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Abstract 

Dredging for wild mussels Mytilus edulis Linnaeus, 1758 takes place in marine protected 

areas (Natura 2000 sites) in Denmark. The fishery is strictly regulated to limit the impact of 

dredging to the benthic environment, and requires the use of modified lightweight mussel 

dredges. Nevertheless, the depletion of the benthic macrofauna associated with M. edulis 

beds after impact from such dredges is yet to be quantified. Here, dredging is shown to result 

in a significant decline in the density, species richness, and biological traits directly in the 

dredge track but no significant impact on the community composition. Species richness 

remained significantly affected 4 mo post dredging, although the positive trend after 4 mo 

may signal recovery. An effect of dredging was also detected in areas adjacent 

(approximately 5 m) to the dredge tracks, but needs further investigation to understand this 

impact. The results provide an estimate of benthic macrofaunal depletion in the dredge track 

as well as of the short-term recovery, which may be of use in the management of the fishery. 

Finally, it is suggested that species richness may be a more sensitive indicator than density in 

a eutrophic and species-poor system. 

KEY WORDS: Before-After-Control-Impact (BACI), biological traits, bivalve fishery, ecosystem 

based fisheries management, fisheries effects, mussel, Mytilus edulis 

Introduction 

Globally, 15 million tons of bivalve molluscs are produced each year for human consumption, of 

which 11% are exploited from wild stocks (Wijsman et al. 2019). In Europe, scallops, blue mussels, 

and cockles dominate wild bivalve landings (FAO 2020). Exploited bivalves live in or on the seabed, 

thus the fishing gear used for harvesting comes into direct contact with the seabed. The interaction 

causes a disturbance to the benthic habitat and the associated fauna (Kaiser et al. 2006). Bivalve 

harvesting is typically undertaken using dredges, which are relatively small, compact, and heavy 

towed gear that can include a bar or teeth to penetrate the surface sediments (Eigaard et al. 2016). 

Most research regarding the impacts of bivalve dredging to benthos stems from studies conducted on 

scallop fisheries (Thrush et al. 1995, Currie & Parry 1999, Hall-Spencer & Moore 2000, LeBlanc et 

al. 2015, Sciberras et al. 2016). Scallop dredging is deemed by some to be one of the more damaging 

fishing gears, although a large body of literature shows there to be a variable response of benthic 

communities to scallop dredging (Kaiser et al. 2006, Sciberras et al. 2018). Far less is known about 

other forms of bivalve dredging, some of which occur in dynamic, shallow systems, prone to high 

levels of natural (e.g., waves and storms) and anthropogenic (e.g., eutrophication) disturbance. 

The Limfjord in Northern Denmark is a shallow microtidal-tidal system in which blue mussels 

(Mytilus edulis, Linnaeus, 1758) are dredged from wild stocks. In 2012, new legislation initiated the 

switch from a heavier traditional Dutch dredge to a modified lightweight dredge (hereafter termed 



light dredge) in part to mitigate the damage to the seabed from dredging. Although the light dredge 

has been shown to cause significantly less physical impact to the seabed by reducing sediment 

retention and drag resistance (Frandsen et al. 2015), the direct impact to the benthic macrofauna from 

the light dredge is less well understood. A comparative (gradient) study found a decline in 

macrofaunal biomass and a change in species composition correlated with light-dredging intensity, 

although were highly dependent on local environmental conditions (McLaverty et al. 2020). In 

addition, experimental trawling using a 1:2 scaled version of the Dutch dredge resulted in 2–5 cm 

furrows in the sediment, and a short-term decline in species richness (Dolmer et al. 2001). Thus, to 

meet the objectives of an Ecosystems Approach to Fisheries Management, a direct assessment of the 

effect of the light dredge to seabed macrofauna is of particular interest to fisheries managers. 

An obstacle to an Ecosystems Approach to Fisheries Management in the Danish blue mussel 

fishery is the fact that the areas where M. edulis fisheries occur are also characterized by remarkably 

high levels of eutrophication associated with intense agricultural runoff (Ærtebjerg et al. 2003). 

Although this nutrient enrichment has promoted blue mussel growth and high mussel biomass 

(Dolmer 1998), eutrophication also causes periodic oxygen depletion in some areas of the Limfjord. 

Eutrophication has a strong and predictable structuring influence on benthic communities (Pearson & 

Rosenberg 1978). Under high nutrient enrichment, communities tend to be dominated by 

opportunistic fauna that can tolerate low oxygen and rapidly recolonize areas when mass mortality 

occurs. While the effects of eutrophication on benthos is relatively well understood, there is a paucity 

of research regarding the effects of trawling in organically enriched areas. 

Fishing grounds for M. edulis in Denmark overlap with a number of Natura 2000 sites designated 

for their conservation value under the European Union (EU) Habitats Directive (European Union 

1992). To ensure sustainable fisheries in these areas, strict regulations of the mussel fishery were 

instated in 2012 (Foreign Ministry of Denmark 2019). This introduced the use of mandatory black 

box devices on fishing vessels operating in Natura 2000 areas (Nielsen et al. 2021). The black box 

data are used for several purposes, including to limit the footprint of dredging activity (≤15% of 

seabed) within Natura 2000 sites. The spatial footprint of dredging activity is calculated using the 

black box data and the gear dimension. Estimating gear-based fisheries footprints in such a manner is 

common practice in the EU (Eigaard et al. 2017, ICES 2019). Nevertheless, this method does not 

currently consider the indirect effects of dredging, for example, on the area immediately adjacent to 

the dredge track (within meters), where there is potential for organisms to be exposed to 

sedimentation from dredging activity (Pastor et al. 2020), possibly leading to an underestimation of 

the impact footprint. 

The aim of this study was to investigate the direct (dredge track) and indirect (adjacent to the 

dredge track) effects of the light dredge on M. edulis–associated macrofauna in a highly eutrophic 

system. The study represents the first experimental dredging study on benthic macrofauna using this 

type of fishing gear. Using black box data, an area of seabed unfished for 4 y before the study was 

identified. At this location, a Before-After-Control-Impact (BACI) experiment was conducted. To 

sample the direct and indirect effects of mussel dredging accurately, a scuba diver collected 

macrofaunal samples from within the dredge track, immediately adjacent to the dredge track (up to 5 

m distance), and in a control site. Samples were also collected 4 mo after dredging to assess short-

term recovery. 

