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A B S T R A C T   

Both physical and electrical impacts have been linked to North Sea fisheries activity. This study evaluates how 
these effects can influence marine ecological functioning by assessing their consequences on benthic pelagic 
coupling. Experiments were conducted on sediment microcosms taken from 9 North Sea and 2 Eastern Scheldt 
locations. Samples were subjected to physical disturbances by mechanically stirring the sediment surface or 
electrical stimulation with exposure to high frequency pulsed bipolar or direct currents. Electrical exposure times 
of 3 and 120-s were used to simulate in situ exposure times related to sole (Solea solea) and razor clam (Ensis spp.) 
electric fisheries respectively. Water column oxygen rapidly declined after sediment resuspension, inducing an 
immediate uptake ranging from 0.55 to 22 mmol oxygen per m− 2 of sediment disturbed. Mechanical distur
bances released the equivalent of up to 94 and 101 h of natural ammonium and silicate effluxes respectively. 
Fresh organic material significantly predicted the magnitude of mechanical-induced oxygen, ammonium, 
phosphate and silicate changes. No biogeochemical effects from bipolar (3 s or 120 s) or 3-s direct current ex
posures were detected. However, significant changes were induced by 120-s exposures to direct currents due to 
electrolysis and ionic drift. This lowered the water column pH by 1–1.3 units and caused the appearance of iron 
oxides on the sediment surface, resulting in the equivalent of 25–28 h of sedimentary phosphate removal. Our 
findings demonstrate that prolonged (+1 min) exposure to high frequency pulsed direct currents can cause 
electrochemical effects in the marine environment, with implications for phosphorus cycling. Nevertheless, bi- 
directional pulsed currents used in flatfish pulse trawling and AC waveforms featured in Ensis electrofishing, 
seem to severely limit these effects. Mechanical disturbance, on the other hand, causes a much greater effect on 
benthic pelagic coupling, the extent of which depends on sediment grain size, organic matter content, and the 
time of the year when the impact occurs.   

1. Introduction 

Research on functional ecosystem dynamics help link together 
structural components in marine ecology (Yvon-Durocher and Allen, 
2012; Bell, 2019). For example, the cycling of nutrients in the seafloor is 
the sum of biological, chemical and physical processes, the results of 
which can alter oxygen and primary production in the water column 
(Fisher et al., 1982; Murphy et al., 2000) thereby affecting the func
tioning (transfer of energy, nutrient regeneration/sequestration etc.) of 
marine ecosystems. The sedimentary release and/or removal of 

nutrients, such as nitrogen and phosphorus, help control pelagic primary 
production and influence marine ecosystems through bottom up effects 
(Slomp et al., 1996; Soetaert and Middelburg, 2009). The removal of 
nutrients by sediments buffers marine systems against the formation of 
low oxygen zones, which often result from nutrient overloading com
bined with water column stratification (Weston et al., 2008; van der 
Molen et al., 2013). Anthropogenic activities can alter the provision of 
benthic ecosystem services by modifying sedimentary habitats. Bottom 
disturbance created by fisheries, for example, can change benthic 
nutrient concentrations (van de Velde et al., 2018; Tiano et al., 2019) 
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potentially impacting primary production (Dounas et al., 2007) and 
affecting benthic-pelagic coupling in marine ecosystems (Graf, 1989). 

Disturbance-induced sediment resuspension causes the rapid fluxes 
of solutes from the sediment to the overlying water through the direct 
release of nutrient-rich porewater, and increased desorption and 
mineralization processes in the water column (Dounas et al., 2007; 
Couceiro et al., 2013; Tiano et al., 2019). The influx and degradation of 
organic matter drives benthic nutrient cycles and produces bioavailable 
compounds (Soetaert et al., 1996). Silt and clay content is positively 
correlated with organic matter and enhanced mineralization (De Borger 
et al., 2021a). Muddy organic-rich habitats are therefore, more likely to 
be at a higher risk from disturbance-induced biogeochemical changes 
compared to sandy, organic-poor environments. 

Benthic disturbance in the North Sea is often associated with beam 
trawl fisheries and occurs mainly in sandy habitats with a smaller per
centage of fishing effort focused on muddy areas (Rijnsdorp et al., 2020). 
Ecological concerns over the effects of North Sea bottom trawls have 
existed since their inception in the late middle ages (Collins, 1887; de 
Groot, 1984), however, the use of electricity in North Sea fisheries, and 
their potential to create electrolysis-induced biogeochemical changes, 
brought additional concerns to this topic (Soetaert et al., 2015; Haasnoot 
et al., 2016; Kraan et al., 2020). 

Flatfish trawlers have used electricity to immobilize dover sole (Solea 
solea), facilitating their capture in oncoming nets (Fig. 1; Soetaert et al., 
2015). This method uses rapid pulses of alternating polarities called 
‘pulsed bipolar currents’ (Soetaert et al., 2019). Another electrofishing 
method uses slow moving electrodes to stimulate razor clams (Ensis spp.) 
out of their burrows, permitting their collection by divers (Breen et al., 
2011; Woolmer et al., 2011; Murray et al., 2016; Fox et al., 2019). This 
technique has featured both continuous alternating (AC) and direct (DC) 
currents (Breen et al., 2011; Woolmer et al., 2011; Murray et al., 2016). 
As prolonged exposure (> 30 s) to electricity is necessary to gain an 
appropriate response from Ensis spp., sediments can be exposed to 
electricity for well over a minute using this method (Stewart, 1977; 
Breen et al., 2011; Woolmer et al., 2011; Murray et al., 2016). In com
parison, sediments exposed to electricity by flatfish pulse trawlers are 
affected for only 1–2 s (Soetaert et al., 2015; de Haan et al., 2016; 
Desender et al., 2016). Electric fields from pulse trawlers can easily 
penetrate water-logged marine sediment (> 20 cm; de Haan and Burg
graaf, 2018). Consequently, electricity from these gears will affect a 3- 
dimensional area that surpasses the mechanical gear penetration into 

the seabed (Fig. 1). Electricity and microbial-mediated electrogenic 
processes have been linked with changes to marine biogeochemical 
characteristics (Nielsen et al., 2010; Goreau, 2012; Rao et al., 2016; van 
de Velde et al., 2016) and concerns have been reported over the possible 
chemical effects of electrotrawling on sedimentary habitats (Soetaert 
et al., 2015). 

This study uses an experimental approach to explore functional 
ecological characteristics while evaluating anthropogenic-related im
pacts on benthic pelagic coupling. We focus on the release/consumption 
of bioavailable nutrients, which relate directly to bottom up ecological 
functioning (production potential) and the availability of oxygen 
required for the aerobic respiration. The null hypotheses of this study 
include: (1) electrical and mechanical disturbances have no effect on 
benthic biogeochemical parameters, (2) organic matter and grain size 
have no influence on the magnitude of disturbance-induced biogeo
chemical changes, and (3) mechanical disturbance has no effect on 
sediment grain sizes and/or organic matter in the sediment column. 
These hypotheses were tested with microcosm experiments used to 
simulate both mechanical and electrical effects seen in certain North Sea 
fisheries. 

2. Materials and methods 

2.1. Study area 

Benthic sediment samples were collected from nine locations in the 
North Sea and two locations from the Dutch Eastern Scheldt (Fig. 2). 
North Sea stations feature names indicating the research vessel used for 
their sample collection (‘Tridens’ = TD1, TD2, TD3; ‘Pelagia’ = PG1, 
PG2, PG3, PG4, PG5, PG6) with station numbers corresponding to their 
order of collection. Eastern Scheldt stations (ES1 and ES2) are named to 
specify that they were located in the former estuary (it is now 
completely marine; Fig. 2). Sediments from the most northerly stations 
(PG3 and PG4) were silty with a median grain size (D50) under 62.5 μm. 
Stations PG1, PG5, PG6 and ES2 were defined as ‘very fine sand’ (D50 =
62.5–125 μm) habitats. Fine sand (125–250 μm) characterized stations 
TD1, TD2, PG2 and ES1. Station TD3 had the coarsest sediment with D50 
sizes that ranged between medium (250–500 μm) and coarse (500–1000 
μm) sand. PG3 and PG4 were taken from the greatest water depths (144 
and 132 m) while the depths of other North Sea stations ranged between 
26 and 77 m (Table 1). Eastern Scheldt (ES1 and ES2) stations were 

Fig. 1. Conceptual figure of a pulse trawl showing electrical and mechanical penetration into the seabed (left). Image of an HFK PulseWing gear (right).  
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located in the intertidal zone (~0 m). 

