the MBES data using Qimera 115 

(QPS). Trawl tracks were located from the GPS-derived position of the vessel path and visual detection using backscatter and 

bathymetrical information. Transects of 12 m width were positioned every 20 m along the trawl track in GIS software (N = 74 

for Pulse-ON, N = 100 for Pulse-OFF and N = 94 for Tickler; Fig. S2 in the Supplement). For the transects with visible trawl 

marks, the mean water depth was calculated for five locations inside and outside the trawl tracks. The water depth was 

estimated at these same locations at T0. The difference between mean water depths inside and outside the track was used to 120 

assess if the trawl caused bathymetrical changes in the track. 

 A 1 x 1 m  backscatter mosaic was created in FMGeocoder Toolbox (QPS FMGT). Backscatter data were sampled 

by using transects for comparison of T0 and T1 and using all backscatter data in each experimental plot. Values outside 1.5 

times the interquartile range were removed as outliers (1.5% of all values).  
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2.5 Sediment profile imagery  125 

Sediment Profile Imagery (SPI) was used to characterize surface and subsurface sediment features using a Nikon D7100 Digital 

Camera (Ocean Imaging Systems, North Falmouth, MA, USA). The SPI is a device (lowered onto the sediment from the RV) 

that captures images of the sediment-water interface in a vertical cross-section and can provide information on benthic fauna, 

physical disturbance, and chemical features (e.g. redox depth) within the upper sediment (Rosenburg et al., 2003). Three 

replicate images were taken at each sampling station (3 stations per treatment plot; Fig. 1). One hundred eighty SPI photos 130 

were captured before (T0) and after (T1) trawling in the treatment plots (A – I) and also at the beginning (T0) and end (T1) of 

the experimental period for untrawled adjacent stations (AD1 – 3; Table S1 in the Supplement). Information for prism 

penetration depth (depth at which the camera penetrates the sediment) and visual observations of fauna, sediment 

characteristics (appearance of fine/coarse sediment, sand ripples etc.) and oxidation, expressed as % anoxic sediment (assessed 

by sediment color [black = anoxic]) were obtained using SpiArcBase software (Romero-Ramires et al., 2013). Individual SPI 135 

images can be found in Sect. S4 of the Supplement.  

2.6 Benthic samples 

Samples for sediment, macrofauna, porewater nutrients, and biogeochemical incubations were collected using cylindrical 

NIOZ box corers (50 cm height, 32 cm diameter; Netherlands Institute for Sea Research, Texel). For timesteps T0 and T1 for 

the fishing treatments, three replicate box cores were taken inside individual plots (northwest, central, and southeast locations). 140 

Samples were collected at untrawled adjacent stations AD1 and AD2 at the beginning (T0) and end (T1) of the experimental 

period, however, AD3 samples were only collected at the T1 timestep. This amounted to 69 total box cores collected and 

processed for this study. During experimental fishing activity, box cores in trawled sediments were collected within 0.5 h after 

6 consecutive trawling passes were made in each treatment plot. Detailed sampling information can be found in Table S1 of 

the Supplement.  145 

2.6.1 Sediment parameters  

Two out of the three box cores were subsampled for sediment parameters from each trawl treatment plot and untrawled adjacent 

station. Sediment samples were subdivided at 0–0.5, 0.5–1, 1–1.5, 1.5–2, 2–2.5, 2.5–3, 3–4, 4–5, 5–6, 6–8, 8–10 cm slices 

taken from 3.5 cm inner diameter subcores. All samples were stored in a -20 °C freezer before freeze-drying and sieving (1 

mm) for particle analysis. Sediment grain sizes were obtained via laser diffraction using a Malvern Mastersizer 2000 (McCave 150 

et al., 1986). Chlorophyll a (chl a) pigments were extracted using acetone and analyzed with UV spectrophotometry (Ritchie, 

2006).  
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2.6.2 Porewater nutrients  

Porewater was collected in the same box cores used for sediment parameters using 10 cm diameter sub cores with vertical 

sampling ports. Porewater was extracted at 0, 1, 2, 3, 5, 7 and 10 cm depth using rhizon samplers (Rhizophere Research 155 

Products; Seeberg-Elverfeldt et al., 2005; Dickens et al., 2007; Shobolt 2010). Porewater samples were added to 10 mL 

polystyrene vials and stored in -20 °C prior to analysis. To acquire nutrients, samples were thawed and analyzed using a SEAL 

QuAAtro segmented flow analyzer (Jodo et al., 1992) to determine concentrations of ammonium (NH4
+), nitrite (NO2

-), nitrate 

(NO3
-), phosphate (PO4

3-), and silicate (Si(OH)4).  

2.6.3 Benthic biogeochemical fluxes  160 

Incubation cores (15 cm inner diameter by 30 cm height) were collected from all box core samples (3x per treatment plot and 

reference station) with overlying water. These were subsequently placed in a water bath filled with surface seawater on board 

the RV, and aerated ~ 6 hours to acclimatize. Magnetic stirrers, fixed to the lid of incubation cores, ensured homogenized 

water column conditions. After the acclimatization period, cores were sealed from air contact for 4 hours to measure rates of 

sediment community oxygen consumption (SCOC) in the dark. During this period, oxygen concentrations were monitored 165 

every 30 s using optode sensors placed in the overlying water of the incubation cores (FireStingO2, Pyroscience). At the end 

of the O2 incubations, cores were re-opened and aerated to remain at above 90% O2 saturation for the ongoing nutrient 

incubations. Ten mL water samples were collected at the overlying water of incubation cores at 0, 4, 8, 16 hour time intervals 

to obtain flux information on NH4
+, NO2

-, NO3
-, PO4

3-, and Si(OH)4. Water samples for nutrient fluxes were stored and analyzed 

using the same methods described for porewater nutrients. Flux estimates were obtained by fitting linear regressions on nutrient 170 

concentrations changes over time and multiplying the regression coefficient with the height of the overlying water (Tiano et 

al., 2019).  

2.6.4 Mass budget modelling 

Rates for total mineralization of organic matter, denitrification, nitrification and the percentages of nitrogen and phosphorous 

removal were estimated using the measured sediment-water exchange fluxes of O2, NH4
+, NO2

-, NO3
-, PO4

3- calculated from 175 

the core incubations. These flux values were used to create an integrated mass budget of the solutes within the sediment column 

(Soetaert et al., 2001; Braeckman et al., 2010). A linear inverse model is implemented that estimates the rates of nitrification, 

denitrification, total mineralization and nutrient removal using the R package “limsolve” (Soetaert et al., 2009). More detailed 

methodology can be found in Sect. S5 in the Supplement.  
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2.6.5 Macrofauna collection 180 

After the flux measurements, incubation cores were rinsed through a 1 mm sieve to collect the benthic macrofauna inside them. 

Faunal samples were preserved in 8% formalin seawater on the RV. Sorting and identification of preserved macrofauna 

samples took place at the Flanders Institute for Agricultural and Fisheries Research (ILVO) to obtain measurements for taxon 

densities and biomass (blotted wet weights) following the accredited procedure: BELAC ISO17025 norm (ILVO-DIER-

ANIMALAB; Certificate N°:BELAC T-315). 185 

2.7 Statistical analysis 

All figures and statistical analyses were carried out using R (R Core Team 2021). 

2.7.1 Water column  

Differences between water column turbidity during Pulse-ON, Pulse-OFF and Tickler treatments were assessed with one way 

ANOVA’s and Tukey HSD pairwise tests. Assumptions of normality and homogeneity of variances were verified using 190 

Shapiro-Wilk and Levene’s tests. If parametric assumptions were violated, data underwent a natural log-transformation prior 

to analysis. 

2.7.2 MBES information 

Bathymetrical differences between water depths inside and outside the track locations I,T,G were calculated for each transect 

i at each time interval T (T0 = before  and T1 = after trawling) for each trawl gear type G (1). A paired Wilcoxon signed-rank 195 

test was used to test if Delta-values were significantly different between T1 and T0 for each gear type. Significant positive 

Delta-values indicated that the water depth inside the trawl track was higher than outside the trawl track. 

∆𝑖,𝑇,𝐺= (𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑡𝑟𝑎𝑐𝑘 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛)𝑖,𝑇,𝐺  (1) 

The indention I of each transect i was calculated by subtracting the delta value at T0 from the Delta-value at T1 (2).  

𝐼𝑖,𝐺 = (∆𝑇1 − ∆𝑇0)𝑖,𝐺   (2) 200 

A resulting positive value indicated a deepening of the trawl track. The indention of the trawl was compared between trawl 

types using a Kruskal-Wallis Rank sum Test. 