Materials and Methods 

Study Area 

Løgstør Broad is a large shallow basin situated in the north east of the Limfjord, Denmark (Fig. 

1). The mean water depth is 7.2 m and salinity is 27.3 (Josefson & Hansen 2004). Seabed conditions 

in Løgstør are categorized as sandy or sandy mud substrates. Patches of M. edulis form on top of the 



substrate and create a seabed with a mosaic of bare sand and complex biogenic structure. Annual 

water temperature fluctuate between 0°C and 22°C (Hoffmann & Dolmer 2000) and water 

movement is predominantly driven by westerly winds (Dolmer & Frandsen 2002). Low levels of 

wind and high temperatures during summer can lead to thermal stratification. In the Løgstør Broad, a 

Natura 2000 site with surrounding coastal area covers an area of 441 km2. Active environmental 

monitoring of the site started in 2004 and management commenced in 2011, in compliance with the 

Habitats Directive. 

 

Figure 1. Map of the study site in Løgstør Broad, Limfjord, Denmark, and location of respective fished (F) and 

control (C) sites. 

Experimental Design 

To quantify the effect of the light dredge, a BACI experimental design was conducted. A BACI 

uses a factorial design to determine an impact based on a significant interaction between “Time” 

(before, after) and “Treatment” (control, impact) (Green 1979). A significant interaction occurs when 

the change in time (i.e., the slope between before and after experimental disturbance) differs in the 

control and impact treatments. Black box data were used to locate an area where dredging had been 

absent for multiple years, and validated that the study sites had not been dredged for 4 y prior to the 

experiment (Fig. 1). Due to the scarcity of large mussel beds in areas unfished for more than 3 y, the 

study was constrained to including only one control and one impact site. Although the criticism of 

such designs are recognized (Underwood 1992), the viewpoint of Stewart-Oaten and Bence (2001) 

was taken. The control sites are not typical experimental controls (as conducted in laboratory 

experiments), but instead highly correlated covariates and serve to represent the treatment site in an 

undisturbed condition (Stewart-Oaten & Bence 2001). Thus, the efforts made to ensure that the 

control site represented the impact site, allowed for the examination of the experimental disturbance. 

The fished site was experimentally dredged using the commercial light dredge, whereas the 

control site remained unfished for the duration of the study period. The boundary of the fished site 

marks the southernmost dredge track based on black box data and the minimum measured distance to 

the control site was 30 m. As the predominant bottom currents were northwards, the control site was 

located south of the fished site to reduce the possibility that sediment plumes from the dredging 

activity affected the control site. 



 

Figure 2. The dimensions of the light dredge seen from (A) the front and (B) the side. Reproduced from Frandsen 

et al. 2015. 

 

Experimental dredging took place in the fished site on the 15th and 22nd of May 2017. The gear 

was as shown in Figure 2, with each dredge weighing 123.4 kg (Frandsen et al. 2015). A licensed 

fishing vessel conducted the experimental dredging rigged with two light dredges on each side (four 

in total). The catch efficiency of the dredge is variable, depending on the mussel bed structure, 

percentage cover, and substratum. In some instance, catch efficiency has been recorded to be as low 

as 50%, meaning that after dredging, some mussel patches remain in the dredge track (Dolmer et al. 

1999). Macrofaunal samples were collected from mussel patches at three time intervals: before 

dredging on May 10, 2017 (“before”), the day after dredging on May 23, 2017 (“after”), and 4 mo 

after dredging on September 20, 2017 (“4-mo after”). In the fished site, samples taken after dredging 

were collected from inside and outside of the gear path. Samples taken inside the gear path are 

referred to as “dredge track,” whereas those outside (approximately 5 m from the dredge track) are 

referred to as “adjacent to the track,” shown in Figure 3. As the recovery of seabed habitats after 

trawling is thought to occur through immigration from the surrounding area and through local 

recruitment (Lambert et al. 2017), samples were also taken 4 mo after dredging to assess recovery 

from dredging. 



 

Figure 3. Experimental design comprising two sites and three time intervals. Dashed yellow line (A) direct/indirect 

effect of dredging: sampling undertaken before and after dredging. Black dots denote random samples from 

within the site. Two impact treatments are shown in the fished site (after): red dots within the gray bands denote 

samples taken within the dredge track; yellow dots within the blue area denote samples taken adjacent to the 

dredge track. Solid purple line (B) Short-term effects of dredging: sampling undertaken before, after, and after 4 

mo. 

 

Data Collection and Processing 

Benthic macrofaunal samples were collected using SCUBA and a handheld sediment corer 

(HAPS; ø136 mm, L; 315 mm, V; 4.5L) at a depth of 4.5 m. The HAPS corer was chosen as it is the 

most commonly used sampler in Danish coastal waters and is used in annual benthic monitoring 

under the Danish national monitoring program (Hansen 2012). With as much accuracy as possible, 

samples were taken from a central position within similar-sized mussel patches. Four replicate core 

samples were taken from each treatment at each sampling time (Fig. 3). The cores were brought to 

the surface and sieved through a 1-mm sieve before preservation in 80% ethanol (EtOH). In the 

laboratory, organisms were removed from the sediment residue and identified to species level where 

possible. Identification was aided using taxonomic keys (Kirkegaard 1992a, Kirkegaard 1992b, 

Tebble 1976, Lincoln 1979) and online taxonomic resources (e.g., species-identification.org; 

naturalhistory.museumwales.ac.uk). Verification of nomenclature was based on WoRMs 

(marinespecies.org; 10/09/21). Individual taxa were counted and biomass (ash-free dry weight) was 

determined after incineration at 550°C. 

Biological Traits 

Biological Trait Analysis uses the morphological, behavioral, and reproductive traits of taxa as 

indicators of ecological function (Bremner et al. 2006). The 10 trait categories chosen for analysis 

are shown in Table 1, which describe the functional composition of the associated macrofauna based 

on an existing trait database (Bolam et al. 2017). These trait categories were chosen based on their 

expected sensitivity to dredging disturbance. The 10 trait categories were subdivided into trait 

modalities (Table 1). As some taxa may exhibit more than one trait modality within a trait category, 

the traits were “fuzzy coded.” Fuzzy coding uses a scale of 0–3 to rank taxa affinity to each trait 



modality (zero equals no affinity, and three equals full affinity) (Chevenet et al. 1994). The fuzzy 

coded trait categories were standardized to 1, such that the trait modalities made up a proportion of 

the trait category. The trait scores were subsequently multiplied by the density of each taxa per site, 

which gave a density-weighted trait by site matrix used for analysis. Biological trait information was 

coded for the species identified in this study from the EU BENTHIS database (Bolam et al. 2017). 