2.2. Sample collection 

Intact sediments from North Sea stations were collected using a NIOZ 
box corer with an internal diameter of 32 cm and a height of 55 cm. 
Stations TD1–3 were visited with the RV Tridens in August–September 
2017. The RV Pelagia was used to collect samples from station PG1 in 
November 2017 and from stations PG2-PG6 in May 2018. Box cores 
were subsampled using cylindrical PVC incubation cores (14.5 cm 
diameter × 30 cm height). For stations ES1 and ES2, incubation cores of 
the same dimensions were used to collect sediment directly from 
intertidal flats in the Eastern Scheldt in October 2018. To control for 
unpredictable faunal responses to the 2-min electrical exposures 
featured only at Eastern Scheldt stations (see Section 2.4.2: ‘Electrical 
disturbance treatments’), their sediments were sieved (1 mm) and 
reconstituted to remove macrofauna (also for non-electrocuted cores to 
maintain consistency) prior to experimental measurements (Table 1). 
This was only conducted for Eastern Scheldt stations which received the 
longer (2 min) electrical exposure periods and not for North Sea stations 
where the faunal response to electricity was thought to be less conse
quential due to their lower exposure time (3 s). 

Cores containing sediment and overlying water from stations 
TD1–TD3 and PG2-6 were placed in water baths inside a climate 
controlled (12 ◦C) chamber on board the research vessels for 6 h prior to 

the first incubation (Table 2). For station PG1, samples were transported 
from Texel, Netherlands to the NIOZ facility in Yerseke, Netherlands. 
ES1 and ES2 samples were transported from the Eastern Scheldt inter
tidal flats (Netherlands) to the NIOZ facility (transport = ~5 h for sta
tion PG1, ~1 h for Eastern Scheldt stations). After arrival at the research 
institute, sediments from stations PG4, ES1 and ES2 were acclimatized 
for 48 h inside water baths within climate-controlled chambers, with the 
temperature representative of environmental conditions at the time of 
collection (12 ◦C for station PG1; 18 ◦C for Eastern Scheldt stations; 
Table 2). The longer acclimatization period allowed time for biogeo
chemical gradients to re-establish in the post-sieved sediments at sta
tions ES1 and ES2 and for station PG1 sediments to re-adjust to constant 
conditions after exposure to fluctuating temperatures during transport. 

2.3. Electrical parameters 

To mimic electrical disturbance from pulse trawls and Ensis elec
trofishing gears, sediment from all stations were subjected to a pulsed 
bipolar current (PBC) treatment, exhibiting both positive and negative 
electric pulses. Bipolar pulsed waveforms are similar to pulsed alter
nating currents (PAC), however, with PAC the reversal of pulses is 
almost immediate while PBC is characterized by a similar time gap be
tween positive and negative pulses and is slightly easier to generate for 
electronic systems (Soetaert et al., 2019; Fig. 3, top left panel). Stations 
ES1 and ES2 included a pulsed direct current (PDC) treatment 

Fig. 2. Map of station locations. Numbers show the locations of North Sea and Eastern Scheldt stations (left). Close-up of Eastern Scheldt locations (right).  

Table 1 
Sampling date, coordinates and average environmental parameters between stations for depth (m), median grain size (D50; μm) % organic carbon (OC), sediment 
chlorophyll a content (μg g− 1), macrofauna densities (individuals m− 2), macrofaunal biomass (grams wet weight m− 2), and biogeochemical fluxes (mmol m− 2 d− 1, 
positive = out of sediment). Nutrient flux measurements represent rates taken before experimental perturbations.  

Station Date Position (N,E) Depth D50 OC Chl a Density Biomass Fluxes (mmol m− 2 d− 1) 

O2 NH4
+ NO2

− NO3
− PO4

3− Si(OH)4 

TD1 30/08/2017 55◦ 7.8, 2◦ 5.1 34.3 240.5 – – 504 1.2 − 9.1 0.06 0.001 0.06 0.01 0.05 
TD2 07/09/2017 55◦ 48.1, 4◦ 38.5 42.5 173.5 – – 4387 48.8 − 25.2 0.99 0.02 0.19 − 0.04 2.31 
TD3 09/09/2017 56◦ 7.9, 6◦ 13.8 42.4 475.2 – – 2288 6.4 − 9.3 0.37 − 0.07 0.51 − 0.04 0.34 
PG1 08/11/2017 53◦ 40.3, 4◦ 26.5 34.0 87.9 0.4 2.8 1261 38.4 − 12.7 <− 0.01 − 0.04 0.08 <− 0.01 0.57 
PG2 25/05/2018 54◦ 45, 1◦ 55 26.8 216.9 0.1 0.7 1677 10.3 − 5.4 0.70 0.1 0.01 0.01 0.03 
PG3 27/05/2018 58◦ 45.1, 0◦ 30.1 144.6 24.7 1.1 1.1 1092 15.5 − 11.1 − 0.52 − 0.1 0.36 <− 0.01 1.22 
PG4 30/05/2018 59◦ 25, 0◦ 29 132.6 55.1 0.6 0.4 4991 214 − 10.6 0.06 − 0.1 0.48 0.04 1.62 
PG5 01/06/2018 56◦ 3.9, 1◦ 35.8 77.5 212.9 0.2 0.3 7591 66.5 − 9.1 0.38 0.06 0.34 0.02 1.22 
PG6 03/06/2018 54◦ 53.1, 3◦ 41.6 41.2 124.6 0.2 0.8 858 7.3 − 11.3 0.28 0.03 0.21 − 0.03 0.90 
ES1a 04/10/2018 51◦ 34.6, 3◦ 59.9 0.0 138.2 0.1 4.1 0a 0a − 15.6 2.60 0.29 − 0.15 − 0.09 0.34 
ES2a 10/10/2018 51◦ 33.5, 3◦ 53.7 0.0 75.5 0.6 10.7 0a 0a − 15.9 3.99 0.48 − 0.54 − 0.05 1.12  

a Sediments at stations ES1 and ES2 were sieved of macrofauna prior to experimental measurements. 
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characterized by unidirectional pulses (Fig. 3, top left panel). High fre
quency PDC is generally avoided as it causes corrosion of the electrodes 
but continuous DC has been used with electrofishing for the bivalve Ensis 
spp. (Woolmer et al., 2011). Square shaped pulses exhibiting a width 
(PW) of 0.33 ms, were used for both PBC and PDC waveforms. PBC 
treatments featured a frequency of 40 Hz (40 unique pulse cycles per 
second) while PDC treatments exhibited an 80 Hz frequency (Soetaert 
et al., 2019). To clarify, both waveforms presented 80 pulses per second 
but the bipolar waveforms displayed 40 positive and 40 negative pulses 
while all direct current pulses were positive (Fig. 3). For simplicity, we 
hereafter refer to our high frequency pulsed currents as ‘Bipolar’ to 
represent pulsed bipolar currents and ‘Direct’ to represent pulsed direct 
currents. 

For each core exposed to electrical currents, two plate-shaped 
stainless steel electrodes were used to generate a homogenous electric 
field (Soetaert et al., 2016; Soetaert et al., 2019; Fig. 3). A field strength 
of 200 V per meter (V m− 1) was created in the sediment and water 
column between the electrodes for Bipolar treatments to represent the 
electrical field close to the electrode from a flatfish pulse trawler. The 
weakest possible field strength allowed by our pulse generator for 
electrodes 20 cm apart (125 V m− 1) was used for Direct treatments to be 
more representative of Ensis electrofishing parameters (Fig. 3). All 

electrical perturbations were carried out using a laboratory pulse 
generator (EPLG bvba, Belgium) using 2 m by 6 mm2 wires which 
extended directly from the generator to the electrodes. To check for any 
loss in voltage from the generator to the electrodes, the exact electrical 
parameters were checked using an oscilloscope (DSO5014A, Agilent 
Technologies). 