 Statistical differences in backscatter values were compared for the combination of time and trawl types using 

experimental plots as replicates in a Kruskal-Wallis Rank sum Test. The experimental plots were also compared using the 
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Kruskal-Wallis Rank sum Test. A Dunn test with Benjamini-Hochberg method was applied for pairwise comparisons between 205 

sites. 

2.7.3 SPI and benthic sample analysis 

Linear mixed effects models (LMM) were used to investigate significant differences before and after fishing (T0 – T1) for:  

SPI measurements, sediment parameters, porewater nutrient concentrations, biogeochemical fluxes, mass budget model results 

and ecological characteristics (macrobenthos densities, biomass, species richness) using the lmer-function in the R package: 210 

“lme4” (Bates et al., 2015). For a given variable and treatment (example: oxygen flux and tickler treatment), a full-model was 

specified using the “timestep” (T0 - T1) as a fixed effect variable, “temperature” as a co-variate, and “station” as a random 

effect variable. A reduced-model was created to consider only the random effect variable (station). The full and reduced models 

were tested against each other using a partial F test. This approach was taken to assess the effect of fishing disturbance (timestep 

= before-after statistical comparison) in respect to temperature while minimizing spatial autocorrelation between stations. 215 

2.7.4 Impact of Lanice conchilega  

Robust regression analysis, using the R package: “robustbase” (Maechler et al., 2020), was conducted to investigate the effect 

of L. conchilega densities and biomass on physical, biogeochemical and faunal parameters in trawled and untrawled samples. 

This alternative to least squares techniques is an iterative analysis which down-weighs the influence of outliers on regression 

coefficients and is less affected by violations of linear regression assumptions (Koller and Stahel 2011). To reduce possible 220 

bias from the spatial differences in L. conchilega densities/biomass between treatment plots, all pre-trawled and post-trawled 

data were pooled together for this analysis.  

3 Results 

3.1 Water column conditions during trawling 

During the experimental period, the water column exhibited mixed thermal conditions (no thermocline) with temperatures 225 

ranging between 15.8 – 17.0°C. Turbidity measured by the OBS sensors detected significantly higher amounts of water column 

SPM concentrations (mg L-1) during tickler trawling (mean ± standard deviation = 62.5±17.1, p < 0.001) compared to Pulse-

ON (19.6±5.3) and Pulse-OFF treatments (13.3±5.8; Fig. 2). Data from a “Meetnet Vlaamse Banken” buoy (located in ~ 7 km 

southwest of the experimental location) showed current speeds ranging from 0.08 to 1.21 m s-1 during pulse trawling and 0.23 

to 0.85 m s-1 during tickler trawling. On the day before both pulse trawl treatments, water currents reached a maximum speed 230 

of 1.23 m s-1 compared to 1.5 m s-1 the day before the tickler treatment (Fig. S3 in the Supplement). 
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3.2 Trawl effects on bathymetry 

Delta-values were significantly different before and after trawling (T0-T1) for each trawl type (Pulse-ON: p < 0.05, Pulse-

OFF: p <0.001, Tickler: p <0.001; Fig. S4 in the Supplement). The track locations were deepened, on average, by 1 cm after 

trawling (Pulse-ON: 0.99±3.92; Pulse-OFF:1.17±1.84; Tickler: 1.11±2.74). The indention of the trawl track was not 235 

significantly different between trawl treatments. 

3.3 Trawl effects on backscatter 

The mean backscatter values of the track locations in all treatments exhibited reduced values after 1 trawl pass (ΔT0  – T1: 

Pulse-ON = -0.20; Pulse-OFF = -0.23; Tickler = -0.30) though there was no statistical difference between the three trawl types 

(Table S2 in the Supplement). Comparison of mean backscatter values over entire plots (after 6 trawl passes) showed dB values 240 

ranging between -26.64 and -25.40 (Table S2 in the Supplement). The mean backscatter strength did not differ by more than 

2 dB between the treatments at T0 and T1 and was not significantly different between any of the time-treatment interactions 

(Fig. S5 in the Supplement).  

3.4 Sediment profile image analysis  

L. conchilega tubeworms were identified in 72 % of images taken and were often associated with heterogeneous patterns of 245 

oxidized sediment (Fig. 3b). Mechanical disturbance was evident in certain T1 images showing “flattened” tubes and/or 

sediment (Fig. 3c). The percentage of anoxic sediment was significantly lower in T1 images from the tickler treatment 

compared to T0 images (p < 0.01) but did not differ significantly from T0 – T1 in other trawl treatments (Table 1). Anoxic 

(dark) sediment was significantly higher in images from the untrawled AD1 taken at the end of the experimental period (T1) 

compared to the beginning (T0; p < 0.01). The sediment penetration depth of the SPI prism did not differ significantly between 250 

T0 – T1 for any treatment (Table 1). 

3.5 Trawl effects on sediment parameters 

Very fine sand fractions (62.5 – 125 µm) and chl a content in the sediment column (0 – 10 cm) were significantly lower in 

Tickler T1 compared to T0 samples (p < 0.01; p < 0.001; Table 2). For the Pulse-ON treatment, T1 silt fractions and chl a 

content were significantly lower than before trawling (p < 0.01; Table 2). No significant differences in sediment parameters 255 

between T0 – T1 were found in the Pulse-OFF treatment. Particle size distributions of surface sediments (0 – 1 cm depth) 

between T0 – T1 for the Tickler and Pulse-ON treatment were characterized by a shift towards larger grain size fractions after 

trawling (Fig. 4). 
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3.6 Trawl effects on biogeochemical fluxes and nutrient profiles 

Average SCOC rates (mmol O2 m-2 d-1) were significantly reduced between T0 (172±109) and T1 (74±40) for the Tickler 260 

treatment (p < 0.001; Fig. 6a; Table 1). No other consistent or significant patterns were found for nutrient fluxes between T0 

– T1 fishing treatments. Average and absolute values for nutrient fluxes can be found in Table 1 and Table S5 in the 

Supplement.  

 Average porewater nitrate concentrations within the sediment column (0 – 10 cm) were significantly higher after 

trawling in Tickler and Pulse-OFF treatments compared to pre-trawled sediments (Tickler, p < 0.01; Pulse-OFF, p < 0.01; 265 

Table 1). Ammonium concentrations in the sediment significantly increased from T0 to T1 (p < 0.01) after tickler trawling 

(Table 1). Mean phosphate concentrations were elevated after trawling for all experimental treatments but this was significant 

only in Pulse-ON (p < 0.01) and Pulse-OFF (p < 0.001; Table 1).  

3.7 Mass budget calculations 

The Tickler treatment exhibited significantly lower values for total mineralization (p < 0.001), denitrification (p < 0.05), and 270 

nitrification (p < 0.05) in T1 compared to T0 samples (Table 1). For all fishing treatments, the percentage of nitrogen removed 

after mineralization ranged between 80 and 95 % while sedimentary phosphorus removal varied between 91 and 99 %, 

however, no changes between T0 – T1 were statistically significant for individual fishing treatments. 

3.8 Trawl effects on macrofauna density and macrobenthos composition 

Sixty-nine taxonomical groups were identified in this study with L. conchilega dominating benthic macrobenthos densities 275 

(54%). The bivalve, Kurtiella bidentata, and polychaetes, Magelona spp., and Eumida sanguinea made up 13%, 4% and 3% 

of total macrofauna density respectively. Though they only contributed 1% of total macrobenthos density, the razor clam, 

Ensis leei, represented 45% of total biomass collected followed by L. conchilega (22%), Spisula subtruncata (bivalve, 14%), 

and Echinocardium cordatum (heart urchins, 4%). 

 Total macrofaunal densities (individuals m-2) decreased from T0 (Tickler: 11,782±7,360; Pulse-ON: 9,783±14,072; 280 

Pulse-OFF: 6,241±5,120) to T1 (Tickler: 4,949±3,428; Pulse-ON: 3,336±3,529; Pulse-OFF: 5,483±3,623) but were only 

statistically significant after the Tickler treatment (p < 0.05; Fig. 5b). Reference samples varied greatly but held the highest 

average densities from all the treatments (T0 = 19,174± 17,493; T1 = 22,993± 17,945; Fig. 5b). 