Where taxa were not coded in the BENTHIS database, relevant literature was used to code taxa trait 

profiles.



TABLE 1. 

Biological traits and corresponding trait modalities analysed in the study. 

Biological trait 
category 

Modalities Biological trait 
category 

Modalities Biological trait 
category 

Modalities Biological trait 
category 

Modalities 

 Size 10 mm 

11-20 mm 

21-100 mm 

101-200 mm 

201-500 mm 

> 500 mm 

Feeding Suspension 

Surface deposit. 

Subsurf. deposit. 

Scavenger 

Predator 

Living Habit Tube dwelling 

Burrow dwell 

Free living 

Crevice 

Endo/Epi-phytic 

Bioturbation Diffusive mixer 

Surface deposition 

Up- conveyor 

Down-conveyor 

Mobility Sessile 

Crawl 

Swim 

Burrow 

Larval 
Development 

Planktotrophic 

Lecithortrophic 

Direct 
 
Budding 

Sediment 
Position 

Surface 

Infauna-top 

Infauna-mid 

Infauna-deep 

 Morphology Exoskeleton 

Soft 

Tunic 

Crustose 

Cushion 

Stalked 
Longevity < 1 yr 

1-2 yrs 

3-10 yrs 

10+ yrs 

Egg Development Pelagic eggs 

Benthic eggs 

Brooding 

 

    



Data Analysis 

Univariate 

Statistical analyses were undertaken on three univariate community metrics, namely: density, 

species richness, and biomass. Generalized linear models were applied using a negative binomial, 

Poisson, and Gamma variance distribution for density, species richness, and biomass, respectively, in 

the “stats” package in R. Studio. The model was as follows: 

0 1 2 3µ   T  ij j i ijTr TrT      
 

Where µij denotes the response metric (density, species richness, and biomass). β0 is the intercept 

of the model, Trj is the treatment (dredge track, adjacent to the track, and control). T is the time 

interval associated with µij. β’s are the parameters for the predictors, where β3 describes the 

interaction between treatment and time, i.e., the BACI interaction term and the key parameter for this 

type of analysis. εij is the residuals for the model. As the species richness and biomass of macrofauna 

associated with Mytilus edulis correlates with mussel patch size (Norling & Kautsky 2007), mussel 

abundance was included in the model. During model selection, M. edulis abundance was not 

significantly contributing to any of the model, and hence was not selected in the most parsimonious 

model. 

Multivariate 

To compare the differences in macrofaunal community composition and biological trait 

composition, a permutation-based analysis of variance (PERMANOVA) was carried out in Primer 7 

(PERMANOVA add on) (Anderson et al. 2008). If a significant interaction in the main test was 

observed, it was followed by post hoc pairwise tests of time within site. A Similarity Percentage 

routine set at 70% was used to identify taxa or traits that contributed most to the dissimilarity 

between interacting time and treatment pairs. Macrofaunal composition required fourth root 

transformation to reduce within group dispersion, indicated by a significant PERMDISP test on 

nontransformed data. A nonsignificant PERMDISP result after transformation reduced uncertainty 

upon finding a significant main test PERMANOVA result. No transformation was necessary for the 

trait data. 

Dredge Track 

To quantify the direct impact within the dredge track, a statistical model compared the control 

and fished site before and after disturbance. “Before” samples were taken 14 d before experimental 

dredging, and “after” samples were taken 1 d post experimental dredging. In this analysis, the fished 

site samples after dredging were collected from within the dredge track (Fig. 3A: red squares). 

Adjacent to the Dredge Track 

To quantify the indirect effects of dredging adjacent to the dredge track (within 5 m), a statistical 

model compared the control and fished site before and after dredging. Here, the fished site samples 

after dredging were taken adjacent to the dredge track (Fig. 3A: yellow diamonds). 

Short-Term Recovery (4 mo) 

To quantify the short-term recovery from dredging, the fished and control sites were compared at 

three time intervals [before, after (1 d), 4 mo after]. After 4 mo, it was no longer possible to see the 

dredge track and samples were taken randomly from within the fished site, conceivably from either 

track or adjacent area. To account for this, the dredge track and adjacent to the track samples “after” 

were combined in the analysis (n = 8). To evaluate the effect of combining the two “after” 

treatments, a model excluding time “after” was used for comparison. It showed that combining 



treatments resulted in a conservative estimate of impact, but overall had the same outcome. Thus, the 

model including time “after” was used for the analysis (Fig. 3B). 

Results 

Community Composition 

In total, 525 individuals and 54 species were identified in the HAPS core samples, after removing 

all individuals of M. edulis. The species represented four phyla: Annelida, Mollusca, Crustacea, and 

Echinodermata. The Annelida were numerically dominant, contributing 73% of total density, 

followed by Crustacea, (23%), Mollusca (3%), and Echinodermata (1%). In terms of species 

richness, Annelida and Crustacea made up the majority of species with 26 and 19 species, 

respectively (48% and 35%). Additionally, seven species of Mollusca and one species of 

Echinodermata were identified. The polychaete Capitella capitata (Blaineville, 1828) was found in 

high density and made up 43% (227 individuals) of the total density. Taxa such as the amphipod 

Microdeutopus sp. were also abundant contributing to 7% of total density (37 individuals). As 

expected, samples from September, after summer recruitment, exhibited the greatest density and 

species richness. 

Dredge Track 

A decline in macrofaunal density and species richness within the dredge track (Fig. 4) resulted in 

a significant BACI interaction term (β3) (Table 2). Of the 10 most common taxa, five taxa decreased 

in density after dredging in the fished site [Microdeutopus gryllotalpa (Costa 1853), Mediomastus 

fragilis (Rasmussen 1973), Pseudopolydora pulchra (Carazzi 1893), Tubifex sp., Kurtiella bidentata 

(Gofas & Salas 2008)], whereas three species increased [Capitella capitata, Harmothoe impar 

(Kinberg 1856), Harmothoe imbricata (Kinberg 1856)] and two remained the same (Table 3). The 

density and species richness increased in the control site after dredging, which strengthened the 

significant interaction. In contrast, no effect of dredging was observed on biomass in the dredge 

track. The PERMANOVA analysis of biological trait scores showed a significant interaction (pseudo 

F 4.73, P = 0.003), indicating that dredging also had an effect on biological trait composition (Table 

4). The biological traits that differed after dredging were remarkably similar at both sites (Table 5). 