The ex situ microcosms required differences from in situ electro
fishing. Pulse trawls and Ensis electrofishing gears use cylindrical or wire 
shaped electrodes that run parallel to each other and create heteroge
neous electric fields (Soetaert et al., 2015; Fig. 1). For exposure exper
iments in the laboratory, a homogenous electric field using flat 
electrodes is preferred in order to expose the whole sample to the same 
electric field strength (Soetaert et al., 2016; Boute et al., 2020). To 
obtain a homogenous electric field inside an incubation core while 
exposing the full sediment column, we oriented the electrodes vertically, 
with one electrode attached to the bottom of the core and the other 
suspended above the sediment (Fig. 3), whereas flatfish pulse trawls and 
Ensis electrofishing gears have horizontal oriented electrodes. Our 
experimental setup, nevertheless, allowed us to achieve our objectives of 
exploring the biogeochemical impacts of anthropogenic electric fields, 
while using electrical parameters seen in flatfish pulse trawl and Ensis 
electrofishing methods. 

Table 2 
Number of cores per treatment for electrical (Bipolar, Direct) and mechanical (Mix) disturbance treatments and corresponding acclimatization periods (hours).  

Station Number of cores per treatment Acclimatization time (h) 

Control Mix Bipolar Direct Bipolar Direct 

3 s 120 s 

TD1 1 – 3 – – –  
TD2 1 – 3 – – – 6 
TD3 2 3 3 – – – 6 
PG1 2 3 3 – – – 48 
PG2 2 3 3 – – – 6 
PG3 2 3 3 – – – 6 
PG4 2 3 3 – – – 6 
PG5 2 3 3 – – – 48 
PG6 2 3 3 – – – 6 
ES1 3 3 3 3 3a 3a 6 
ES2 3 3 3 3 3a 3a 48  

a 120-s electric disturbance treatments occurred 24 h after 3-s perturbations in the same (Bipolar/Direct) sediment incubation cores. 

Fig. 3. Experimental setup: Electrical disturbance 
treatment setup showing the homogeneous electrical 
field between the electrodes with black arrows rep
resenting the pulsed flow of electrons and dashed 
lines representing equipotentials (zones with the 
same electrical potential; left). Characteristic positive 
pulses for pulsed direct current (PDC) treatments and 
alternating positive and negative pulses for the 
pulsed bipolar treatments (PBC; top left). Mechanical 
disturbance treatment (right) with example of 
sediment-water interface after disturbance (top right).   
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2.4. Experimental setup 

To investigate the impact of electrical and mechanical disturbances, 
BACI (Before-After-Control-Impact) design experiments were conducted 
for all sampled locations. Figs. 3 and 4 help illustrate our somewhat 
complicated experimental design. 

2.4.1. Mechanical disturbance treatments 
Every station other than TD1 and TD2, received a mechanical 

disturbance treatment (‘Mix’; Table 2). Logistic constraints onboard the 
RV Tridens limited the amount of samples taken for TD1 and TD2, which 
prevented the Mix treatment from taking place at those stations. To 
simulate trawl-induced mechanical mixing and sediment resuspension, 
a handheld electric mixer homogenized surface sediments inside incu
bation cores down to a depth of 3 cm (Fig. 3). Depestele et al. (2018) 
found average penetration depths of 1.8 and 4.1 cm for pulse trawls 
(PulseWing) and tickler chain SumWing trawls respectively, in the 
muddy sand sediments of the Frisian Front. Though penetration depths 
may vary between sediments and gear types, we maintained a consistent 
(3 cm) depth to compare results between all experimental samples. A 3-s 
perturbation period is slightly higher than the in situ disturbance time 
needed for a bottom trawl gear to pass over a given point in the sediment 
at 5 knots (~ 1.4 s; de Haan et al., 2016). This slight overestimate, 
however, was necessary for the mixer to homogenize the total surface 
area of the sediment core. 

2.4.2. Electrical disturbance treatments 
All stations featured a Bipolar treatment while ES1 and ES2 received 

additional Direct current treatments (Table 2). For cores undergoing 
electrical exposure, an electrode was fitted to the bottom of the incu
bation core underneath the sediment column (Fig. 3). Upon opening the 
cores after pre-disturbance incubations (see Section 2.4.5: ‘Post-distur
bance incubations’), a second electrode was lowered into the water 
column of the incubation core and suspended 20 cm above the first 
electrode before the electrical perturbation was applied (Fig. 3). In both 
flatfish pulse trawling and Ensis electrofishing, electrodes maintain 
physical contact with the sediment (Breen et al., 2011; Murray et al., 
2016; Depestele et al., 2016; Depestele et al., 2018) allowing the 

penetration depth of the electrical field to exceed 20 cm into the sedi
ment (de Haan and Burggraaf, 2018). Electrodes seen in flatfish pulse 
trawling range between 4 and 6 m in length (van Marlen et al., 2014; de 
Haan et al., 2016) and are towed at speeds of 2.3–2.6 m s− 1 (4.5–5 knots; 
Poos et al., 2020) limiting the exposure time for a single point in the 
sediment to a few seconds at most. In comparison, electrodes for Ensis 
electrofishing are shorter (1–3 m) but are towed at much slower rates 
(1.5–3.3 m min− 1; Breen et al., 2011; Woolmer et al., 2011; Murray 
et al., 2016; Fox et al., 2019), which allow sediment exposure times of 
18–120 s. We thus assigned exposure times of 3-s to represent electrical 
disturbance from flatfish pulse trawls (‘3Bipolar’ and ‘3Direct’) while 
using 120-s exposure times (‘120Bipolar’ and ‘120Direct’) to simulate 
sediment exposure periods found in the Ensis electrofishery (stations ES1 
and ES2; Table 2). Maximal exposure times were used to assess the ef
fects from ‘severe’ electrical disturbance from both methods. The Ensis 
electrofishing comparison was planned and implemented at a later stage 
in the study and were not included for North Sea stations. 

2.4.3. Division of cores for experimental treatments 
For individual treatments, three experimental cores and a single 

undisturbed control core were used per location sampled (Table 2). In 
total, data from 22 undisturbed control cores were compared with cores 
from experimental treatments. Thirty-three cores were exposed to 3Bi
polar and 27 other cores were subjected to the Mix treatment. 

For ES1 and ES2, all experimental cores were subjected to two 
rounds of disturbances 24 h apart (Fig. 4, right panel). This was con
ducted to observe possible differences between the first and second 
perturbations. Six experimental cores (separate from the Bipolar and 
Mix treatments) were used for the Direct current treatment with 3Direct 
occurring on day 2 and 120Direct on day 3 (Fig. 4; Table 2). The same 
procedure was carried out for Bipolar cores (3Bipolar and 120Bipolar). 
The 6 Mix cores at these stations were mechanically disturbed for 3-s on 
day 2 and day 3 to observe possible differences between first and second 
mechanical disturbance events (Fig. 4; Table 2). 

2.4.4. Pre-disturbance incubations 
Prior to the first incubation, overlying water was carefully added to 

each core before an initial (T0) 10 mL water sample for nutrients was 

Fig. 4. General sampling scheme for stations North Sea stations (left) and stations Eastern Scheldt (right). Downward facing arrows represent water sample timesteps. 
Upward facing arrows represent disturbance times. 
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taken and stored in a polystyrene vial (Fig. 4). For North Sea stations, the 
overlying water in the cores was aerated overnight and a water sample 
(T1) was taken in the morning (Fig. 4, left panel). The cores were sub
sequently sealed from air contact and a 4 h ‘oxygen incubation’ was 
conducted to measure natural oxygen fluxes before experimental per
turbations. Oxygen concentrations in the overlying water were 
measured at an interval of 30 s with optode sensors (FireStingO2, 
Pyroscience). Core lids were fitted with a stirring mechanism that 
ensured homogenous concentrations of nutrients and O2 in the overlying 
water of the sediment cores (Fig. 3). Upon reopening the cores after the 
initial incubation, water samples were taken for nutrient analysis and 
the cores were aerated until O2 saturation levels reached >95%. For 
Eastern Scheldt stations, pre-disturbance incubations occurred during 
the first day allowing additional water sampling timesteps for day 1 
(Fig. 4, right panel). 