 L. conchilega maintained the highest average densities (individuals m-2) in the reference stations (T0 = 10,703±9,943; 

T1 = 14,707±11,336). L. conchilega densities declined between T0 and T1 for Pulse-ON (T0=5,801±9,352; T1 =1,587±3,022) 285 

the Pulse-OFF (T0 = 3,081±3,711; T1 = 2,251±3,547) and Tickler treatments (T0 = 5,880±3,838; T1 = 2,172±1,913), but was 

only significant for the Pulse-ON treatment (p < 0.05). Amongst other abundant taxa, Abra alba (bivalve) density declined 
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significantly after tickler trawling (T0 = 418±632; T1 = 231±420, p < 0.05) and E. sanguinea was significantly lower after the 

Pulse-ON treatment (T0 = 555±1,315, T1 = 93±195, p < 0.001). 

3.9 Effects of Lanice conchilega in trawled and untrawled sediments 290 

L. conchilega was found in 68 out of 69 (98.5 %) benthic sediment samples collected in this study. In pre-trawled sediments, 

L. conchilega density explained 85 % of variation in the abundances of the other taxa (p < 0.001) and while biomass explained 

38 % of variation in species richness (p < 0.001; Fig. 6, Table 2). Tubeworm densities in pre-trawled samples were linked with 

smaller sediment grain sizes, accounting for 33 % of variability in the percentage of very fine sand (p < 0.05) while biomass 

explained 18 % of variability in silt content (p > 0.01) (Table 2). Densities of L. conchilega significantly predicted 87 % of 295 

SCOC in undisturbed sediments (p < 0.001). Biomass of L. conchilega (compared to density) was a slightly better predictor 

of SCOC and explained 93 % of variation in O2 fluxes (p < 0.001) as well as 21 % of nitrate effluxes (p < 0.01) in untrawled 

sediments (Fig. 6; Table 2). No significant relationships were found after trawling (Fig. 6, Table 2). Due to lack of sufficient 

data, regressions between T0 – T1 within individual fishing treatments (Pulse-ON, Pulse-OFF, Tickler) did not yield consistent 

results. 300 

4 Discussion 

The data gathered in this study exhibited a large amount of spatial variability reflecting the dynamic nature of the Vlakte van 

de Raan ecosystem (Degraer and Hostens, 2016). Despite the challenge of detecting disturbance in such a variable system, we 

were able to provide a comprehensive assessment of acute bottom trawling with our 3 x 3 plot design. The dominance of L. 

conchilega in this habitat provided an additional opportunity to explore the effects of tubeworm abundance on environmental 305 

parameters in disturbed and undisturbed conditions.  

 This study follows up on similar research conducted in the Frisian Front region of the North Sea (Depestele et al., 

2018, Tiano et al., 2019; Tiano et al., 2020) with each study (including the current one) collecting information in the same 

season (early June) of its respective year. The offshore Frisian Front ecosystem (~ 60 km from the Dutch Coast), however, 

experiences much lower levels of tidal disturbance, exhibits smaller grain sizes, and holds completely different macrofaunal 310 

assemblages and biogeochemical characteristics compared to the Vlakte van de Raan (van Raaphorst et al., 1992; Dewicke et 

al., 2002; Degraer and Hostens, 2016; Depestele et al., 2018). By comparing the findings from these two contrasting areas, we 

can better understand how different ecosystems are affected by bottom disturbance. To our knowledge, this is the first coastal 

habitat study that simultaneously investigates acute beam trawl impacts on biological (Rabaut et al., 2008), physical (Depestele 

et al., 2016) and biogeochemical dynamics.  315 
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4.1 SPM during experimental trawling  

The water column was 73-78% more turbid during tickler trawling compared to both pulse trawl treatments. As tickler trawls 

tow at faster speeds compared to pulse trawls (Poos et al., 2020), they are predicted to mobilize more sediment (Rijnsdorp et 

al., 2021). However, due to the higher current speeds evident in the day prior to tickler trawling, we cannot be certain that this 

increased turbidity was the result from enhanced resuspension caused from bottom trawling alone. It is possible that trawling 320 

coupled with current induced resuspension enhanced SPM measurements during the Tickler treatment. This would corroborate 

with the findings in Depestele et al., (2016) where no significant differences in sediment resuspension of pulse and tickler 

trawling was found in a similar coastal area. In the Frisian Front, where Tiano et al., (2019) reported conspicuous SPM peaks 

attributed to individual trawl passes, water current speeds were 62 – 88 % lower during fishing compared to the Vlakte van de 

Raan study. The more ambiguous link between trawling and SPM in our study (no obvious turbidity peak during trawl passes) 325 

suggests that the water column effects of trawling are more difficult to detect in areas with higher natural current speeds. These 

effects may be diluted through current induced dispersion of resuspended particles and/or higher levels of natural turbidity. 

4.2 Changes to the physical environment  

A single trawl pass for all three treatments yielded a bathymetrical indentation of ~ 1 cm in the sediment, similar to the 0.9 cm 

found after tickler trawling in coarse sediment off the Dutch coast (Depestele et al., 2016). Our study, however, did not replicate 330 

previous findings, which found greater bathymetrical effects for tickler beam trawling in finer North Sea sediments (Depestele 

et al., 2018). This is likely due to differences in grain size which are smaller in the Frisian Front (aforementioned study), 

compared to the Vlakte van de Raan (current study). Backscatter data, which produced similar values between T0-T1 in our 

study, can approximate sediment characteristics and trawling disturbance (Roche et al., 2018), but do not purely reflect 

sediment grain size and can be distorted by “scatterers” such as shell debris and biogenic reefs, which may interfere with the 335 

acoustic signals (Degraer et al., 2008; Feldens et al., 2018).  

 Tubeworm reefs in untrawled sediments were positively associated with smaller grain size fractions (Fig. 3; Table 2). 

This pattern is commonly found with L. conchilega as high tube densities will slow down bottom current velocities leading to 

the settling of smaller particles (Van Hoey et al., 2008; De Smet et al., 2015; Foshtomi et al., 2018). Trawl induced coarsening 

of sediments found in L. conchilega dominated habitats may occur through both the resuspension and winnowing of finer 340 

grained particles from direct trawling impacts (Palanques et al., 2014; Mengual et al., 2016; Depestele et al., 2018; Tiano et 

al., 2019) and the alteration of sediment characteristics caused by the rapid extraction of tube structures from the seabed.  

 The shift in particle sizes and changes in observed anoxic sediment after trawling, suggests that the largest sediment 

alterations were attributed to the Tickler treatment followed by the Pulse-ON treatment with no significant effects detected 

after Pulse-OFF trawling (Fig. 4; Table 1). As electricity from pulse trawls does not affect physical sediment characteristics 345 

(Tiano et al., 2021), differences between Pulse-ON and Pulse-OFF treatments may have been due the variable mechanical 

impacts of pulse trawls (Depestele et al., 2018) or the environmental variability of the site (Degraer and Hostens, 2016).  
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4.3 Changes to biogeochemical characteristics 

We detected significant declines in chl a from surface sediment (0 – 1 cm) of 63% and 37% after tickler and pulse trawling 

(Pulse-ON) respectively. These percent changes are lower relative to the reductions measured after tickler (83 %) and pulse 350 

(43 %) trawling in the siltier Frisian Front sediments (Tiano et al., 2019) even with the three to six times higher sediment chl 

a content in the more coastal Vlakte van de Raan system. Sandy dynamic habitats, like the Vlakte van de Raan, experience 

higher bed shear stress and are generally less vulnerable to trawling impacts compared to muddier more static environments 

like the Frisian Front (Kaiser et al., 2006; Queirós et al., 2006; Allen and Clarke, 2007; Sciberras et al., 2016; Rijnsdorp et al., 

2020a).  355 

 Measured SCOC values in the present study were exceptionally high indicating biogeochemically active sediments 

(Stratmann et al., 2019). There are several factors driving high SCOC in the Vlakte van de Raan including enhanced water 

temperatures during the experimental period, increased oxidation by bioirrigation from L. conchilega (evidenced in SPI 

images; Fig. 3), and the breakdown of fresh organic matter. High levels of the latter (implied by chl a concentrations; Table 1) 

coupled with elevated faunal and microbial activity due to increased temperatures, is the likely mechanism for the high SCOC 360 

and mineralization found in this study. 

 Despite the lower trawl penetration into the sediment (~ 1 cm Vlakte van de Raan vs. ~ 4 cm Frisian Front; Depestele 

et al., 2019), our study produced a stronger statistically significant reduction in SCOC (Tickler: 57 %) compared to Tiano et 

al., (2019; Tickler: 41 %, Pulse: 33 %). Significant reductions in total mineralization, denitrification, and nitrification after the 

Tickler treatment suggests that trawling reduced benthic nutrient removal and recycling functions in this study. Furthermore, 365 

higher percentages in the anoxic surface area from the SPI images taken in adjacent sites (significant for AD1) may suggest 

increased mineralization in undisturbed areas during the course of the experiments (Table S5 in the Supplement). Mass budget 

estimates for mineralization were also higher on average at T1 for AD1 and AD2, though this was not statistically significant. 

