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Abstract 

Bottom trawling alters the abundance, diversity, size-composition, and function of benthic communities. 

However, the ability to detect these impacts over large spatial scales can be obscured by various complicating 

factors, such as community adaptation to disturbance and co-varying environmental conditions. An 

ecosystem-based approach to fisheries management therefore requires ecological indicators which can 

‘disentangle’ trawling effects from other natural and human drivers, and respond effectively to shifts in 

ecological quality. We collected benthic macrofaunal samples at 21 sites across a Norway lobster Nephrops 

norvegicus fishing ground in the Kattegat, and separated the benthic community into small (1-4mm) and 

large (>4mm) size fractions. Four taxonomic indicators (total density, species density, Shannon diversity, and 

biomass) and four functional indicators (functional diversity, functional richness, functional evenness, and 

functional dispersion) were calculated based on each size fraction, and the two fractions combined (pooled 

community). Here, we compare the ability of these indicators to detect trawling impacts across size 

categories. We show that indicators derived from large macrofauna were highly effective in this regard, and 

were less influenced by other environmental drivers, such as depth, sediment grain size, bottom current 

velocity, salinity, and temperature. This suggests that the taxonomic and functional characteristics of benthic 

communities display a size-dependent sensitivity to trawling disturbance, and therefore community metrics 

based on large benthic macrofauna may provide useful indicators. By contrast, indicators derived from the 

small fraction performed poorly, and those based on the pooled community demonstrated a varied ability to 

detect trawling. Small macrofauna are typically characterised by high density, diversity, and population 

growth rates, and their relative resilience to trawling may mask the response of the more sensitive 
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macrofauna. This highlights an underlying issue with calculating indicators based on the whole benthic 

community. The approach outline here is easily applied, improves indicator performance, and has the 

potential to reduce laboratory workloads due to the fewer taxa and individuals required for analyses. 
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1. Introduction 

In recent years, the mapping and quantification of commercial trawling effort has greatly improved. This has 

come about due to the increased availability of spatially resolved information on fishing vessel activities, and 

the development of open source methods to estimate fishing effort (Bastardie et al., 2010; Hintzen et al., 

2012). As a result, there is an improved understanding of the distribution of commercial trawling effort 

(Amoroso et al., 2018; Eigaard et al., 2017; Puig et al., 2012), and how gradients of trawling intensity alter 

the structure and ecological functioning of benthic macrofaunal communities (Bolam et al., 2017; Hiddink et 

al., 2017; Hinz et al., 2009; Tillin et al., 2006). Growing societal concern regarding fisheries effects has 

prompted the adoption of an ‘Ecosystem Approach to Fisheries Management’ (EAFM) (FAO, 2003) in the 

European Union. This has seen increased scientific interest and resources dedicated to the monitoring and 

assessment of ‘Sea-floor Integrity’ (Anon., 2010) and ‘Good Environmental Status’ of seafloor ecosystems, 

under the European Union Marine Strategy Framework Directive (MSFD) (Anon., 2008). By definition, an 

EAFM requires assessments of human impacts at the level of species, communities, and ecosystems to guide 

management advice. Ecological indicators are often a favoured instrument in this regard as they are easily 

calculated, monitored, and interpreted. However, in order to be effective, indicators should be sensitive to 

changes in ecological state, capture and convey information on the ecosystem, and not be overly affected by 

short-term variation or auxiliary drivers. Measuring all aspects of ecosystem state is neither practical nor 

possible, and well-designed indicators of bottom trawling impacts are therefore required to support 

management (Rice et al., 2012; Van Hoey et al., 2010).  

As knowledge of the benthic effects of trawling has advanced, various co-varying and interacting factors have 

also been revealed. These can include the sensitivity of specific seabed habitats (Kaiser et al., 2006), the 

impact of different gear types (Eigaard et al., 2016; Hiddink et al., 2017), the magnitude of background human 

and natural disturbance (Diesing et al., 2013; Van Denderen et al., 2015), and gradual adaptations of 

macrofaunal communities to disturbance (Kaiser et al., 2000; Reiss et al., 2009). Alone, or in combination, 

such factors can obscure the measurable effects of trawling in benthic communities, and may explain why 

indicators sometimes display varied performance (Atkinson et al., 2011; Kaiser et al., 1998; Mangano et al., 

2014). On the other hand, experimental and model based studies have revealed that large macrofauna are 

disproportionately sensitive to chronic trawling disturbance (Duplisea et al., 2002; Jennings et al., 2001; 

McConnaughey et al., 2005; Queirós et al., 2006). This vulnerability is linked to a relationship between body 

size and several key life history traits (Begon et al., 2006), whereby larger macrofauna tend to grow and reach 

maturity at a slower rate, have comparatively lower mortality and population growth rates, and are therefore 

more vulnerable to trawling induced mortality. Although small benthic fauna are also vulnerable trawling 
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disturbance (Hinz et al., 2008), they often display relatively high growth and turnover rates, resulting in 

shorter recovery times.  