2.4.5. Post-disturbance incubations 
After pre-disturbance measurements, experimental cores were sub

jected to either electrical (3Bipolar, all stations; 3Direct, stations ES1 
and ES2) or mechanical (Mix, all stations except TD1 and TD2; Table 2) 
treatments (day 2, Fig. 4). Immediately after the disturbance treatments, 
a water sample was taken and cores were sealed for a post-disturbance 
O2 incubation (Fig. 4). Cores were reopened after 4 h and water sam
ples were taken. On day 3, experimental cores underwent an additional 
oxygen incubation (North Sea stations) or a second round of experi
mental treatments (Eastern Scheldt stations; Fig. 4). For ES1 and ES2, 
samples subjected to electrical treatments underwent longer-term ex
posures (120Bipolar, 120Direct) 24 h after the first perturbations. 
Alongside, sediments used for mechanical disturbance received an 
additional 3-s Mix treatment 24 h after the original (Fig. 3). Oxygen and 
nutrient measurements continued, as previously described, for 8 h after 
the second perturbations. Control cores were subject to the same sam
pling/oxygen incubation schedule without the disturbance events. 

2.5. Core and sample processing 

After the experimental treatments, incubation cores from North Sea 
stations were rinsed over a 1 mm mesh sieve to collect macrofauna and 
assess their contribution towards sediment fluxes. Faunal samples were 
preserved in 4% formalin seawater prior to analysis. Individual macro
fauna were sorted and identified (lowest possible taxon) before 
obtaining measurements for biomass (blotted wet weights) and macro
benthos densities. 

All water samples were filtered (0.45 μm mesh) and were frozen 
(− 20 ◦C) in 10 mL vials prior to analysis. After thawing, a SEAL QuAAtro 
segmented flow analyzer (Jodo et al., 1992) was used to determine 
inorganic nutrient concentrations. Oxygen (O2), ammonium (NH4

+), 
nitrite (NO2

− ), nitrate (NO3
− ), phosphate (PO4

3− ) and silicate (Si(OH)4) 
fluxes were estimated by fitting a regression of the concentration change 
over time, and then multiplying with the height of the overlying water 
column to convert to aerial fluxes in mmol (or absolute pH changes) m− 2 

d− 1. Solute fluxes were measured by separate regressions of the data 
before and after perturbations. The pH values in the overlying water of 
the incubation cores were measured for ES1 and ES2 with a Radiometer 
PHM120 Acid-Base-Analyzer (electrode VWRJJ113). 
Treatment-induced changes in solute concentrations and pH were esti
mated as the difference between pre and post disturbance values. 

To calculate the natural flux equivalents of the treatment-induced 
concentration changes (ex. treatment caused the equivalent of 20 h of 
natural O2 fluxes), the treatment-induced concentration change was 
divided by the ‘natural flux’ (fluxes measured before perturbation 
treatments) of the sediments. 

2.6. Sediment parameters 

Data was collected for grain size characteristics for surface (0–5 cm) 

sediments at North Sea stations with a cut-off syringe (20 mL). Favorable 
logistics for Eastern Scheldt stations allowed a more thorough analysis of 
sediment characteristics. For these stations, smaller cores (3.5 cm 
diameter) were used to subsample sediment from incubation cores at the 
end of the experiments. From these subcores, vertical sediment slices 
(0–1, 1–2, 2–3, 3–5, 5–7, 7–10 cm) were collected for particle size 
analysis. All samples were placed in a − 20 ◦C freezer shortly after 
collection. Sediments were freeze dried and run through a 1 mm sieve 
prior to analysis. A Malvern Mastersizer 2000 was used for particle size 
analysis via laser diffraction (McCave et al., 1986). Sediments from 
stations PG1–PG6 and ES1–ES2 were measured for organic carbon (OC), 
total nitrogen (TN) and chlorophyll (Chl a). An Interscience Flash 2000 
organic element analyzer was used to determine OC and TN content. 
Acetone (90%) was used to extract Chl a pigments from freeze-dried 
sediments and analyzed using UV spectrophotometry (Ritchie, 2006). 

2.7. Statistical analysis 

Assumptions for parametric data (normal distribution/homogeneity 
of variances) were evaluated through a visual assessment of residuals. If 
the assumptions were not met, data underwent a loge(x) + 1 trans
formation prior to analyses. We used linear mixed models (LMM), using 
the R package: ‘lme4’ (Bates et al., 2015) to test if pH and solute (O2, 
NH4

+, NO2
− , NO3

− , PO4
3− Si(OH)4) concentrations in the overlying 

water of sediment cores were significantly different than in control 
sediments during the same period (under the null hypothesis of no dif
ferences between any disturbed or control treatments). To account for 
spatial differences between sample sites, a LMM was created using 
‘treatment’ as a fixed variable and ‘station’ as a random variable. This 
was tested against another LMM that only contained the random vari
able (station) using a one-way analysis of variance (ANOVA). If a sig
nificant difference was found, pairwise tests between treatments were 
carried out using the estimated marginal means using the R-package: 
‘emmeans’ (Lenth, 2019). For stations TD3, PG1–6, ES1 and ES2, similar 
methodology was used for results within each station using ‘sample’ as 
the random variable. Stations TD1 and TD2 were limited to only one 
control sample (LMM's were not possible) so significant differences were 
determined using a one-way ANOVA's and Tukey HSD pairwise tests. For 
Eastern Scheldt stations, LMM's were used to test whether resuspension 
from mechanical disturbance had any significant effects on grain size 
and organic matter in the upper sediment. Possible differences in solute 
concentrations from control cores during the perturbation sampling 
period (immediately before and after experimental disturbances) were 
investigated with LMM's using ‘station’ as a fixed factor and ‘core’ as the 
random factor. 

To help account for the unbalanced experimental design while 
comparing effects between disturbed pH/solute concentrations, treat
ment effect sizes were estimated using the Hedges' g metric (R package: 
‘effsize’) to incorporate small sample sizes (Grissom and Kim, 2005). 
Effect sizes were estimated between treatments across all stations. 
Hedges' g values were also estimated for treatments within stations TD3, 
PG1–6, ES1 and ES2. Single control samples in TD1 and TD2 prevented 
accurate effect size estimates within these sites, though their data 
contributed to the broad scale Hedges' g estimates that contained all 
stations. 

To test the null hypothesis that variables related to organic matter 
(OC, TN, Chl a) and sediment grain size (Median grain size, Silt %, Very 
fine sand %) have no relationship with disturbance-induced changes to 
pH and/or solutes (O2, NH4

+, NO2
− , NO3

− , PO4
3− Si(OH)4), robust re

gressions were used using the R package: ‘robustbase’ (Maechler et al., 
2020). This type of regression places lower weights on outliers and is less 
affected by violations of linear regression assumptions (Koller and Sta
hel, 2011). All statistical analyses and data visualization were carried 
out using R (R Development Core Team, R, 2011). 
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3. Results 

3.1. Natural biogeochemical fluxes 

O2 consumption before experimental treatments was highest at TD2, 
followed by ES1 and ES2 (Table 1, Supplementary Table S2). NH4

+ ef
fluxes were the highest in the Eastern Scheldt (>2.6 mmol m− 2 d− 1, ES1) 
while all other stations averaged under 1.0 mmol m− 2 d− 1. NO3

− ef
fluxes were the highest in the coarsest sediments at TD3 but displayed a 
negative flux (directed into the sediment) in the Eastern Scheldt. PO4

3−

exhibited a negative flux for 7 out of 11 locations and showed relatively 
low effluxes for stations TD1, PG2, PG4 and PG5. Natural Si(OH)4 flux 
was highest at TD2 and lowest at PG2 which displayed low fluxes for all 
nutrients. Solutes in control cores measured before and after experiment 
perturbation periods, showed significantly lower PO4

3− concentrations 
from ES1 compared to stations PG5 (p < 0.01) and PG6 (p < 0.05), 
though, no other significant differences were found. 