If the benthic metabolism in untrawled areas did increase during the experimental period, the trawling effects detected in this 

study (lower metabolism after trawling) may be considered to be conservative estimates.  370 

 The large changes in SCOC may be explained by the decrease in fauna such as L. conchilega, which can be highly 

influential to SCOC and other biogeochemical fluxes (Braeckman et al., 2010). In addition to respiration, when L. conchilega 

(and other infauna) irrigate their burrows, they can drastically expand the surface area available for sediment-oxygen exchange 

(De Smet et al., 2016b; Kristensen and Kostka, 2013), with major impacts to biogeochemical dynamics (Olsgard et al., 2008; 

Braeckman et al., 2010). These results also suggest that areas with L. conchilega may be vulnerable to relatively shallow (~ 1 375 

cm) seabed disturbances as their tubes extend from over 10 cm within the sediment to above the seabed surface. Contrary to 

this, faunal-mediated biogeochemical functions in the Frisian Front are relegated to organisms such as the burrowing mud 

shrimp, Callianassa subterranea, that do not exhibit any protruding sediment surface structures and reside deeper within the 

seabed (Amaro et al., 2007; Tiano et al., 2020). These organisms are probably less affected by trawling despite their habitats 

displaying softer sediments which are prone to greater trawl penetration (Depestele et al., 2019; Tiano et al., 2019, 2020). 380 
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 L. conchilega in untrawled sediments had a clear effect on O2 and NO3 fluxes, though these relationships disappeared 

after disturbance (Fig. 6, Table 2). The change in these relationships probably came from a combination of reduced average 

tubeworm densities (consistently lower after trawling but only significant after the Pulse-ON treatment) and direct trawl-

induced habitat alterations. These results support the assertion by Hale et al., (2017), that trawling decouples faunal-mediated 

biogeochemical processes. 385 

 The Pulse-ON treatment, which led to the biggest decrease (72%) and lowest L. conchilega densities after T1, was 

also the only experimental treatment that did not produce a significant increase in porewater nitrate concentrations. Previous 

research suggests a density dependent enhancement by L. conchilega on denitrification/nitrification processes (Aller, 1988; 

Braeckman et al., 2010; Foshtomi et al., 2018). Trawling has also been shown to decrease denitrification by altering the 

sediment layers that optimize denitrification and reducing total mineralization rates (Ferguson et al., 2020; De Borger et al., 390 

2021). It is possible that both mechanical trawl disturbance and a loss (Pulse-ON) or retention (Pulse-OFF, Tickler) of 

functional species roles after trawling led to the enhanced sediment nitrate concentrations, though it is difficult to pinpoint the 

exact cause of this increase.  

4.4 Benthic community observations 

Our study found a significant decrease in L. conchilega densities with the Pulse-ON treatment and not in the other trawl 395 

treatments, however, it is unlikely that electrical stimulation caused this reduction. Previous research has not found any direct 

mortality of fish or benthos associated with electrical stimulation used in the pulse trawl fishery (Polet et al., 2005; van Marlen 

et al., 2009; Soetaert et al., 2015b; Soetaert et al., 2016; ICES, 2018, 2019, 2020; Boute et al., 2020). Moreover, electric 

stimulation from flatfish pulse trawls cannot physically remove L. conchilega tubes from the sediment (Boute et al., 2020; 

ICES 2020; Tiano et al., 2021). Our results, however, point to higher physical disturbance occurring in the Pulse-ON areas as 400 

being the likely culprit for reduced L. conchilega densities (Fig. 5, Table 2).  

 The Pulse-ON treatment also caused a significant decrease of Eumida sanguinea, a species closely associated to L. 

conchilega (Rabaut et al., 2008) though other taxa, such as Abra alba, only showed notable decreases in response to tickler 

trawling. Nonetheless, when accounting for total macrobenthos densities, the only significant effect came from the Tickler 

treatment (58% decrease) reflecting the more consistent effect associated with tickler beam trawl gears (Depestele et al., 2018; 405 

Tiano et al., 2019). Pre-trawled habitats in this study linked L. conchilega to the densities of other taxa and species richness, 

though this relationship was no longer detected after experimental trawling (Fig. 6, Table 2). This suggests that, although 

tubeworm densities were impacted to some extent, trawling disproportionally affected the corresponding taxa. Rabaut et al., 

(2008) reported significant changes to an intertidal L. conchilega dominated community after beam trawling but not to the 

tubeworms densities themselves. Our results show a similar removal of species associated with L. conchilega (E. sanguinea 410 

in particular), though, our findings of decreased tubeworm densities support evidence that L. conchilega shows a certain level 

of sensitivity to physical sediment disturbances (Callaway et al., 2010). L. conchilega has been found to successfully recolonize 
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previously disturbed habitats within 1-2 years suggesting high resilience but not necessarily resistance to anthropogenic 

impacts (Callaway et al., 2010). 

5 Conclusions  415 

This study found various effects from conventional tickler rigged beam trawls and electric pulse trawl techniques. Though 

pulse trawls (and any other bottom fishing technique) can undoubtedly cause significant habitat alterations, these effects tend 

to be quite variable (Tiano et al., 2019 and this study). The more consistent effect of tickler trawls are, on average, higher than 

that of pulse trawls as shown in the sediment, geochemical, and species community level changes seen in this study. However, 

we also show that pulse trawls may be at least equally as impactful to densities of certain benthos. It is likely that the lower 420 

average penetration depth of the lighter pulse trawl gears are less damaging to certain benthic communities compared to tickler 

trawls (Hiddink et al., 2017; Depestele et al., 2018), however, this reduced effect is dependent on species assemblages and 

sediment type. Compared to any difference in direct impacts between pulse and beam trawls (due to different sediment 

penetration depths), the potential for a reduced environmental footprint from pulse trawls (compared to beam trawls) stems 

more from its higher catch efficiency which leads to reduced time needed to catch their quotas (less time fishing) when 425 

exploiting North Sea sole (Solea solea; Rijnsdorp et al., 2020b; ICES, 2020). 

 The high SCOC values found at our experimental location imply that this community is an important site for carbon 

degradation (Stratmann et al., 2019). The trawl-induced declines in SCOC and total mineralization suggest that some disturbed 

locations in this community lost over half of their ability to mineralize organic matter. This highlights the propensity for bottom 

trawling to reduce carbon cycling in marine sediments and shift the mineralization processes to the overlying water (Tiano et 430 

al., 2019). With enhanced mineralization rates in the water column (due to higher oxic conditions compared to inside the 

sediment), trawling may lead to the removal of sedimentary carbon, increased nitrogen retention in the seabed (decreased 

denitrification), and a reallocation of nutrients away from trawled sediments (Tiano et al., 2019; Ferguson et al., 2020; De 

Borger et al., 2021; Tiano et al., 2021).  

 Results in this study show that even highly dynamic coastal areas can be susceptible to significant trawl-induced 435 

changes depending on the type of benthic community present. Biogenic reef communities like the ones found in the Vlakte 

van de Raan, can be highly productive habitats with enhanced biogeochemical characteristics. With these features, the potential 

for disturbance-induced changes becomes greater if keystone species such as L. conchilega are affected. When assessing the 

vulnerability of marine habitats, environmental managers and policy makers need to consider abundant ecosystem engineers 

as they perform important ecological and biogeochemical functions.  440 

Data availability 

Data and R code can be made available on request to the corresponding author. 



16 

 

Author contribution 

JT, JD, GvH, and KS devised the study, and contributed to the manuscript. JT, PvR and KS collected and analyzed data for 

water column, nutrient flux, porewater nutrients, and sediment. JD, GvH and JF collected and analyzed data for sediment 445 

profile imagery, macrofauna, and sonar (bathymetry and backscatter).  

Competing interests 

GvH was a member of the editorial board for this special issue of Biogeosciences: “Towards an understanding and assessment 

of human impact on coastal marine environments”, however, the peer-review process was guided by an independent editor, 

and no other authors have competing interests nor financial benefits to declare resulting from the publication of this manuscript. 450 

Acknowledgements 

We would like to thank the crews of the TH6 for YE238 for their excellent work and coordination in making multiple trawled 

areas. We extend a huge thank you to the crew of the Simon Stevin for helping us collect our data and putting up with our 

annoying requests to do more sampling and the students at ILVO who helped process our macrofauna samples. This work 

would not have been possible without the collaboration with the Flanders Marine Institute (VLIZ) who provided the RV Simon 455 

Stevin, along with the multiple data collection devices (multi-beam, CTD, SPI etc.). Thank you, Chiu Cheng, Bea Vega Garre, 

and Wesley Kreeft for making our lives easier during the campaign by helping with sample collection. Finally, we send a 

special thank you to Peter van Breugel, Yvonne Maas, Jan Peene, Jurian Brasser, Yke Timmermans and any other members 

of the NIOZ analytical lab for processing our sediment and biogeochemical samples. This research is partially funded by the 

European Maritime and Fisheries Fund (EMFF) and the Netherlands Ministry of Agriculture Nature and Food Quality (LNV). 460 

References 

Allen, J. I., & Clarke, K. R.: Effects of demersal trawling on ecosystem functioning in the North Sea: A modelling study. 