The difference was that all the biological traits declined in the dredge track, and increased in the 

control site (Table 5). Of the 10 biological traits studied, nine declined in the dredge track. These 

included sediment position (infaunal-top), living habit (burrow dwelling), egg development 

(brooding), mobility (sessile), morphology (soft), longevity (1–2 y), larval development (planktonic, 

direct development), feeding mode (subsurface deposit), and size (21–100 mm). No significant effect 

of dredging was detected on multivariate community composition in the dredge track (Table 4). 



 

Figure 4. The mean (±SE) (A, D) macrofaunal density, (B, E) species richness, (C, F) biomass before dredging and 

after dredging in the control site (circles) and impact site (triangles). Asterisk indicates significant interaction level 

(*** <0.001, ** <0.01, * <0.05). 

  



TABLE 2. 

Analysis of Variance (likelihood ratio test) of Generalised Linear Models for 
response variables (density, species richness, biomass) in the dredge track, 

adjacent to the track and four months after dredging.  

 LR Chisq Df P value 

Dredge track: density 

Treatment 2.33 1 0.12 
Time 0.91 1 0.34 
Treatment x Time 17.33 1 >0.0001*** 
Dredge track: species richness 

Treatment 2.72 1 0.1 
Time 0.30 1 0.5 
Treatment x Time 13.20 1 0.0002*** 
Dredge track: biomass 

Treatment 3.77 1 0.05* 
Time 2.93 1 0.08 
Treatment x Time 1.16 1 0.28 
Adjacent to the track: density 

Treatment 0.06 1 0.79 
Time 6.58 1 0.01** 
Treatment x Time 5.44 1 0.02* 
Adjacent to track species: richness 

Treatment 0.01 1 0.92 
Time 4.48 1 0.05* 
Treatment x Time 3.15 1 0.09 
Adjacent to the track: biomass 

Treatment 6.12 1 0.01** 
Time 2.76 1 0.09 
Treatment x Time 2.28 1 0.13 
Short term: density 

Treatment 0.6 1 0.44 
Time 186.7 2 <0.0001*** 
Treatment x Time 8.4 2 0.01* 
Short-term: species richness 

Treatment 7.5 1 0.006*** 
Time 10.4 2 0.005*** 
Treatment x Time 9.6 2 0.008*** 
Short-term: biomass 

Treatment 21.1 1 <0.0001*** 
Time 5.6 2 0.06 
Treatment x Time 0.7 2 0.7 

Asterisk indicates the significance level: *** <0.001, ** <0.01, * <0.05. 
  



TABLE 3. 

Average density (SD) of the most abundant taxa before and after dredging the three treatments (control, dredge 

track, and adjacent to the track). 
 Control  Dredge track  Adjacent track  

Species Before After  Before After  Before After  

Capitella capitata 1 (0.8) 0.25 (0.5) ↓ 0.25 (0.5) 0.75 (0.96) ↑ 0.25 (0.5) 0 ↓ 

Microdeutopus 

grylloptalpa 0 0.5 (0.5) 
↑ 

0.75 (0.95) 0 
↓ 

0.75 (0.95) 0.5 (0.5) 
↓ 

Semibalanus 

balanoides 0 1.75 (3.5) 
↑ 

0 0 
 

0 1 (0.8) 
↑ 

Mediomastus fragilis 0.75 (0.5) 1.75 (2.2) ↑ 2.25 (1.8) 0.75 (0.96) ↓ 2.25 (1.8) 0.75 (0.9) ↓ 

Harmothoe impar 0.75 (0.5) 1.25 (0.9) ↑ 0.5 (0.5) 1 (0.5) ↑ 0.5 (0.5) 2 (0.8) ↑ 

Harmothoe imbricata 0 0  0 0.25 (0.5) ↑ 0 0  

Caprella linearis 0.25 (0.5) 0.5 (0.5) ↑ 0 0  0 0  

Pseudopolydora 

pulchra 0 0.75 (0.95) 
↑ 

0.25 (0.5) 0 
↓ 

0.25 (0.5) 1.25 (1.2) 
↑ 

Psamathe fusca 0.5 (1) 1.25 (0.5) ↑ 0.25 (0.5) 0.25 (0.5)  0.25 (0.5) 0 ↓ 

Tubifex sp. 0.5 (1) 0.25 (0.5) ↓ 0.25 (0.5) 0 ↓ 0.25 (0.5) 0.5 (0.5) ↑ 

Kurtiella bidentata 0.25 (0.5) 0 ↓ 0.75 (0.5) 0 ↓ 0.75 (0.5) 0 ↓ 

Arrows indicate whether the change over time is positive (↑) or negative (↓). 

 

Adjacent to the Dredge Track 

A significant interaction on macrofaunal density was observed adjacent to the track (Table 2). 

Yet, unlike in the dredge track, density remained relatively stable in the area adjacent to the track, 

and the significant interaction term was driven by an increase in density in the control (Fig. 4). The 

higher density in the control site occurred as a result of the emergence of new taxa, and an increase 

in density of most taxa already present before dredging (Table 6). The main effect “Time” was the 

only significant predictor for species richness adjacent to the track (Table 2) suggesting changes over 

time had a greater effect on species richness than dredging in the adjacent area. Similar to in the 

dredge track, no effect of dredging on biomass was recorded (Table 2). Further, there was no 

indication of an effect of dredging on the biological traits examined or the community composition 

(Table 4). 
  



TABLE 4. 

PERMANOVA results showing differences in trait composition and community composition before and after 

dredging. 