3.2. Faunal parameters 

Among North Sea stations, PG5 held the highest average macrofauna 
densities (mean ± SD = 7591 ± 2081 individuals m− 2) and biomass 
(66.5 ± 64.7 g wet weight m− 2), while the lowest values came from TD1 
(504 ± 98 individuals m− 2; 1.2 ± 0.7 g wet weight m− 2; Table 1). Ju
venile Spatangoida (heart urchins) was the most dominant macrofauna 
taxon found among these stations with 81% of these individuals 
occurring at PG5. Paramphinome jeffreysii (bristle worms), was the sec
ond most abundant taxon and was found mainly in PG4 (51%) and PG5 
(40%). PG4 had the highest species richness (24 taxa) followed by TD2 
(22 taxa). Despite the variation in biomass and abundances of macro
fauna between stations, no consistent or statistically significant re
lationships were found between faunal parameters and O2 consumption 
or any other biogeochemical fluxes in this study (p > 0.05). 

3.3. Mechanical perturbations 

The Mix treatment created turbidity in the overlying water which 
lasted from a few hours to several days depending on the observed grain 
size of the sediments (muddy = longer resuspension time, sandy =
shorter resuspension time). Disturbed cores displayed a ‘flattened’ 
topography after resettling of the suspended sediments with a visible 
layer of fines on the surface of the cores (Fig. 3, top right panel). Sediment 
profiles from the Eastern Scheldt showed different responses to physical 
disturbance between the fine sand (ES1) and sandy mud (ES2) habitats. 
D50 became significantly lower at the surface (0–1 cm) after the Mix 
treatment (127.7 ± 2.6 μm) for ES1 compared to undisturbed control 
cores (137.6 ± 1.6 μm; p < 0.001; Fig. 5). Significantly higher OC (0.092 
± 0.003%; p < 0.05), TN (0.0150 ± 0.0002%; p < 0.001) and Chl a 
content (6.04 ± 0.74 μg g− 1; p < 0.001) were found in the mechanically 
mixed surface sediments of ES1 compared to control samples (0.076 ±
0.002 OC%, 0.0116 ± 0.0009 TN%; 4.12 ± 0.16 μg Chl a g− 1). For the 
sandy mud at ES2, no significant change was found between treatments 
at the surface layers (0–1 cm; p > 0.05) but the Mix treatment caused a 
significant increase in mean D50 for shallow subsurface (1–2 cm depth) 
sediment slices (86.3 ± 8.6 μm) compared to controls (73.9 ± 8.4 μm; p 
< 0.001; Fig. 5). This shallow subsurface layer also displayed signifi
cantly lower Chl a (9.39 ± 1.32 μg g− 1), OC (0.44 ± 0.11%), and TN 
(0.053 ± 0.011%) content compared to control sediments (10.33 ± 1.24 
μg Chl a g− 1; 0.61 ± 0.14 OC%; 0.068 ± 0.011 TN%; p < 0.001). 

The Mix treatment created rapid changes in the absolute concen
trations of O2, NH4

+, PO4
3− and Si(OH)4, in the overlying water, though 

the longer term (>8 h) fluxes did not change drastically (Fig. 6). Sedi
ment resuspension quickly decreased water column O2 concentrations at 
all stations where the treatment occurred except for station PG2 
(Table 3). NH4

+ was released from the sediment from stations sampled 
in autumn (TD3, PG1, ES1 and ES2), while there was a limited response 

of NH4
+ from stations sampled in spring (PG2-PG6; Table 3). The Mix 

treatment caused the release of PO4
3− at all stations where it occurred 

except for PG2 and ES1. At station ES1 (which included a second Mix 
treatment) the first perturbation created a strong influx of PO4

3− while 
the second perturbation released PO4

3− to the overlying water (Fig. 6c). 
Si(OH)4 was consistently released at all locations with mechanical per
turbations (TD3, PG1-PG6, ES1-ES2). When evaluating all stations 
combined, the Mix treatment caused significant declines in water col
umn O2 (p < 0.001) and significant increases for NH4

+ (p < 0.001), 
PO4

3− (p < 0.01) and Si(OH)4 (p < 0.001) when compared with undis
turbed control samples (Fig. 7). Sediment mixing also significantly 
decreased the pH at ES1 and ES2 (the only stations where pH was 
measured; p < 0.001; Fig. 8). Changes to absolute solute concentrations 
can be found in Supplementary Table S3. 

When comparing effect sizes created from mechanical disturbances 
across all stations and treatments, Si(OH)4 produced the highest Hedges' 
g value (2.3) while O2 exhibited a strong negative response (Hedges' g: 
− 1.47; Fig. 9). Mechanical disturbance showed the strongest effect size 
from O2 at station ES1 (Hedges g: − 6.4; Fig. 9; Supplementary Table S4). 

Robust regressions on the percentage of very fine sand (62.5–125 
μm) and sediment Chl a content, significantly predicted the magnitude 
of mechanically-induced concentration changes in solutes: O2, NH4

+, 
PO4

3− and Si(OH)4. At locations where Chl a was measured (PG1-PG6, 
ES1-ES2; n = 24), this variable explained 86% of O2 (p < 0.001), 22% of 
PO4

3− (p < 0.01), and 21% of Si(OH)4 (p < 0.01) variation (Supple
mentary Fig. 1). These relationships were all positive (higher Chl a led to 
larger disturbance-induced changes) with the exception of PO4

3− which 
was inversely related to Chl a. The percentage of very fine sand signif
icantly predicted 45% of O2 (p < 0.01), 30% of NH4

+ (p < 0.01), and 
17% of Si(OH)4 (p < 0.05) concentration changes from the Mix treat
ment showing all positive relationships (TD3, PG1-PG6, ES1-ES2; n =
27; Supplementary Fig. 2). For disturbance-induced changes to pH 
(stations ES1 and ES2), Chl a explained 81% of the decrease caused from 
mechanical perturbations (p < 0.001; n = 12; Supplementary Fig. 3). 

Fig. 5. Sediment median grain size (D50) profiles showing mechanically 
disturbed and control cores from Eastern Scheldt stations. 
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3.4. Electrical perturbations 

Oscilloscope measurements showed a negligible drop in voltage from 
the generator to the electrodes (electricity may lose voltage as it travels 
through the wires) confirming the 200 and 125 V m− 1 field strengths and 
other electrical parameters used for these experiments (Section 2.3: 
‘Electrical parameters’). Neither Bipolar treatment (3Bipolar and 
120Bipolar) caused consistent changes to solute fluxes/concentrations 
or pH values. At station TD2, immediate NH4

+ fluxes were significantly 
higher in Bipolar cores (+ 0.15 mmol m− 2) compared to controls (p <
0.01) though similar results were not replicated at other locations 
(Table 3). The only consistent effects from electrical perturbations came 
from cores subjected to 120Direct. 

During 120Direct exposure, gas bubbles formed at the top electrode 
throughout the treatment period. An odor of chlorine was observed for 
120Direct treated cores, which grew stronger with exposure time. Sed
iments exposed to 120Direct exhibited fluffy brown iron oxide particles 
forming on the sediment surface during the electrical exposure (Fig. 10). 
Values for pH and PO4

3− were significantly lower after 120Direct 
compared to control cores (p < 0.001; Figs. 7 and 8; Table 3). While the 
120Direct-induced changes in pH did not differ between the two sta
tions, the removal of water column PO4

3− was significantly higher in 

fine sand (ES1) compared to sandy mud (ES2; p < 0.01; Table 3). Cores 
exposed to 120Direct also showed significantly lower NH4

+ and 
NO2

− concentrations compared to controls (p < 0.05; Fig. 6; Table 3). 
When comparing effect sizes across all treatments, stations and pa

rameters, 120Direct produced the largest Hedges' g values (in this case, 
negative values), which were found for pH (− 8.3) and PO4

3− (− 3.2; 
Fig. 9). When comparing results within stations, 120Direct produced a 
strong negative effect for pH (− 16.6) at ES2 and ES1 (− 5.9; Supple
mentary Table S4). 