Mar. Ecol. Prog. Ser., 336, 63–75. https://doi.org/10.3354/meps336063, 2007 

Aller, R. C.: Benthic fauna and biogeochemical processes in marine sediments: the role of burrow structures. In: Blackburn 

TH, Sørensen J (eds) Nitrogen cycling in coastal marine environments. Scope, Chichester, p 301–338, 1988 465 

Amaro, T. P. F., Duineveld, G. C. A., Bergman, M. J. N., Witbaard, R., & Scheffer, M.: The consequences of changes in 

abundance of Callianassa subterranea and Amphiura filiformis on sediment erosion at the Frisian Front (south-eastern North 

Sea). Hydrobiologia, 589(1), 273–285. https://doi.org/10.1007/s10750-007-0750-2, 2007 



17 

 

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C.: Fitting linear mixed-effects models using lme4. J. Stat. Softw., 

67(1). https://doi.org/10.18637/jss.v067.i01, 2015 470 

Bolam, S. G., Coggan, R. C., Eggleton, J., Diesing, M., & Stephens, D.: Sensitivity of macrobenthic secondary production to 

trawling in the English sector of the Greater North Sea : A biological trait approach. J. Sea Res, 85, 162–177. 

https://doi.org/10.1016/j.seares.2013.05.003, 2014 

Boute, P.G., Soetaert, M., Reid Navarro, J.A., Lankheet, M. J.: Effects of electrical pulse stimulation on behaviour and 

survival of marine benthic invertebrates. Front. Mar. Sci., (February). https://doi.org/10.3389/fmars.2020.592650, 2020 475 

Bradshaw, C., Jakobsson, M., Brüchert, V., Bonaglia, S., Mörth, C.-M., Muchowski, J., Stranne, C., & Sköld, M.: Physical 

Disturbance by Bottom Trawling Suspends Particulate Matter and Alters Biogeochemical Processes on and Near the 

Seafloor. Front. Mar. Sci., 8(August). https://doi.org/10.3389/fmars.2021.683331, 2021 

Braeckman, U., Provoost, P., Gribsholt, B., Van Gansbeke, D., Middelburg, J. J., Soetaert, K., Vincx, M., & Vanaverbeke, 

J.: Role of macrofauna functional traits and density in biogeochemical fluxes and bioturbation. Mar. Ecol. Prog. Ser., 399, 480 

173–186. https://doi.org/10.3354/meps08336, 2010 

Callaway, R., Desroy, N., Dubois, S., Fournier, J., Frost, M., Godet, L., Hendrick, V. J., & Rabaut, M.: Ephemeral Bio-

engineers or Reef-building Polychaetes : How Stable are Aggregations of the Tube Worm Lanice conchilega (Pallas, 1766)?. 

Integr. Comp. Biol., 50(2), 237–250. https://doi.org/10.1093/icb/icq060, 2010 

Craeymeersch, J. A., Escaravage, V., Steenbergen, J., Wijsman, J., Wijnhoven, S., & Kater, B.: De bodemfauna in het 485 

Nederlands deel van de Scheldemonding, Issue Ministerie van infrastructuur en Waterstaat Report, Institute for Marine 

Resources and Ecosystem Studies, Netherlands, 105 pp., 2006 

Dray, S., Dufour, A.: Ade4: Analysis of Ecological Data. Exploratory and Euclidean Methods in Environmental Sciences, 

22(4), 2007 

Dauwe, B., Herman, P. M. J., & Heip, C. H. R.: Community structure and bioturbation potential of macrofauna at four North 490 

Sea stations with contrasting food supply. Mar. Ecol. Prog. Ser., 173(1978), 67–83. https://doi.org/10.3354/meps173067, 

1998 

De Borger, E., Tiano, J., Braeckman, U., Rijnsdorp, A., & Soetaert, K.: Impact of bottom trawling on sediment 

biogeochemistry: a modelling approach. Biogeosciences, April, 1–32. https://doi.org/10.5194/bg-2020-328, 2021 

De Smet, B., Van Oevelen, D., Vincx, M., Vanaverbeke, J., & Soetaert, K.: Lanice conchilega structures carbon flows in 495 

soft-bottom intertidal areas. Mar. Ecol. Prog. Ser., 552(June), 47–60. https://doi.org/10.3354/meps11747, 2016a 

De Smet, B., Braeckman, U., Soetaert, K., Vincx, M., & Vanaverbeke, J.: Predator effects on the feeding and bioirrigation 



18 

 

activity of ecosystem-engineered Lanice conchilega reefs. J. Exp. Mar. Biol. Ecol., 475, 31–37. 

https://doi.org/10.1016/j.jembe.2015.11.005, 2016b 

De Smet, B., D’Hondt, A. S., Verhelst, P., Fournier, J., Godet, L., Desroy, N., Rabaut, M., Vincx, M., & Vanaverbeke, J.: 500 

Biogenic reefs affect multiple components of intertidal soft-bottom benthic assemblages: The Lanice conchilega case study. 

Estuar. Coast., 152, 44–55. https://doi.org/10.1016/j.ecss.2014.11.002, 2015 

Degraer, S., Hostens, K.: Assessment of the conservation value of the Vlakte van de Raan Site of Community Interest. 

MARECO report 16/02. Royal Belgian Institute of Natural Sciences, Operational Directorate Natural Environment, Aquatic 

and Terrestrial Ecology, Marine Ecology and Management, Brussels. 16 pp., 2016. 505 

Degraer, S., Moerkerke, G., Rabaut, M., Van Hoey, G., Du Four, I., Vincx, M., Henriet, J. P., & Van Lancker, V.: Very-high 

resolution side-scan sonar mapping of biogenic reefs of the tube-worm Lanice conchilega. Remote Sens. Environ., 112(8), 

3323–3328. https://doi.org/10.1016/j.rse.2007.12.012, 2008. 

Depestele, J., Degrendele, K., Esmaeili, M., Ivanovi, A., Kro, S., Neill, F. G. O., Parker, R., Polet, H., Roche, M., Teal, L. 

R., Vanelslander, B., & Rijnsdorp, A. D.: Comparison of mechanical disturbance in soft sediments due to tickler-chain 510 

SumWing trawl vs . electro-fitted PulseWing trawl. ICES J. Mar. Sci., fsy124, 1–18. https://doi.org/10.1093/icesjms/fsy124, 

2018 

Depestele, J., Ivanovic, A., Degrendele, K., Esmaeili, M., Polet, H., Roche, M., Summerbell, K., Teal, L. R., Vanelslander, 

B., & O’Neil, F. G.: Measuring and assessing the physical impact of beam trawling. ICES J. Mar. Sci., 73, i15–i26. 

https://doi.org/10.1093/icesjms/fst176, 2018 515 

Dewicke, A., Rottiers, V., Mees, J., & Vincx, M.: Evidence for an enriched hyperbenthic fauna in the Frisian front (North 

Sea). J. Sea Res, 47(2), 121–139. https://doi.org/10.1016/S1385-1101(02)00106-5, 2002 

Dickens, G. R., Koelling, M., Smith, D. C., & Schnieders, L.: Rhizon sampling of pore waters on scientific drilling 

expeditions: An example from the IODP expedition 302, Arctic Coring Expedition (ACEX). Sci. Drill., 4, 22–25. 

https://doi.org/10.2204/iodp.sd.4.08.2007, 2007 520 

Eigaard, O. R., Bastardie, F., Breen, M., Dinesen, G. E., Hintzen, N. T., Laffargue, P., Mortensen, L. O., Nielsen, J. R., 

Nilsson, H. C., Neill, F. G. O., Smith, C., Sørensen, T. K., Polet, H., Reid, D. G., Sala, A., Sko, M., Tully, O., Zengin, M., & 

Rijnsdorp, A. D.: Estimating seabed pressure from demersal trawls, seines, and dredges based on gear design and 

dimensions. ICES J. Mar. Sci., 73(Effects of Fishing on Benthic Fauna, Habitat and Ecosystem Function), 2016 