Traits composition Community composition 

 Source df SS MS Pseudo-F P 

(perm) 
df SS MS Pseudo-F P 

(perm) 

Dredge 

track 

Treatment 1 626.3 626.3 0.628 0.7 1 1,375.7 1,375.7 0.5122 0.8 

 Time 1 798.19 798.19 0.8 0.5 1 1,800.9 1,800.9 0.6704 0.7 

 Time × 

Treatment 
1 4,713.6 4,713.6 4.726 0.003** 1 5,094.8 5,094.8 1.8967 0.07 

Adjacent 

to track 

Treatment 1 988.3 988.3 1.215 0.2 1 3,789 3,789 1.628 0.1 

 Time 1 2,037.3 2,037.3 2.505 0.02* 1 3,642.1 3,642.1 1.5648 0.1 

 Time × 

Treatment 
1 1,221.5 1,221.5 1.502 0.15 1 2,558.7 2,558.7 1.0998 0.4 

Short 

term 

Treatment 1 583.9 583.9 0.687 0.5 1 2,383.7 2,383.7 1.0163 0.4 

 Time 2 23,584 11,792 13.87 0.001** 2 17,159 8,579.4 3.6579 0.001** 

 Time × 

Treatment 
2 3,327.2 1,663.6 1.956 0.07 2 5,978.7 2,989.4 1.2745 0.2 

The response was analyzed in the dredge track (direct effect), adjacent to the track (indirect effects), and after 4 mo 

(short-term effects). Asterisk indicates the significance level: *** <0.001, ** <0.01, * <0.05. PERMANOVA, 

permutation-based analysis of variance. 

  



TABLE 5. 

SIMPER analysis showing the differences in trait composition in the control and the fished site before and 

after dredging. 

Control site 

 

Trait modality 

Before Av. 

abundance 

After Av. 

abundance Av.Diss Diss/SD Contrib % Cum.% 

 

Soft 

Surf-depos 

brood 

Crawl 

yr1-2 

Plankto 

Surface 

21-100mm 

Burrow-dwelling 

Sessile 

Inf-top 

Direct 

Exoskeleton 

Free-living 

eggs-pel 

yr3-10 

Pred 

Surf-Dep 
 

 

3.75 

1.88 

3.4 

1.67 

3.13 

2.33 

1.56 

2.58 

1.19 

2.63 

2.31 

1.27 

0.75 

1.37 

0.58 

0.88 

1.33 

0.16 
 

 

7.5  ↑ 

6.38  ↑ 

7.19  ↑ 

4.92  ↑ 

5.5  ↑ 

5.83  ↑ 

4.13  ↑ 

5.17  ↑ 

4.06  ↑ 

4.25  ↑ 

4.96  ↑ 

3.08  ↑ 

3.5  ↑ 

3.29  ↑ 

2.5  ↑ 

3  ↑ 

3.05  ↑ 

2.4  ↑ 
 

 

3.07 

2.93 

2.57 

2.38 

2.14 

2.08 

2.04 

1.98 

1.82 

1.79 

1.77 

1.7 

1.69 

1.66 

1.54 

1.51 

1.44 

1.39 
 

 

1.38 

1.98 

1.3 

1.73 

1.39 

0.98 

1.65 

1.52 

1.4 

1.1 

0.94 

1.45 

1.07 

1.5 

1.54 

1.36 

1.42 

2.32 
 

 

 

6.07 

5.8 

5.08 

4.69 

4.22 

4.11 

4.03 

3.91 

3.59 

3.54 

3.5 

3.36 

3.34 

3.27 

3.03 

2.98 

2.84 

2.75 
 

 

6.07 

11.86 

16.95 

21.64 

25.86 

29.97 

34 

37.92 

41.5 

45.04 

48.54 

51.9 

55.24 

58.52 

61.55 

64.53 

67.37 

70.12 
 

 

Fished site (dredge track) 

 

Inf-top 

Burrow-dwelling 

brood 

Sessile 

Soft 

yr1-2 

Plankto 

Subsurf-dep 

21-100mm 

Direct 

Surf-depos 

Surf-Dep 

yr3-10 

Up-Conveyor 

Exoskeleton 

10mm 
 

 

5.85 

3.94 

5.65 

4.63 

6.25 

5.25 

4.46 

3.5 

4.28 

2.33 

3.19 

2.16 

2.25 

2.56 

1.75 

1.58 

 

2  ↓ 

0.38  ↓ 

2.63  ↓ 

1.5  ↓ 

3.5  ↓ 

2.38  ↓ 

2.75  ↓ 

1.5  ↓ 

2.5  ↓ 

0.5  ↓ 

1.75  ↓ 

0.19  ↓ 

1.13  ↓ 

0.94  ↓ 

0.25  ↓ 

0  ↓ 

 

3.45 

3.03 

2.89 

2.68 

2.67 

2.58 

2.43 

2.03 

1.88 

1.84 

1.83 

1.78 

1.62 

1.61 

1.39 

1.39 

 

2.58 

3.23 

1.58 

1.59 

1.45 

2.3 

1.2 

1.24 

1.52 

1.71 

1.3 

1.59 

1.29 

1.05 

1.95 

1.98 
 

 

6.89 

5.78 

5.36 

5.33 

5.15 

4.86 

4.05 

3.75 

3.67 

3.65 

3.55 

3.23 

3.21 

2.77 

2.77 

6.05 

 

6.89 

18.73 

24.09 

29.42 

34.57 

39.43 

43.48 

47.23 

50.9 

54.55 

58.11 

61.34 

64.54 

67.31 

70.08 

12.95 



 
 

 
 

 
 

 
 

 
 

Arrows indicate whether the change over time is positive (↑) or negative (↓). SIMPER, Similarity Percentage. 

 

Short-Term Effect 

Four months after dredging species richness remained low, possibly suggesting a longer-term 

impact compared with that of density or biomass (Fig. 5). Species richness declined immediately 

after dredging in the fished site, and then showed signs of recovery after 4 mo (Fig. 5). After 4 mo, 

three of the ten most common species were absent from the fished site (Microdeutopus grylloptalpa, 

Tubifex sp., Kurtiella bidentata) (Table 7). In addition, the diversity of amphipods was particularly 

low in the fished site. Here, only four species of amphipod were recorded after 4 mo, of which there 

were five individuals. In contrast, the control site had eight species with 59 individuals. Although the 

density of macrofauna declined immediately after dredging, a considerable increase occurred 

thereafter, resulting in a similar macrofaunal density in the fished site as in the control site after 4 mo 

(Fig. 5). This indicates that the effect of dredging on macrofaunal density did not persist for the 4-mo 

study period. In both sites, the density increased after 4 mo mainly due to a single species of 

opportunistic polychaete, Capitella capitata, which made up 60% and 81% of the density in the 

control and fished site, respectively. Biomass was observed to remain relatively stable over the study 

period (Fig. 5), and accordingly no short-term effect of dredging was detected on macrofaunal 

biomass (Table 2). The results of the PERMANOVA analysis indicated that there were no significant 

interactions on biological trait composition, which suggests that dredging did not impact the 

biological trait composition of the community in the short term (Table 4). Finally, there was no effect 

of dredging on macrofaunal community composition as indicated by the nonsignificant 

PERMANOVA interaction term (Table 4). 