3.5. Perturbed fluxes and natural flux equivalents 

The amount of hours required for natural solute release to equal the 
perturbation-induced solute release, was calculated for O2, NH4

+, Si 
(OH)4 for the Mix treatment, and also for PO4

3− for 120Direct treat
ments (Table 4). On average, mechanical-induced oxygen consumption 
equaled 17.1 h of natural O2 demand, with disturbances at ES2 equaling 
33.1 h and PG2 equaling 2.4 h of natural fluxes. The perturbed NH4

+

fluxes were equivalent to a natural flux lasting 3.8 (PG5) to 93.9 (PG6) 
hours. Natural Si(OH)4 fluxes would have needed up to 101 h to attain 
the concentration change found at ES1 compared with 9.9 h at PG4. The 
120Direct treatment caused rapid fluxes equivalent to 28 and 25.2 h of 

Fig. 6. Examples of perturbation-induced biogeochemical changes in the overlying water of incubation cores. Mechanical effects on silicate concentrations (a), 
oxygen saturation (b) and phosphate concentrations (c; showing 2 mixing events). The effect of direct current exposure on pH (d; 1st disturbance = 3 s, 2nd 
disturbance = 120 s). 
Note. In panel (b) the shorter time scale makes the reoxygenation + disturbance event appear wider than in the other panels. The resolution of data points here is also 
much higher than in the other panels because of the high resolution optode technology used to measure oxygen concentrations. 
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PO4
3− uptake at ES1 and ES2 respectively. Natural flux equivalents to 

disturbed PO4
3− fluxes were not calculated for the Mix treatment as 

most (7 out of 11) natural fluxes were negative while the mechanical 
perturbations released PO4

3− (positive flux) from the sediments. 

4. Discussion 

A major concern of electrofisheries impacts are the potential 
biogeochemical effects imposed by these types of fisheries (Soetaert 
et al., 2015) and how this can affect functional ecosystem dynamics such 
as the transfer of organic matter, nutrients and energy. This study was 
aimed at filling some of the knowledge gaps on this topic. We, none
theless, acknowledge that ex situ experiments are unable to fully repli
cate many important in situ conditions such as bottom currents and 
changing environmental conditions. Our results regarding the inhibi
tion/limitation of biogeochemical impacts when using bipolar (and 
other alternating) currents can be directly applicable to any electro
fishing technique. Other connections between our results and commer
cial bottom trawling, however, remain more suggestive due to the 
exploratory nature of this study. 

Our experiments found consistent biogeochemical changes related to 
mechanical-induced sediment resuspension, while identifying parame
ters to help explain the magnitude of these effects. We also demonstrate 
that a type of direct current (high frequency pulsed or continuous DC) is 
required to create consistent and measurable biogeochemical changes 
from electrical fields and that these effects are limited when using an 
electrical current with alternating polarities (i.e. pulsed bipolar and 
alternating currents). In the following, we discuss the biogeochemical 
responses to mechanical disturbance and electrical exposure and how 
these effects can affect marine ecosystem functioning. 

4.1. Mechanical effects 

By extrapolating from our experimental results, we can estimate that 
mechanical disturbance from a North Sea trawler with two standard 12 

m wide gears penetrating an average of 3 cm in the sediment, can cause 
the rapid release of 24 to 190 mol NH4

+, 0.48 to 5.5 mol PO4
3− and 0.5 

to 50.4 mol of Si(OH)4 for every km trawled while causing the con
sumption of 86.4 to 528 mol of O2 from the water column. This can be 
compared to − 12.5 to 95.8 mol NH4

+, − 2.2 to 0.96 mol PO4
3− and 0.72 

to 55.4 mol Si(OH)4 naturally released by sediments along with the 
natural consumption of 129 to 604 mol O2 in 24 h from an area of the 
same size. 

We should, nonetheless, take into account the limitations associated 
with conducting mechanical disturbance experiments in closed systems. 
Perhaps most evident, we did not try to recreate bottom currents in our 
sediment cores, which would cause the rapid diffusion of resuspended 
solutes particles in field settings. Despite this, we were able to simulate 
effects such as rapid oxygen depletion and nutrient releases, which have 
been observed in various in situ trawl studies (Riemann and Hoffman, 
1991; Dounas et al., 2005; Dounas et al., 2007; Tiano et al., 2019). Our 
experimental setup allowed us to measure the net effect of sediment 
resuspension, which would be undoubtedly diluted if conducted in situ. 

Mechanically perturbed cores in our study exhibited a layer of fine 
surface sediments after the particles resettled from resuspension (Fig. 3). 
This is similar to a field study where a layer of fines was visible on 
sediment profile images taken after in situ beam trawling (Tiano et al., 
2020). This occurs because heavier particles are the first to resettle on 
the sediment water interface while finer grains can eventually sort 
themselves on the seabed surface. Sediment profiles taken after me
chanical perturbations, however, show that the effect of mixing and 
resuspension on grain size characteristics depends on the type of sedi
ment present. Our study found both fining and coarsening in the upper 
sediment layers after sediment resuspension (from fine sand and sandy 
mud respectively), supporting the variable results found in other studies 
(Fig. 5). Trawl-induced coarsening of the upper sediments has been re
ported in several in situ studies (Palanques et al., 2014; Mengual et al., 
2016; Depestele et al., 2018; Tiano et al., 2019). This is caused by the 
disturbance-induced winnowing of fine particles. Trawl-induced fining 
of sediments, however, was reported by Trimmer et al. (2005) in a 

Table 3 
Changes in average solute concentrations in the overlying water (per sediment m2), between stations (ST) from before to after electrical and mechanical perturbation 
treatments.  

ST. Treatment ∆ Solute concentration (mmol m− 2) and pH (m− 2) pH 

O2 NH4
+ NO2

− NO3
− PO4

3− Si(OH)4 

TD1 3Bipolar 0.08 0.05 0 − 0.06 0 0.03 – 
TD2 3Bipolar 1.3 0.15** 0 0.02 − 0.03 − 0.39 – 
TD3 3Bipolar − 1.1 0.27 0 0.06 − 0.02 0.08 – 

Mix ¡4.6* 0.32 0 0.18 0.08** 0.96*** – 
PG1 3Bipolar 0.13 0.05 0 0.02 0 0.09 – 

Mix ¡17* 1.0*** 0 − 0.09 0.02** 1.5** – 
PG2 3Bipolar − 0.21 − 0.09 0 0.06 0 0 – 

Mix − 0.55 − 0.08 0.02 − 0.03 0 0.02*** – 
PG3 3Bipolar − 0.3 0.14 0.03 − 0.11 − 0.02 − 0.11 – 

Mix ¡3.6* − 0.15 − 0.17 0.60 0.09*** 1.1* – 
PG4 3Bipolar 0.42 0.66 0.12 − 0.12 0 − 0.26 – 

Mix ¡4.2* − 0.21 − 0.06 0.20 0.11*** 0.66* – 
PG5 3Bipolar 0.21 − 0.56 0.09 − 0.36 − 0.03 − 0.59 – 

Mix ¡4.6* 0.06 − 0.03 0 0.23*** 1.7*** – 
PG6 3Bipolar − 0.21 − 0.02 0.02 0 0.03 − 0.03 – 

Mix ¡14* 1.1 0 0.12 0.11** 1.9* – 
ES1 3Bipolar 0.45 0.44 0 − 0.23 − 0.02 − 0.27 0 

3Direct 0.3 0.42 0.03 − 0.12 − 0.05 − 0.2 0 
Mix ¡8.9*** 7.3** − 0.03 − 0.36 − 0.03 1.3** − 0.02 
120Bipolar 0.41 − 0.18 0.02 − 0.14 0.03 − 0.27 0 
120Direct 1.48 0.17 − 0.14 − 0.29 − 0.11 − 0.3 ¡0.15*** 

ES2 3Bipolar 0.82 0.33 0.02 − 0.17 − 0.03 − 0.14 − 0.02 
3Direct 0.45 0.56 0.08 0.23 − 0.02 0.39 − 0.02 
Mix ¡22* 7.9*** 0 0.03 0.02 2.1** ¡0.08* 

120Bipolar 0.37 0.08 0.09 0 − 0.02 − 0.05 − 0.03 
120Direct 0.19 − 1.1 ¡0.27** 0.26 ¡0.05* 0.2 ¡0.18*** 

Bold = significantly different compared to control samples. *p < 0.05; **p < 0.01; ***p < 0.001. 
pH measurements were only taken for stations ES1 and ES2. 
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relatively stable North Sea location (Outer Silver Pit) but not in a more 
dynamic area (Thames). Results from our study may be more indicative 
of low disturbance habitats (as no advective currents were created inside 
our sediment cores), resulting in sediment sorting without current- 
induced winnowing. 