While body size and sensitivity may vary across taxa, sensitivity may also change within the lifespan of an 

individual. During development from offspring to adult, sensitivity to physical disturbance can vary across 

size classes, trophic levels, and functional roles (Brose et al., 2016). For this reason, indicators based on e.g. 

the fraction of individuals above a certain minimum body size have been suggested and applied to monitor 

fish communities (Greenstreet et al., 2011; Shin et al., 2005), yet no such size-based indicators exist for 

benthic macrofauna. Recent studies by Hiddink et al., (2018) and Rijnsdorp et al., (2018) have shown that the 

relative abundances of long-lived macrofauna can indicate the sensitivity of benthic communities to trawling. 

This approach combines information on age composition of the community with fishing pressure data, and 

allows for the assessment of risks and impacts of trawling to taxa with defined longevity or recovery times 

(Hiddink et al., 2018). While this approach has shown to be effective, the longevity of macrofauna can be 

difficult to measure, may be be uncertain, and may be lacking for many species in less studied areas. It would 

therefore be advantageous if macrofaunal indicators of trawling impacts could be devised based on the size 

composition of the benthic organisms. Such indicators could be easily and accurately quantified, would not 

require knowledge of life history traits, would have the potential to be applied across habitat type and 

geographic region, and could potentially reduce sample processing times.  

The main objective of this study is to explore if the performance of several taxonomic and functional 

indicators of trawling disturbance would improve if they were based on large macrofauna, rather than the 

whole community. To test this, data were collected in a fishing ground with a long history of bottom trawling. 

Sampling sites were selected to represent a wide spatial gradient of trawling intensity, ranging from zero 

(determined by long-standing closed areas) to regionally high trawling intensities. During sampling, sieves 

were used to separate the benthic community into two size fractions. Eight macrofaunal indicators were then 

calculated within each size fraction (small and large), as well as the fractions combined (pooled community). 

We investigate and compare the ability of these indicators to detect bottom trawling impacts across size 

categories using generalised linear mixed models (GLMMs).    
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2. Materials and Methods 

 

2.1. Study area 

The Kattegat is a shallow transitional sea separating the marine North Sea and the brackish Baltic Sea (Figure 

1). Its seabed is composed of sandy sediments in the west, and of mud and mixed sediments in the north, 

east, and deeper areas (Figure 1b). Physical conditions on the seabed are characterised by gradients in 

salinity, temperature, current velocity, and by a two-layer stratified flow pattern. An inflow of saline water 

from the North Sea occurs in the deeper areas, which is offset by an outflow of brackish water from the Baltic 

Sea at the surface. The two water masses are separated by a pycnocline which sits between 15m (westwards)  

and 25m (eastwards) (Al-Hamdani et al., 2007). Commercial fishing for cod Gadus morhua (Linnaeus, 1758) 

and plaice Pleuronectes platessa (Linnaeus, 1758) has taken place in the Kattegat for over 100 years 

(Petersen, 1918). In recent years, high fishing effort has led to significant declines in the cod population and 

associated quota (Svedäng and Bardon, 2003; ICES, 2018). Conversely, there has been a considerable rise in 

landings of Norway lobster Nephrops norvegicus (Linnaeus, 1758). Although this may occur as a result of 

population increase (ICES, 2018b), or community shifts associated with reduced predation pressure (Howarth 

et al., 2014), time series data of commercial CPUE (catch per unit effort) suggest that increased fishing effort 

is the likely explanation (Eggert and Ulmestrand, 1999). Nephrops, now the primary target species in the 

Kattegat, is caught almost exclusively by Danish and Swedish vessels using demersal otter trawls (Hornborg 

et al., 2017). As Nephrops reside in shallow burrows, the fishery is characterised by relatively low catchability 

and high trawling intensity. As a result, the Kattegat is an area of relatively high trawling intensity at European 

(Eigaard et al., 2017) and global scale (Amoroso et al., 2018). Based on trawling effort in 2017, we estimate 

that ~53% of all sublittoral mud habitat in the Kattegat (A5.3 - EUNIS level 3) (Figure 1b) was impacted by 

mobile bottom-contacting fishing gear.  
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Figure 1: Map of sampling sites in respect to (a) trawling effort and (b) EUNIS Level 3 habitat types. Trawling intensity is described as the swept Area 

Ratio (SAR), and represents the cumulative trawling effort over 3 years (September 2013 to September 2016) for all Danish and Swedish vessels 

>12m, using bottom contacting gears.  
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2.2. Sampling design   

Sampling sites were selected within areas characterised by the sediment type and depth suitable for 

Nephrops. The locations of sites were restricted to Danish waters and were chosen based on, i) a minimum 

depth of 15m, ii) mud (EUNIS A5.3) and mixed sand/mud (EUNIS A5.4) habitat (Figure 1b), iii) within a gradient 

of trawling intensity between 2013 -2016 (see section 2.7 - Estimating trawling pressure) (Figure 1a). 