 

Figure 5. The difference in macrofaunal density, species richness, biomass (±SE) before dredging, after dredging, 

and 4 mo after dredging in the control site (circles) and fished site (triangles). Asterisk indicates significant 

interaction level (*** <0.001, ** <0.01, * <0.05). 

  



TABLE 6. 

Species differences in the control site before and after fishing.  

Before (9) After (21) Change  

 Asterias +1 ↑ 

Alitta succinea (1) Alitta succinea (2) +1 ↑ 

 Alitta virens +2 ↑ 

Capitella capitata (4) Capitella capitata (1) −3 ↓ 

Caprella linearis (1) Caprella linearis (2) +1 ↑ 

 Corophium +1 ↑ 

 Ensis ensis +1 ↑ 

 Eunereis +1 ↑ 

 Gammarus +2 ↑ 

Harmothoe impar (3) Harmothoe impar (5) +2 ↑ 

 Heteromastus +1 ↑ 

 Hinia +1 ↑ 

Kurtiella bidentata (1) Kurtiella bidentata (2) +1 ↑ 

Mediomastus fragilis (3) Mediomastus fragilis (7) +4 ↑ 

 Microdeutopus gryllotalpa +2 ↑ 

Mya arenaria (1) Mya arenaria (2) +1 ↑ 

Psamathe fusca (2) Psamathe fusca (5) +3 ↑ 

 Pseudopolydora +3 ↑ 

 Scoloplos armiger +2 ↑ 

 Semibalanus balanoides +7 ↑ 

Tubificidae (2) Tubificidae (1) −1 ↓ 

Number of individuals shown in brackets. Arrows indicate whether the change over time is positive (↑) or negative (↓). 

 

 

TABLE 7. 

The average density of the 10 most abundant taxa “before,” “after,” and “4 mo after” dredging in the control and 

fished site. 

 Control     Fished     

  Before After  4 mo after  Before After  4 mo after  

Capitella capitata 1 0.25 ↓ 19.25 ↑ 0.25 0.375 ↑ 35.25 ↑ 

Microdeutopus grylloptalpa 0 0.5 ↑ 7.25 ↑ 0.75 0.25 ↓ 0 ↓ 
Semibalanus balanoides 0 1.75 ↑ 3.25 ↑ 0 0.5 ↑ 0.5 ↑ 

Mediomastus fragilis 0.75 1.75 ↑ 2.5 ↑ 2.25 0.75 ↓ 0.25 ↓ 

Harmothoe impar 0.75 1.25 ↑ 0.5 ↓ 0.5 1.125 ↑ 0.5  

Harmothoe imbricata 0 0  2 ↑ 0 0.125 ↑ 2 ↑ 

Caprella linearis 0.25 0.5 ↑ 2.25 ↑ 0 0  0.5 ↑ 

Pseudopolydora pulchra 0 0.75 ↑ 0 ↓ 0.25 0.625 ↑ 0.75 ↑ 

Psamathe fusca 0.5 1.25 ↑ 0 ↓ 0.25 0.125 ↑ 0.25  

Tubifex sp. 0.5 0.25 ↓ 0.75 ↑ 0.25 0.25  0 ↓ 

Kurtiella bidentata 0.25 0 ↓ 0 ↓ 0.75 0 ↓ 0 ↓ 

Arrows indicate whether the change over time is positive (↑) or negative (↓). 

 

 



Discussion 

Direct Effects of the Light Dredge 

The physical impacts to the seabed from fishing gears, besides removing the target species and 

habitat materials, arise from two processes (O’Neill & Ivanović 2016). First, there are pressure-

driven changes that occur as the gear physically interacts with the seabed and leads to gear 

penetration, shearing, and lateral distribution of sediments (O’Neill & Ivanović 2016). Second, 

hydrodynamic processes at the wake of the gear generates turbulence and pressure drop, leading to 

the mobilization of sediment (O’Neill & Ivanović 2016). The immediate decline in density and 

species richness shown in the dredge track is thought to be caused by the former, i.e., the direct 

physical interaction with the gear. The dredge itself consists of a metal frame and a polyethylene 

collection bag, which create a relatively homogenous impact across the footprint (Eigaard et al. 

2016). Within the width of the gear and length of the path (i.e., gear footprint), the benthos are first 

impacted by the iron frame, followed by the trailing 177-cm long netted bag (Fig. 2). Direct contact 

with the iron frame likely causes the greatest impact, potentially crushing infauna with exoskeletons 

such as thin-shelled bivalves (Rumohr & Krost 1991) and crustaceans. The netted bag may be less 

impactful, but has the potential to snag and tear soft-bodied benthos such as polychaetes and 

ascidians. Accordingly, a relatively greater mortality can be expected from the direct physical 

interaction with the gear (Bergman & Van Santbrink 2000), compared with indirect effects from the 

mobilization of sediments. For that reason many experimental fishing studies have reported a decline 

in the density (Hall et al. 1990, Thrush et al. 1995, Carvalho et al. 2011), species richness (Hall et al. 

1990, Thrush et al. 1995, Dolmer et al. 2001, Carvalho et al. 2011), and biomass (Carvalho et al. 

2011) of macrofauna in the days after fishing impact. 

The light dredge is designed to reduce the physical impact to the seabed, and compared with the 

traditional Dutch dredge, the sediment retention and drag is significantly reduced (Frandsen et al. 