Fariñas-Franco, J. M., Allcock, A. L., & Roberts, D.: Protection alone may not promote natural recovery of biogenic habitats 525 

of high biodiversity damaged by mobile fishing gears. Mar. Environ. Res., 135(September 2017), 18–28. 

https://doi.org/10.1016/j.marenvres.2018.01.009, 2018 



19 

 

Feldens, P., Schulze, I., Papenmeier, S., Schönke, M., & von Deimling, J. S.: Improved interpretation of marine sedimentary 

environments using multi-frequency multibeam backscatter data. Swiss. J., 8(6). 

https://doi.org/10.3390/geosciences8060214, 2018 530 

Ferguson, A. J. P., Oakes, J., & Eyre, B. D.: Bottom trawling reduces benthic denitrification and has the potential to 

influence the global nitrogen cycle. Limnol. Oceanogr.. https://doi.org/10.1002/lol2.10150, 2020 

Foshtomi, M. Y., Leliaert, F., Derycke, S., Willems, A., Vincx, M., & Vanaverbeke, J.: The effect of bio-irrigation by the 

polychaete Lanice conchilega on active denitrifiers: Distribution, diversity and composition of nosZ gene. PLoS ONE, 13(2), 

1–25. https://doi.org/10.1371/journal.pone.0192391, 2018 535 

Grabowski, J. H., Bachman, M., Demarest, C., Eayrs, S., Harris, B. P., Malkoski, V., Packer, D., & Stevenson, D.: Assessing 

the Vulnerability of Marine Benthos to Fishing Gear Impacts. Rev. Fish. Sci. Aquac., 22(2), 142–155. 

https://doi.org/10.1080/10641262.2013.846292, 2014 

Hale, R., Godbold, J. A., Sciberras, M., Dwight, J., Wood, C., Hiddink, J. G., & Solan, M.: Mediation of macronutrients and 

carbon by post-disturbance shelf sea sediment communities. Biogeochemistry, 135(1–2), 121–133. 540 

https://doi.org/10.1007/s10533-017-0350-9, 2017 

Hiddink, J. G., Jennings, S., Sciberras, M., Szostek, C. L., Hughes, K. M., & Ellis, N.: Global analysis of depletion and 

recovery of seabed biota after bottom trawling disturbance. P. Natl. Acad. Sci. USA, 114, 8301–8306. 

https://doi.org/10.1073/pnas.1618858114, 2017 

ICES: Working Group on Electrical Trawling (WGELECTRA). ICES Scientific Reports, 2:37, 108 pp., 545 

https://doi.org/10.17895/ices.pub.5619, 2020 

ICES: Working Group on Electrical Trawling (WGELECTRA). ICES Scientific Reports. 1:71, Ghent, Belgium, 81 pp., 

http://doi.org/10.17895/ices.pub.5619, 2019 

ICES. 2018. Report of the Working Group on Electric Trawling (WGELECTRA). ICES Report WGELECTRA 2018 17 - 19 

April 2018. IJmuiden, the Netherlands. 155pp., 2018 550 

Jodo, M., Kawamoto, K., Tochimoto, M., & Coverly, S. C.: Determination of nutrients in seawater by analysis rate and 

reduced interference on segmented-flow analysis with higher ammonia. J. Autom. Chem., 14(5), 163–167, 1992 

Kaiser, M. J., Clarke, K. R., Hinz, H., Austen, M. C. V, Somerfield, P. J., & Karakassis, I.: Global analysis of response and 

recovery of benthic biota to fishing. Mar. Ecol. Prog. Ser., 311, 1–14, 2006 

Kaiser, M. J., Collie, J. S., Hall, S. J., Jennings, S., & Poiner, I. R.: Modification of marine habitats by trawling activities: 555 

prognosis and solutions. Fish. Fish., 3, 114–136, 2002 



20 

 

Kristensen, E., & Kostka, J. E.: Macrofaunal Burrows and Irrigation in Marine Sediment: Microbiological and 

Biogeochemical Interactions. Interactions Between Macro- and Microorganisms in Marine Sediments, The 

Ecogeomorphology of Tidal Marshes Coastal and Estuarine Studies 59, Copyright 2004 by the American Geophysical 

Union, pp., 125–157. https://doi.org/10.1029/CE060p0125. 2013  560 

Koller and Stahel: Sharpening Wald-type inference in robust regression for small samples. Computational Statistics and Data 

Analysis. 55, 2504-2515, 2011 

Lurton, X., Eleftherakis, D., and Augustin, J. M.: Analysis of seafloor backscatter strength dependence on the survey 

azimuth using multibeam echosounder data. Mar. Geophys. Res., 39: 183-203, 2018. 

Maechler M, Rousseeuw P, Croux C, Todorov V, Ruckstuhl A, Salibian-Barrera M, Verbeke T, Koller M, Conceicao EL, 565 

Anna di Palma M : robustbase: Basic Robust Statistics. R package version 0.93-6, http://robustbase.r-forge.r-project.org/, 

2018 

McCave, I. N., Bryant, R. J., Cook, H. F., & Coughanowr, C. A.: Evaluation of a laser-differation-size analyzer for use with 

natural sediments. Res. Meth. Pap., 56, 561–564, 1986 

Mengual, B., Cayocca, F., Le Hir, P., Draye, R., Laffargue, P., Vincent, B., & Garlan, T.: Influence of bottom trawling on 570 

sediment resuspension in the ‘Grande-Vasière’ area (Bay of Biscay, France). Ocean Dynamics, 66(9), 1181–1207. 

https://doi.org/10.1007/s10236-016-0974-7, 2016 

Mermillod-Blondin, F., Rosenberg, R.: Ecosystem engineering: the impact of bioturbation on biogeochemical processes in 

marine and freshwater benthic habitats. Aquat. Sci., 68 (4): 434-442. 2006 

Morys, C., Brüchert, V., & Bradshaw, C.: Impacts of bottom trawling on benthic biogeochemistry in muddy sediments: 575 

Removal of surface sediment using an experimental field study. Mar. Environ. Res., 169(December 2020), 105384. 

https://doi.org/10.1016/j.marenvres.2021.105384, 2021 

Nieuwenhuize, J., Maas, Y. E. M., & Middelburg, J. J.: Rapid analysis of organic carbon and nitrogen in particulate 

materials. Mar. Chem., 45, 217–224, 1994 

Olsgard, F., Schaanning, M. T., Widdicombe, S., Kendall, M. A., & Austen, M. C.: Effects of bottom trawling on ecosystem 580 

functioning. J. Exp. Mar. Biol. Ecol., 366(1–2), 123–133. https://doi.org/10.1016/j.jembe.2008.07.036, 2008 

Paradis, S., Goni, M., Masqué, P., Duran, R., Aronja-Camas, M., Palanques, A., & Puig, P.: Persistence of Biogeochemical 

Alterations of Deep-Sea Sediments by Bottom Trawling Geophys. Res. Lett., 48(e2020GL091279). 

https://doi.org/10.1029/2020GL091279, 2021. 

Palanques, A., Puig, P., Guillén, J., Demestre, M., & Martín, J.: Effects of bottom trawling on the Ebro continental shelf 585 



21 

 

sedimentary system (NW Mediterranean). Cont. Shelf Res, 72, 83–98. https://doi.org/10.1016/j.csr.2013.10.008, 2014 

Pecceu, E., Hostens, K., & Maes, F.: Governance analysis of MPAs in the Belgian part of the North Sea. Mar. Policy, 71, 

265–274. https://doi.org/10.1016/j.marpol.2015.12.017, 2016 

Polet, Hans; Delanghe, Fernand ; Verschoore, R.: On electrical fishing for brown shrimp (Crangon crangon) I. Laboratory 

experiments. Fish. Res., 72, 1–12, 2005 590 

Poos, J., Hintzen, N. T., van Rijssel, J. C., & Rijnsdorp, A.: Efficiency changes in bottom trawling for flatfish species as a 

result of the replacement of mechanical stimulation by electric stimulation. ICES J. Mar. Sci., October. 

https://doi.org/10.1093/icesjms/fsaa126, 2020 

Queirós, A. M., Hiddink, J. G., Kaiser, M. J., & Hinz, H.: Effects of chronic bottom trawling disturbance on benthic 

biomass, production and size spectra in different habitats. J. Exp. Mar. Biol. Ecol., 335(1), 91–103. 595 

https://doi.org/10.1016/j.jembe.2006.03.001, 2006 

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, 

Austria. URL https://www.R-project.org/, 2021 

Rabaut, M.: Lanice conchilega, fisheries and marine conservation, PhD Thesis. Ghent University. Ghent, Belgium, 354 pp. 