Our regressions provide evidence linking the magnitude of 
disturbance-induced solute changes to the amount of fresh organic 
material (Chl a) in the sediment. As the breakdown of organic matter 
leads to bioavailable nutrients, sediments with high Chl a concentrations 
often contain large amounts of porewater nutrients (De Borger et al., 
2021a). Mechanical disturbance to productive, nutrient rich sediments 
will therefore, cause relatively large biogeochemical alterations. Fine 
sediments are more likely to contain higher concentrations of organic 
matter and nutrients compared to coarser grains (Virto et al., 2008; 
Bainbridge et al., 2012; De Borger et al., 2021a, 2021b). We found the 
percentage of very fine sands to be a reliable predictor of solute changes 
after sediment resuspension, likely due to their relationship with organic 
matter. However, no statistically significant relationships between silt 
and biogeochemical parameters, were found possibly due to low silt 
percentages in the majority of the sample sites (Table 1; Supplementary 
Table 1). Our results show that physical disturbance can concentrate 
fine-grained sediment and organic matter towards the sediment surface. 
This may explain the mechanism behind the higher organic matter 
concentrations found in trawled (surface) sediments reported in other 
studies (Polymenakou et al., 2005; Pusceddu et al., 2005; Palanques 
et al., 2014; Sciberras et al., 2016). 

Fig. 7. Treatment-induced changes for oxygen saturation and ammonium, phosphate and silicate concentrations between experimental treatments in the water 
column of sediment cores. *p < 0.05; **p < 0.01; ***p < 0.001 significant differences compared to control samples. 

Fig. 8. Treatment-induced changes in water column pH found in sediment 
cores. Measurements for pH were only taken at stations ES1 and ES2. ***p <
0.001 significant differences compared to control samples. 
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We observed a seasonal effect on the amount of NH4
+ released from 

mechanical disturbance that suggests a higher potential for disturbance- 
induced nutrient fluxes in autumn compared to spring. Stations sampled 
in spring 2018 showed no significant releases of NH4

+ (Table 3). Dounas 

et al. (2007) also found lower levels of inorganic nitrogen released from 
trawl disturbance in winter-spring compared to the summer-autumn 
months. The build-up of inorganic nitrogen over the summer and 
autumn may help explain the lack of NH4

+ release in the spring sampling 
locations found in our study. Data from PG2 (collected in spring), in 
particular, showed only minor effects from mechanical disturbance 
(Table 3). This station displayed the lowest OC and TN values as well as 
the lowest natural O2, NO3

− and Si(OH)4 flux rates (Table 1, Supple
mentary Table 1). ES2 (collected in autumn), in contrast, showed the 
greatest response from mechanical disturbance and also exhibited the 
highest levels of Chl a content, and generally strong natural fluxes across 
all solute parameters (Table 1). 

Our results show that the nutrient exchange between the benthic and 
pelagic zones after a physical perturbation may depend on the type of 
nutrient, on sediment characteristics and on the number of disturbances. 
After intense sediment resuspension events created in the incubation 
chambers of in situ landers, Almroth-Rosell et al. (2012) found increases 
of 48 mmol m− 3 and 6.9 mmol m− 3 in the absolute concentrations of 
NH4

+ and Si(OH)4 immediately after disturbance, which are within 
range of the values found in our study (Supplementary Table 2). Their 
observed decrease of water column PO4

3− after disturbance was 
consistent with the mechanical-induced (1st perturbation) sedimentary 

Fig. 9. Hedges' g effect sizes showing the relative effects of rapid solute 
changes across all treatments and stations for oxygen, ammonium, phosphate 
silica and pH. *p < 0.05; **p < 0.01; ***p < 0.001 significant differences 
compared to control samples. 

Fig. 10. Images of iron oxide formation in three cores exposed to pulsed direct currents next to one control core (left). A close-up view at newly formed iron oxides on 
the sediment surface and in the water column (right). 

Table 4 
Time required for natural fluxes to equal perturbed fluxes for the Mix treatment 
(oxygen, ammonium, silicate) and for the 120-s direct current treatment 
(phosphate).  

Stations Time (h) 

O2 NH4
+ Si(OH)4 PO4

3−

Uptake Release Release Uptake 

(Mix) (Mix) (Mix) (120Direct) 

TD3 12 20.4 76.8 – 
PG1 32.6 NA 61.9 – 
PG2 2.4 NA 12 – 
PG3 7.8 6.9 21.6 – 
PG4 9.5 NA 9.9 – 
PG5 12.2 3.8 33 – 
PG6 30.4 93.9 52 – 
ES1 13.7 67.8 100.8 28 
ES2 33.1 47.7 45.8 25.2 

Note. Natural flux equivalents to treatment-induced NH4
+ releases (efflux) 

cannot be calculated with negative (influx) natural fluxes (NA values given). 
Direct treatments only occurred at stations ES1 and ES2. 
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uptake of PO4
3− found at station ES1 in our study. The first perturbation 

at ES1 likely oxidized a substantial amount of reduced iron during 
resuspension, causing the adsorption of PO4

3− to iron oxides in the 
water column (Fig. 6c). Upon the second mechanical perturbation (24 h 
later), most of the iron in the upper sediments was probably oxidized, 
therefore, not allowing sufficient phosphorus‑iron binding to create the 
same effect. Instead, the greater amounts of PO4

3− in the sediments were 
temporarily released into the overlying water (Fig. 6c). We observed a 
significant release of PO4

3− in 7 out of the 8 locations where mechanical 
disturbance took place (Table 3). Furthermore, we detected an inverse 
relationship between PO4

3− and sedimentary Chl a content (Supple
mentary Fig. 1). Our results are consistent with Couceiro et al. (2013) 
who found increased water column PO4

3− and Si(OH)4 in sediment 
resuspension experiments, and Riemann and Hoffman (1991) who found 
increased NH4

+ and decreased O2 in the water column after bottom 
trawling and dredging. While certain solutes show consistent effects 
from disturbance (NH4

+, Si(OH)4: efflux; O2: influx), disturbance effects 
of PO4

3− will vary with iron (PO4
3− adsorbs to iron when oxidized), 

oxygen and organic matter (limits PO4
3− adsorption to iron oxides; 

Weng et al., 2012; Sulu-Gambari et al., 2016). 
Sediment resuspension causes the release of dissolved inorganic 

carbon from porewater (Almroth-Rosell et al., 2012), which lowers pH 
through the dissociation of carbon dioxide and release of protons 
(Soetaert et al., 2007). This coupled with a suite of chemical reoxidation 
reactions occurring in the water column after sediment resuspension, 
are the probable mechanisms driving the mechanical-induced reduction 
in pH found in our study (Soetaert et al., 2007). Water column pH affects 
the bioavailability of nutrients during resuspension by influencing 
adsorption/desorption processes, though the exact details of these ef
fects are dependent on multiple factors such as redox conditions, sedi
ment composition and buffering reactions (Soetaert et al., 2007; Wong 
and Yang, 1997; Niemistö et al., 2011). 