2015). A lack of gear trials meant making a direct comparison of the macrofaunal depletion from the 

Dutch dredge and light dredge not possible. Even so, a similar study was undertaken in the Løgstør 

Broad using a scaled model of the Dutch dredge, roughly a third of the size and weight of the 

commercial configuration (Dolmer et al. 2001). In the study, species richness was significantly 

affected by dredging, and reported to decline by approximately 33% 40 d after dredging. In 

comparison, this study showed that the light dredge resulted in a 44% decrease in species richness 1 

d after dredging. The greater depletion of species in this study may be caused by the heavier gear 

weight. The down-scaled model used by Dolmer et al. (2001) weighed approximately 80 kg, 

compared with the commercial light dredge that weighed 123 kg. The weight and towing speed of 

fishing gears determines the penetration into the sediment (Rijnsdorp et al. 2016), and gear 

penetration depth correlates with benthic macrofaunal mortality (Sciberras et al. 2018). Therefore, as 

the Dutch dredge weighs 235.6 kg (approximately double the weight of the light dredge), it can be 

assumed that the switch to the light dredge will have resulted in reduced macrofaunal depletion from 

fishing. 

The depletion of benthic fauna can be influenced by the morphological, behavioral, and 

reproductive characteristics. Certain biological traits are known to be more sensitive to trawling than 

others (Thrush & Dayton 2002, de Juan et al. 2007) such as shell thickness (Rumohr & Krost 1991), 

mobility (Thrush & Dayton 2002), and egg development. Accordingly, a negative effect of dredging 

was found on the biological trait composition in the dredge track. Sensitive biological traits, such as 

shallow sediment position (infauna top: 0–5 cm), low mobility (sessile), and soft morphology 

declined in the dredge track, however, so did the biological traits that are thought to be more tolerant 

to physical disturbance such as short life span (1–2 y), small size (10 mm, 21–100 mm), and hard 

morphology (exoskeleton). The general decline of biological traits in the dredge track suggests that 

dredging was not only detrimental to the sensitive traits, and instead may reflect the overall loss in 

density in the dredge track. 



Indirect Effects of the Light Dredge 

In a BACI experimental design, a significant interaction usually implies a negative effect of the 

treatment, particularly if the significant interaction is caused by a decline in the impact site. Here, the 

significant interaction on density adjacent to the dredge track was driven by a higher density of 

macrofauna in the control site. As these results are not derived from a decline in the fished site, 

caution must be taken in the interpretation of the results. 

A positive effect of time was shown for the density of macrofauna in the control site, which was 

not apparent in the fished site. The first and simplest explanation is patchy distribution. 

Environmental parameters can vary over small spatial scales and as a consequence, macrofauna are 

patchily distributed. Adding to this, beds of Mytilus edulis are also known to be hot spots for 

biodiversity. Benthic macrofaunal density, biomass, species richness, and trait richness all increase 

with M. edulis density and patch size (Norling & Kautsky 2007, McLaverty et al. 2020). Therefore, 

differences in M. edulis density, size structure, or biomass could drive differences in macrofaunal 

density and species richness. To mitigate the effect of mussel patch size, a diver made his best efforts 

to sample from a central position in similar-sized mussel patches. These efforts were reflected in the 

fact that the shell length and biomass of M. edulis were not significantly different after dredging in 

the control and adjacent area (t-test comparing M. edulis shell length and biomass after dredging: t = 

1.6, Df = 4.1, P = 0.2, t = 0.6, Df = 3.5, P = 0.6, respectively). Although mussel density was 

significantly higher in the adjacent area after dredging than in the control (t = 93.1, Df = 6, P = 0.02), 

mussel density in the adjacent area did not differ before and after fishing (t = 0.2, df = 4.6, P = 0.8). 

The lower macrofaunal density in the adjacent area associated with higher mussel density, relative to 

the control, is contrary to the positive effect of mussel density on macrofaunal density previously 

shown (Norling & Kautsky 2007, McLaverty et al. 2020). Therefore, the results may reflect that the 

handheld sediment corer was not optimal for sampling larger epifauna like as M. edulis, and that 

differences in the mussel bed structure may still have existed between sites. In addition, an 

assumption was made that the sediment grain size were the same due to the close proximity of the 

sites to one another yet, a significant differences in the grain size of the top layer of sediment (0–2 

cm) was detected before experimental dredging took place, but no difference in the organic material 

(loss on ignition). These small-scale differences between sites could also have influenced the results. 

One effect of dredging that perceivably affects the benthos indirectly is the mobilization of 

sediment. Sedimentation can smother benthic fauna if it exceeds natural levels and thus faunal 

tolerance (Miller et al. 2002). Sedimentation can also cause deterioration of water quality due to 

increased turbidity. An empirical-based model showed that the sediment plume from the light dredge 

in the Limfjord can extend 260–540 m depending on current speed, and that sediment resuspension 

was similar to background (natural) resuspension (Pastor et al. 2020). The model showed that fishing 

intensity correlated with sediment accumulation. Therefore, the comparatively higher fishing 

intensity in this study (approximately 28 dredge tracks 100·m−2 vs. 4.5 dredge tracks 100·m−2) may 

have led to higher sediment accumulation. Further, sediment accumulation was highest closest to the 

dredging activity (Pastor et al. 2020), which suggests that localized sediment accumulation could 

have been high in the dredge track and adjacent areas. Based on the sediment type (sand >125 µm) it 

was estimated that 80% of the resuspended sediment would fall within 0.3–0.9 m from the dredge 

track. As sediment accumulation was not quantified in this study, it was not possible to conclude on 

whether sedimentation from dredging activity exceeded natural sedimentation. Further investigation 

into the extent of sediment accumulation in the adjacent areas would clarify whether sedimentation 

from dredging negatively affects benthic macrofauna. 

Short-Term Effects of the Light Dredge 

Seasonal recruitment causes macrofaunal density and species richness to increase from its lowest 

point at the onset of spring, to its highest in late autumn (Peterson & Jensen 1911). In the Limfjord, 



recruitment follows a similar seasonal pattern. This has been disrupted in some years, where species 

richness remains at a constant low between spring and autumn, due to mass mortality caused by 

oxygen depletion (Hylleberg 1993). In this study, species richness remained relatively constant in the 

fished site from spring to autumn, whereas species richness increased in the control site. There was 

no indication of oxygen depletion at the study site during the study period. Therefore, the lack of 

increase in species richness may indicate a negative effect of dredging on recruitment. Nonetheless, 

whereas species richness was lower in the fished site than in the control, the trend 4 mo after 

dredging was positive, which may signify recovery was in progress. The recovery in terms of density 

was dominated by the polychaete Capitella capitata, which made up 81% and 60% of the density in 

the fished and control sites, respectively. This resulted in both sites having relatively low species 

richness, but high density, which is characteristic of benthic communities affected by eutrophication 

(Pearson & Rosenberg 1987). 