2009 600 

Rabaut, M., Braeckman, U., Hendrickx, F., Vincx, M., & Degraer, S.: Experimental beam-trawling in Lanice conchilega 

reefs: Impact on the associated fauna. Fish. Res., 90(1–3), 209–216. https://doi.org/10.1016/j.fishres.2007.10.009, 2008 

Rijnsdorp, A. D., Depestele, J., Molenaar, P., Eigaard, O. R., Ivanović, A., & O’Neill, F. G.: Sediment mobilization by 

bottom trawls: A model approach applied to the Dutch North Sea beam trawl fishery. ICES J. Mar. Sci., 78(5), 1574–1586. 

https://doi.org/10.1093/icesjms/fsab029, 2021 605 

Rijnsdorp, A D, Hiddink, J. G., van Denderen, P. D., Hintzen, N. T., Eigaard, O. R., Valanko, S., Bastardie, F., Bolam, S. G., 

Boulcott, P., Egekvist, J., Garcia, C., van Hoey, G., Jonsson, P., Laffargue, P., Nielsen, J. R., Piet, G. J., Sköld, M., & van 

Kooten, T.: Different bottom trawl fisheries have a differential impact on the status of the North Sea seafloor habitats. ICES 

J. Mar. Sci.. https://doi.org/10.1093/icesjms/fsaa050, 2020a 

Rijnsdorp, A. D., Depestele, J., Eigaard, O. R., Hintzen, N. T., Ivanovic, A., Molenaar, P., O’Neill, F. G., Polet, H., Poos,  J. 610 

J., & van Kooten, T.: Mitigating seafloor disturbance of bottom trawl fisheries for North Sea sole Solea solea by replacing 

mechanical with electrical stimulation. PLoS ONE, 15(11 November). https://doi.org/10.1371/journal.pone.0228528, 2020b 

Ritchie, R. J.: Consistent sets of spectrophotometric chlorophyll equations for acetone, methanol and ethanol solvents. 

Photosynth. Res., 89(1), 27–41. https://doi.org/10.1007/s11120-006-9065-9, 2006 



22 

 

Roche, M., Degrendele, K., Vrignaud, C., Loyer, S., Le Bas, T., Augustin, J.-M., and Lurton, X.: Control of the repeatability 615 

of high frequency multibeam echosounder backscatter by using natural reference areas. Mar. Geophys. Res.., 39: 89-104, 

2018 

Romero-Ramirez, A., Gremare, A., Desmalades, M., & Duchene, J. C.: Semi-automatic analysis and interpretation of 

sediment profile images. Environ. Modell. Softw., 47, 42–54. https://doi.org/10.1016/j.envsoft.2013.04.008, 2013 

Rosenberg, R., Nilsson, H., Grémare, A., & Amouroux, J..: Effects of demersal trawling on marine sedimentary habitats 620 

analysed by sediment profile imagery. J. Exp. Mar. Biol. Ecol., 285–286, 465–477. https://doi.org/10.1016/S0022-

0981(02)00577-4, 2003 

Sciberras, M., Hiddink, J. G., Jennings, S., Szostek, C. L., Hughes, K. M., Kneafsey, B., Clarke, L. J., Ellis, N., Rijnsdorp, 

A. D., McConnaughey, R. A., Hilborn, R., Collie, J. S., Pitcher, C. R., Amoroso, R. O., Parma, A. M., Suuronen, P., & 

Kaiser, M. J.: Response of benthic fauna to experimental bottom fishing: A global meta-analysis. Fish. Fish., February, 1–18. 625 

https://doi.org/10.1111/faf.12283, 2018 

Sciberras, M., Parker, R., Powell, C., Robertson, C., Kr??ger, S., Bolam, S., & Geert Hiddink, J.: Impacts of bottom fishing 

on the sediment infaunal community and biogeochemistry of cohesive and non-cohesive sediments. Limnol. Oceanogr., 

61(6), 2076–2089. https://doi.org/10.1002/lno.10354, 2016 

Seeberg-Elverfeldt, J., Schluter, M., Feseker, T., & Kolling, M.: Rhizon sampling of porewaters near the sediment-water 630 

interface of aquatic systems. Limnol. Oceanogr.-Methods, 3, 361–371. https://doi.org/Pii S0012-821x(02)01064-6 Doi 

10.1016/S0012-821x(02)01064-6, 2005 

Seiter, K., Hensen, C., and Zabel, M.: Benthic carbon mineralization on a global scale, Global Biogeochem. Cycles, 19, 

GB1010, doi:10.1029/2004GB002225, 2005 

Shotbolt, L.: Pore water sampling from lake and estuary sediments using Rhizon samplers. J. Paleolimnol., 44(2), 695–700. 635 

https://doi.org/10.1007/s10933-008-9301-8, 2010 

Soetaert, K., Herman, P. M. J., Middelburg, J. J., Heip, C., Smith, C. L., Tett, P., & Wild-Allen, K. Numerical modelling of 

the shelf break ecosystem: Reproducing benthic and pelagic measurements. Deep Sea Res. Part II Top. Stud. Oceanogr., 

48(14–15), 3141–3177. https://doi.org/10.1016/S0967-0645(01)00035-2, 2001 

Soetaert, K., Van den Meersche, K., van Oevelen D.: limSolve: Solving linear inverse models. R package version 1.5.1., 640 

2009 

Soetaert, M., De Haan, D., Verschueren, B., Decostere, A., Puvanendran, V., Saunders, J., Polet, H., & Chiers, K.: Atlantic 

Cod Show a Highly Variable Sensitivity to Electric-Induced Spinal Injuries. Mar. Coast. Fish., 8(1), 412–424. 



23 

 

https://doi.org/10.1080/19425120.2016.1180332, 2016 

Soetaert, Maarten, Chiers, K., Duchateau, L., Polet, H., Verschueren, B., & Decostere, A.: Determining the safety range of 645 

electrical pulses for two benthic invertebrates: brown shrimp (Crangon crangon L.) and ragworm (Alitta virens S.). ICES J. 

Mar. Sci., 72(3), 973–980, 2015 

Soetaert, Maarten, Decostere, A., Polet, H., Verschueren, B., & Chiers, K.: Electrotrawling: A promising alternative fishing 

technique warranting further exploration. Fish. Fish., 16(1), 104–124. https://doi.org/10.1111/faf.12047, 2015 

Stratmann, T., Soetaert, K., Wei, C. L., Lin, Y. S., & van Oevelen, D.: The SCOC database, a large, open, and global 650 

database with sediment community oxygen consumption rates. Sci. Data, 6(1), 242. https://doi.org/10.1038/s41597-019-

0259-3, 2019 

Tiano, J. C., Borger, E. De, Flynn, S. O., Cheng, C. H., Oevelen, D. Van, & Soetaert, K.: Physical and electrical disturbance 

experiments uncover potential bottom fishing impacts on benthic ecosystem functioning. J. Exp. Mar. Biol. Ecol., 

545(August), 151628. https://doi.org/10.1016/j.jembe.2021.151628, 2021 655 

Tiano, J. C., van der Reijden, K. J., O’Flynn, S., Beauchard, O., van der Ree, S., van der Wees, J., Ysebaert, T., & Soetaert , 

K.: Experimental bottom trawling finds resilience in large-bodied infauna but vulnerability for epifauna and juveniles in the 

Frisian Front. Mar. Environ. Res., 159(March), 104964. https://doi.org/10.1016/j.marenvres.2020.104964, 2020 

Tiano, J. C., Witbaard, R., Bergman, M. J. N., Rijswijk, P. Van, Tramper, A., Oevelen, D. Van, & Soetaert, K.: Acute 

impacts of bottom trawl gears on benthic metabolism and nutrient cycling. ICES J. Mar. Sci.. 660 

https://doi.org/10.1093/icesjms/fsz027, 2019 

Tillin, H. M., Hiddink, J. G., Jennings, S., & Kaiser, M. J.: Chronic bottom trawling alters the functional composition of 

benthic invertebrate communities on a sea-basin scale. Mar. Ecol. Prog. Ser., 318, 31–45, 2006 

van de Velde, S., Lancker, V. Van, Hidalgo-martinez, S., & Berelson, W. M.: Anthropogenic disturbance keeps the coastal 

seafloor biogeochemistry in a transient state. , December 2017, 1–10. https://doi.org/10.1038/s41598-018-23925-y, 2018 665 

van Denderen, P. D. Van, Bolam, S. G., Hiddink, J. G., Jennings, S., Kenny, A., Rijnsdorp, A. D., and van Kooten, T.: 

Similar effects of bottom trawling and natural disturbance on composition and function of benthic communities across 

habitats. Mar. Ecol. Prog. Ser. 541, 31–43. https://doi.org/10.3354/meps11550, 2015 

Van Hoey, G., Guilini, K., Rabaut, M., Vincx, M., & Degraer, S.: Ecological implications of the presence of the tube-

building polychaete Lanice conchilega on soft-bottom benthic ecosystems. Mar. Biol., 154(6), 1009–1019. 670 

https://doi.org/10.1007/s00227-008-0992-1, 2008 

van Marlen, B., de Haan, D., van Gool, A., & Burggraaf, D.: The effect of pulse stimulation on biota - Research in relation to 



24 

 

ICES advice - Progress report with preliminary results, Institute for Marine Resources & Ecosystem Studies (IMARES), 

Report number C103/09, Wageningen, Netherlands, 53 pp., 2009 

Van Raaphorst, W., Kloosterhuis, H. T., Berghuis, E. M., Gieles, A. J. M., Malschaert, J. F. P., & Van Noort, G. J.: Nitrogen 675 

cycling in two types of sediments of the Southern North sea (Frisian front, broad fourteens): field data and mesocosm results. 