4.2. Electrical effects 

This study did not find any consistent biogeochemical effects con
cerning the pulsed bipolar currents used by the electrotrawl fishery for 
North Sea sole or for Ensis electrofishing using alternating currents. 
Sediment resuspension created from lowering the top electrode into the 
incubation core likely created the minor changes in NH4

+ found for the 
Bipolar treatment at TD1 and TD2 (Table 3). Bipolar currents were used 
by Dutch flatfish trawl fishers to minimize the effect of electrolysis, 
which would corrode the electrodes after repeated use (H. K. Woolthuis, 
designer of HFK PulseWing, pers. comm.). The alternating polarity of 
pulses limits the unidirectional movement of ions and decreases the 
likelihood for significant electrochemical effects. For Ensis electro
fishing, fishers have used continuous AC or DC currents (Breen et al., 
2011; Woolmer et al., 2011; Murray et al., 2016). The 120Direct treat
ment in our study, which caused significant effects, is an approximation 
of the parameters used for Ensis electric fishing but there are notable 
differences. 

The pulse generator used in this study did not have the ability to 
create continuous currents (we maintained the high frequency pulsed 
currents). We also needed to use a stronger electrical field (125 V m− 1) 
than what is typical for Ensis fishing (50 V m− 1) due to the size limitation 
of our sediment cores (30 cm max electrode distance) and minimum 
currents (25 V) allowed by our generator. We, therefore, underestimated 
the duty cycle (percentage of time the current is flowing) while over
estimating the field strength from Ensis electrofishing in our experi
ments. As Eastern Scheldt stations were subjected to 2-min electrical 
exposures, we stopped any indirect effects caused from electrically 
exposed macrofauna, by removing them from the cores before the start 
of the experiments. This was deemed necessary, as our goal was to 
measure the direct effects of electrical fields on sediment biogeochem
ical parameters and not on sediment fauna. Many direct connections 
between our results and pulse trawling or Ensis electrofishing should 

therefore be interpreted with caution, however, our results suggesting 
the inhibition of geochemical effects from bipolar/alternating currents 
can be applied to any electrical field affecting the sediment. 

One of the strongest effects we recorded from 120Direct was the 
removal of water column PO4

3− . This occurred because of the rapid 
electric field-induced precipitation of iron oxides on the sediment sur
face, which PO4

3− compounds adsorbed onto in the overlying water 
(Sulu-Gambari et al., 2016; Rao et al., 2016). This phenomenon 
occurred because of the unidirectional current deployed in the 
120Direct treatment caused the advective transport of porewater iron 
ions to the sediment surface. This is a process known as ‘ionic drift’ 
which occurs naturally in bacteria-mediated electric fields found in 
various marine sediments (Nielsen and Risgaard-Petersen, 2015; Bur
dorf et al., 2016). Ionic drift transports porewater nutrients such as Fe2+, 
Ca2+ and SO4

2− , in relation to their polarity and that of the electric field 
(Risgaard-Petersen et al., 2012; van de Velde et al., 2016). While the 
rapid back and forth pulses found in high frequency pulsed bipolar 
currents seem to limit ionic drift, longer exposure to high frequency 
pulsed DC or continuous DC will cause the unidirectional movement of 
porewater ions in the sediment. This can lead to the transport of reduced 
iron towards the sediment surface and the subsequent binding to PO4

3−

in the water column. Our results suggest that 3 sec of a DC electrical field 
at 125 V m− 1 is not enough to produce conspicuous changes to water 
column PO4

3 while 2 min of the same stimulus can lead to a significant 
removal of bioavailable phosphorous. Ionic drift may also have affected 
nitrogen dynamics with the decreased NH4

+ and NO2
− in the water 

column of sediment cores after 120Direct, however, the exact mecha
nism causing these changes remains unclear. 

Organic matter, silicates and pH play a strong role in the adsorption 
of PO4

3− to iron oxides (Canfield et al., 2005; Weng et al., 2012; Jones 
et al., 2015). Between the two stations where 120Direct took place, 
significantly more water column PO4

3− was removed in the station with 
lower sediment Chl a (a proxy for fresh organic material), OC content 
and Si(OH)4 fluxes (Table 1). Organic matter and silicate compete with 
PO4

3− for adsorption and can reduce the amount of iron bound phos
phorus (Weng et al., 2012; Haynes and Zhou, 2018). As lower pH (4–6) 
can favor phosphorus‑iron oxide binding (Weng et al., 2012) the decline 
in water column pH after 120Direct may have also helped facilitate this 
process. The electrolysis-induced decline in pH was the strongest effect 
seen in this study (Fig. 9, Supplementary Table S4). This may have been 
caused by the oxidation of iron, calcium or other metal ions (Soetaert 
et al., 2007) that fluxed to the sediment surface during ionic drift, or the 
production of hypochlorous acid (HOCl) due to the formation of chlorine 
gas (Cl2) on the cathode and its subsequent reaction with water. The 
dynamics affecting pH can be complex but estimations of processes 
affecting changes in pH (and vice versa) are possible with an under
standing of the net charges exchanged and buffering reactions that occur 
(Soetaert et al., 2007). With the buffering capacity of seawater, the 
changes in pH are expected to be much less detectable in an open (or in 
situ) system (Morgan et al., 2012), however, possible consequences to 
phosphorous dynamics may hold larger implications if DC electric fields 
(high frequency pulsed or continuous) are used in benthic habitats 
(Martins et al., 2014). 

4.3. Implications 

Our findings imply that electrochemical reactions from pulse trawl
ing for sole and Ensis electrofishing using AC, are minimal due to their 
use of bi-directional currents. Biogeochemical effects are more likely, 
when using high frequency pulsed DC or continuous DC, which is more 
relevant for Ensis electrofishing only if DC is used. It is not yet clear, 
however, if these changes are damaging to marine habitats. Potentially 
harmful Cl2 is formed during marine electrolysis, however, Cl2 seems to 
be neutralized quickly in marine environments (Goreau, 2012). On 
manmade marine structures created from electrolysis (by stimulating 
calcium carbonate formation), several observations have been made of 
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organisms residing in close proximity to where the Cl2 is produced 
(Goreau, 2012). The electricity-induced adsorption of PO4

3− (>25 h of 
PO4

3− adsorbed within 2 min of pulsed direct currents; Table 4) con
firms the possibility for electrodes to remove PO4

3− from sedimentary 
habitats (Martins et al., 2014). Unintended phosphate removal may be a 
cause for concern if anthropogenic-induced electrolysis (electrofishing, 
faulty wiring on marine vessels, batteries in seawater etc.) causes 
changes to the natural phosphorus dynamics, though these effects may 
also buffer marine habitats against eutrophication (Martins et al., 2014). 
More research is necessary to show if these electrochemical effects are 
harmful (or helpful) to benthic ecosystems. 

We can conclude, nevertheless, that the mechanical impact from 
electro trawls (or any other bottom fishing technique) is more likely to 
cause potentially harmful alterations to benthic pelagic coupling 
compared to the effect of electricity. We found that a mechanical 
disturbance to the top 3 cm of sediment, typical for bottom trawling 
gears (Depestele et al., 2018), can release the equivalent of several days' 
worth of natural NH4

+ and Si(OH)4 fluxes from the sediments while 
consuming up to 33 h of natural sediment O2 consumption (Table 4). 
Trawl-induced nutrient release from sediment resuspension is predicted 
to trigger primary production in the water column (Dounas et al., 2007). 
Mechanical bottom trawl disturbance can lower benthic mineralization 
(De Borger et al., 2021b; Tiano et al., 2019) and reduce denitrification 
(De Borger et al., 2021b; Ferguson et al., 2020; van der Molen et al., 
2013). This can decrease sedimentary nutrient removal, thus lowering 
the buffering effect that marine sediments have against eutrophication. 
Furthermore, our demonstration of mechanically induced depletion of 
water column O2, supports similar in situ observations in which trawl- 
induced resuspension caused a rapid uptake of water column oxygen 
(Riemann and Hoffman, 1991; Tiano et al., 2019). The increased risk of 
eutrophication coupled with the mechanical-induced depletion of water 
column O2 levels (Almroth et al., 2009; Almroth-Rosell et al., 2012) may 
create damaging additive effects on marine communities. Nevertheless, 
these effects are context dependent and contrasting findings such as 
trawl-induced increases in benthic mineralization (van de Velde et al., 
2018) organic matter (Pusceddu et al., 2005; Palanques et al., 2014; 
Sciberras et al., 2016) and the lack of information regarding biogeo
chemical effects in the water column, highlight the need for further 
investigation on this topic. 
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