As organic enrichment increases, water quality deteriorates, and the number of species that can 

tolerate the conditions decline. Meanwhile, the proliferations of opportunistic taxa can occur 

(Pearson & Rosenberg 1987). The polychaete Capitella capitata thrives in eutrophic conditions as it 

can tolerate hypoxic sediments (Macleod et al. 2008), expresses opportunistic reproduction (Qian & 

Chia 1994), and rapidly colonizes defaunated patches (Bolam & Fernandes 2002). The effect of 

eutrophication on the density of macrofauna may help explain the lack of detectable fishery effect in 

this part of the study, and may signify that density is a poor indicator of the short-term effects of 

dredging in eutrophic systems. It is recognized that the results of this study are limited to the 

discussion of impacts to the benthos over the short term, i.e., after 4 mo. Ideally, given the large 

structuring effect winter mortality can have on benthic communities, additional sampling would have 

taken place after the winter to fully assess recovery. This is of particular importance in systems such 

as the Limfjord where large fluctuations in temperature occurs between seasons. Given the practical 

and financial restraints of using diver-collected samples, this was not possible. 

High levels of benthic disturbance, whether anthropogenic or natural, will shape macrofaunal 

community composition and select for biological traits that are more resilient to disturbance. Here, 

the results showed that while dredging negatively affected biological traits in the dredge track, no 

negative effect on biological traits was evident after 4 mo. This suggests that other environmental 

drivers may have a greater structuring effect on benthic composition than dredging in the Limfjord. 

These findings are also corroborated by the results of a large-scale gradient analysis of dredging 

effects in Danish Natura 2000 sites, where dredging intensity did not result in any significant impacts 

to trait composition or trait richness (McLaverty et al. 2020). This can occur as stressors such as 

nutrient pollution and hydrodynamic disturbance have a similar structuring effect on benthic trait 

composition as trawling, i.e., a dominance of small-bodied, short-lived, deposit feeding taxa 

(Macleod et al. 2008, Van Denderen et al. 2015). Given the century-long effect of nutrient 

enrichment in the area, it is not surprising that dredging is not the main driver of species and trait 

composition across the study area. 

Management Perspectives 

For the first time, these results provide an estimate for the depletion of benthic macrofauna, and 

information on the dynamics of recovery, directly relevant to the dredging gear used across the 

Danish mussel fishery. The Danish Mussel Policy was set up with the aim to regulate and sustainably 

manage fisheries in Natura 2000 sites, and permits vessels to impact ≤15% of the seabed 

cumulatively over a period of 2–5 y depending on recovery time of benthic fauna within a given 

Natura 2000 site (Foreign Ministry of Denmark 2019). As benthic macrofaunal depletion rates are 

not currently considered in the assessment of dredging impacts, the results are of particular 

relevance, and improve the understanding of dredging effects on seabed biota in the Løgstør Broad. 

Provided depletion rates are supplemented with depletion rates for the other main habitat types in the 



Limfjord, these can be combined with black box data to predict impacts quantitatively in areas that 

are not currently assessed (Rijnsdorp et al. 2016). 

Of the biological metrics examined in this study, the results suggest that species richness was 

relatively sensitive to dredging, remaining in an altered state for up to 4 mo after disturbance. This 

supports the observations of Dolmer et al. (2001), who observed that although species richness 

initially increased straight after dredging (due to an influx of scavengers), it subsequently declined 

and remained reduced for up to 40 d after. Species richness has been shown to be a more sensitive 

indicator of trawling than density in deeper (35 m) muddy benthic habitats (Ragnarsson & 

Lindegarth 2009), and has been shown to remain impacted for up to 8 mo after experimental shrimp 

trawling (Tulp et al. 2020). To more accurately define the effect of dredging on species richness in 

the Limfjord, future studies may seek to undertake experiments over longer time periods than 4 mo. 

The choice to limit this experiment to 4 mo was mainly logistical, but also reflected normal dredging 

activity followed by a closed period during the summer months (from beginning of July to beginning 

of September). 

The experiment was designed to target benthic communities that are representative of those 

impacted by this fishery. As a result, the macrofaunal depletion and recovery are described for 

communities associated with established mussel beds. Therefore, the results of this study may be less 

relevant for predicting depletion rates in other habitat types such as soft bottoms (sand and mud), 

which are not associated with biogenic structures. Until recently, the management of mussel fisheries 

in Denmark has used data collected from the Danish national monitoring program to estimates 

benthic community regeneration times in each Natura 2000 site. Notably, these monitoring data are 

collected in areas of Løgstør that do not support large or consolidated mussel beds. These reference 

communities may not be representative of those found in close association with mussel beds, and 

therefore impacted by the fishery. Compared with bare sand habitats, mussel beds in Løgstør are 

associated with higher benthic density and species richness (Ysebaert et al. 2009; McLaverty et al. 

2020), and more generally, mussels significantly enhance benthic diversity in disturbed or eutrophic 

systems (Norling & Kautsky 2008). It would be advantageous that the estimation of regeneration 

times are based on data collected from surveys such as this one, which target benthic communities 

found in association with dense mussel beds. 

A cumulative impact of 15% of the seabed in Natura 2000 sites was considered suitable as it is 

lower than 25%, which the European commission defines to be “unfavorable” for conservation status 

(Foreign Ministry of Denmark 2019). Nonetheless, the Biodiversity Strategy for 2030 proposes to 

have 30% of land and sea legally protected by 2030 of which 10% should be strictly protected, i.e., 

permanently closed to bottom-contacting fishing (European Commission 2020). Whereas the Natura 

2000 site in the Løgstør Broad already meets this proposition, as a section of the Natura 2000 site is 

voluntarily closed to protect eelgrass beds, other Natura 2000 sites in Danish waters do not. The 

value of having areas permanently closed to bottom-contacting fishing, may not only to support 

biodiversity, but also enhance the ability to sustainably manage fisheries. A study carried out in the 

Limfjord and inner Danish waters showed that nonfished reference sites were essential for detecting 

dredging impacts (McLaverty et al. 2020). Therefore, permanently closed marine protected areas 

within the Natura 2000 network in European waters may be a consideration for future ecosystem-

based fisheries management. 
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