Neth. J. Sea Res, 28(4), 293–316. https://doi.org/10.1016/0077-7579(92)90033-B, 1992 

  



25 

 

Figures 

 680 

 

Figure 1: Geographic location of the study site (left). Visual descriptions for experimental plots in Pulse-ON (A-C), 

Pulse-OFF (D-F), and Tickler (G-I) trawl treatments, untrawled adjacent stations (AD1, AD2, AD3), sediment profile 

imagery (SPI) locations, and box core sampling locations (right). Experimental plots were sectioned into northwest, 

central and southeast stations.  685 
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Figure 2: Water column turbidity during the time of trawling for Pulse-ON plots (a-c), Pulse-OFF plot (d) and Tickler 

plots (e-f). 
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Figure 3: Examples of sediment profile imagery from the study showing a dense Lanice conchilega tubeworm reef (a), 690 

bioirrigation-induced sediment oxidation (b) and evidence of trawl disturbance: flattened tubeworms and sediment (c). 

  



28 

 

 

  

Figure 4: Particle size distributions for the surface sediments (top 1 cm) in experimentally trawled samples. Solid lines 695 

represent the distribution of sediment size fractions in Pulse-ON, Pulse-OFF, and Tickler, plots before trawling (T0) 

and dashed lines represent distributions after trawl disturbances (T1). 
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 700 

Figure 5: Oxygen consumption (a) and macrobenthos densities (b) measured from treatment plots before (T0) and after 

(T1) fishing. Y-axes are on a log-scale.  
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Figure 6: Robust regression analysis of sediment community oxygen consumption (SCOC; mmol m-2 d-1) versus Lanice 

conchilega biomass (grams of wet weight m-2) (top) and densities of other taxa versus L. conchilega densities (individuals 705 

m-2) (bottom) in pre-trawled and trawled sediments. Note x-axis scales are different. 
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Tables  

Table 1: Results for sediment and biogeochemical parameters between T0-T1 for Tickler, Pulse-ON, and Pulse-OFF 

treatments (mean ± SD). Nitrogen (N) and phosphorus (P) removal are presented as the percentage of inorganic N or P 

removed from the sediments after being formed from organic matter mineralization. 

 Tickler Pulse-ON Pulse-OFF 

 T0 n T1 n T0 n T1 n T0 n T1 n 

Sediment: very fine sand (%), chlorophyl a (µg g-1), silt (%), median grain size (D50: µm) 

Very fine sand 11±4.3 64 9.2±4.5 65 8.3±4.2 53 7.4±4.2 64 11±3.4 55 11±2.8 63 

Chl a 19±31 64 8.4±17 65 10±8.9 53 9.1±16 64 12±16 55 19±30 63 

Silt 13±17 64 11±14 65 8.4±6.6 53 7.7±12 64 8.4±9.1 55 11±16 63 

D50 189±61 64 207±72 65 211±42 53 220±63 64 192±29 55 181±44 63 

Sediment profile imagery (SPI):  prism penetration (mm), anoxic surface area (%) 

Penetration 51±23 26 67±41 22 48±18 23 49±12 19 53±20 23 54±17 21 

Anoxic surface  24±23 26 16±24 22 3.8±6.1 23 5.0±10 19 22±18 23 27±28 21 

Porewater nutrients (mmol m-3) 

NH4
+ 26±17 35 47±38 35 74±59 34 81±59 36 92±83 36 80±61 36 

NO3
- 4.1±2.7 35 6.4±4.1 35 14±20 34 6.1±8.2 36 4.9±7.3 36 6.8±4.9 36 

PO4
3- 7.6±5.8 35 8.7±9.0 35 5.2±6.7 34 8.2±7.4 36 9.4±15.8 36 13±9.9 36 

Si(OH)4 69±52 35 105±95 35 91±93 34 98±72 36 116±89 36 137±89 36 

Nutrient Fluxes (mmol m-2d-1) 

O2 -172±109 9 -74±40 9 -144±199 9 -77±89 9 -72±35 9 -73±44 9 

NH4
+ 1.3±1.3 9 1.6±1.6 9 1.1±2.1 9 0.6±0.3 9 0.6±0.8 9 0.5±0.3 9 

NO3
- 0.01±0.01 9 7e-3±0.01 9 1e-3±0.02 9 0.02±0.02 9 6e-3±0.02 9 9e-3±8e-3 9 

PO4
3- 0.03±0.02 9 0.04±0.02 9 0.01±0.03 9 0.03±0.03 9 0.05±0.07 9 0.03±0.03 9 

Si(OH)4 1.1±0.95 9 1.8±0.76 9 0.75±0.63 9 1.1±0.90 9 1.4±1.2 9 1.1±0.70 9 

Mass Budgets: total mineralization and denitrification (mmol C m-2d-1), nitrification (mmol N m-2d-1), nitrogen (N) and phosphorus (P) removal (%) 

Mineralization 156±98 9 68±36 9 130±180 9 70±80 9 65±32 9 66±40 9 

Denitrification 28±19 9 11±6.8 9 23±31 9 12±14 9 11±5.6 9 12±7.5 9 

Nitrification 22±16 9 8.6±5.5 9 18±25 9 10±12 9 9.2±4.4 9 9.5±6.0 9 

% N removal 86±24 9 82±16 9 95±5.6 9 89±9.5 9 94±6.4 9 93±5.1 9 

% P removal 96±5.1 9 92±4.6 9 99±2.6 9 92±8.1 9 93±12 9 94±5.3 9 

Bold signifies that T1 is significantly different compared to T0. *p < 0.05; **p < 0.01; ***p < 0.001.  
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Table 2: Robust regression coefficients (slope, p-value, multiple R-squared) showing the relationship of Lanice conchilega 

densities and biomass versus sedimentary faunal and biogeochemical flux parameters in trawled and untrawled sediments 

 
PARAMETERS 

Pre-trawled  Trawled 

 slope p R2  slope p R2 

          

L
. 

co
n

c
h

il
e
g
a

  

D
E

N
S

IT
IE

S
 

Sediment 

Median grain size -0.0012 0.29 0.07  -0.0068 0.18 0.11 

% Very fine sand 0.0002 0.01 0.33  0.0005 0.16 0.12 

% Silt 0.0003 0.25 0.08  0.0015 0.14 0.13 

         

Fauna 
Density of other taxa 0.460 <0.001 0.85  0.1030 0.07 0.05 

Species richness 0.0003 0.005 0.27  0.0004 0.13 0.09 

         

Fluxes 
SCOC 0.021 <0.001 0.87  0.0020 0.78 0.01 

NO3 flux -3.2e-7 0.65 0.01  -8.8e-8 0.89 6.9e-4 

          

L
. 

co
n

c
h

il
e
g
a

  

B
IO

M
A

S
S

 

Sediment 

Median grain size 0.0053 0.78 0.00  -0.163 0.17 0.11 

% Very fine sand 0.0022 0.27 0.09  0.010 0.19 0.11 

% Silt 0.0056 0.009 0.18  0.044 0.054 0.21 

         

Fauna 
Density of other taxa 1.262 <0.001 0.39  -0.571 0.25 0.01 

Species richness 0.0166 <0.001 0.38  0.003 0.34 0.15 

         

Fluxes 
SCOC 0.427 <0.001 0.93  0.056 0.75 0.01 

NO3 flux <0.0001 0.002 0.21  <-0.0001 0.82 0.01 

          
Bolded values show significant relationships 

 