Furthermore, some sites were determined by side scan sonar and consultation with local fishermen. As depth 

has been shown to be a potentially confounding factor in similar studies (Pommer et al., 2016), we selected 

areas of high and low trawling intensity in both shallow and deeper areas. The sampling design also included 

three sites located in areas subject to long-standing trawling closures; two in the Øresund, and the a third in 

nearshore areas of the ‘Tragten’ (Figure 1a). These areas have been subject to a trawl ban since 1932 under 

a Danish-Swedish Royal Convention (Ministry of Foreign Affairs of Denmark, 1933a; 1933b, 2009). 

Comparability of abiotic habitat characteristics were verified post-sampling by means of statistical analysis 

(detailed in the section 2.8 Environmental drivers).  

2.3. Data collection and sample processing 

Macrofauna communities were sampled at 21 sites (Figure 1) between 22 September and 6 October 2016. 

Five sediment samples were taken at each site using a 0.1m2 Van-Veen grab. Four samples were processed 

for faunal analysis, and a fifth was sub-sampled for particle size analysis (PSA) and organic content. The faunal 

samples were sieved consecutively over 4mm and 1mm mesh sizes to separate the community into two size 

fractions. A 1mm mesh size is widely used as benthic macrofauna are generally defined as metazoans 

retained by a 1mm sieve, and a 4mmthreshold is used to distinguish larger macrofauna (also known as 

megafauna). The sieved samples were then fixed in 4% borax-buffered formaldehyde in ambient seawater. 

In the laboratory, all animal material were identified to the lowest taxonomic level possible, and biomass 

estimates per species were determined as ash-free dry weight. All tubicolous polychaetes were removed 

from their tubes prior to weighing. Taxa were validated and standardised in accordance with World Register 

of Marine Species (WoRMS Editorial Board, 2018). The size-separation the community provided three 

datasets carried forward for analysis; the 1-4mm (small) fraction, the ≥4mm (large) fraction, and the two 

fractions combined (pooled community). Samples acquired for PSA and LOI% were first frozen on board at -

18°C. PSA was undertaken via mass loss following wet sieving (Danish Standard (DS) 405.9), and resulted in 

the estimation of mud% (<63μm), sand% (0.063–2mm), and gravel% (≥2mm). Organic content was estimated 

via loss-on-ignition (LOI%), and calculated by mass loss of 4mg of homogenised sediment placed in a muffle 

furnace at 560°C for 4 hours, or until a constant weight was achieved (DS 204). 
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2.4. Biological trait classification  

An overview of the biological traits and associated categories (modalities) used to describe the functional 

characterises of the community is presented in Table 1. Some 10 traits and 48 descriptive modalities were 

developed by Bolam et al.(2017), based on their potential sensitivity to trawling. As marine taxa often exhibit 

more than one modality within a trait (e.g. multiple feeding modes), we followed a ‘fuzzy coding’ approach 

(Chevene et al., 1994). If a species exhibited full affinity to a single modality with in a trait (e.g. age), a score 

of 3 was assigned. Where species exhibited more than one modality, they were assigned a score relative to 

its importance (e.g. a predator which occasionally scavenges was coded as Predator = 2, Scavenger = 1). After 

coding, the scores for each modality were standardised to 1 within each trait type. The coded trait scores 

(taxa-by-trait matrix) were then combined with abundance data (abundance-by-site), to generate a trait-by-

site matrix.  

Table 1: Biological traits and associated modalities used in the study     

Trait  Modalities  

Size range  <10mm | 11-20mm | 21-100mm | 101-200mm | 201-500mm | >500mm  

Longevity  <1 year | 1-<3 years | 3-10 years | >10 years 

Larval development  Planktotrophic | Lecithotrophic | Direct  

Morphology  
Soft | Crustose | Cushion | Stalked | Tunic | Exoskeleton (chitin/calcium 
carbonate) 

Egg development  
Asexual/Budding | Sexual: shed eggs pelagic | Sexual: shed eggs benthic | Sexual: 
brood eggs 

Living habit  
Tube-dwelling | Burrow-dwelling | Free-living | Crevice/hole/under stone | 
Attached to substratum | Epi/endozoic/phytic 

Sediment position  Surface | Infauna: 0-5cm | Infauna: 6-10cm | Infauna: >10cm 

Feeding mode  
Suspension | Scavenger/Opportunist | Surface Deposit | Subsurface deposit | 
Predator | Parasite 

Mobility  mob Sessile | Burrower | Swim | Crawl/creep/climb 

Bioturbators  
Diffusive mixing | Surface deposition | Downwards conveyer | Upward Conveyor 
| None 

 

2.5. Ecological indicators 

Ecological indicators were based on the benthic macrofauna, and chosen to reflect the ecological, taxonomic, 

and functional characteristics of the community. Taxonomic indicators (density, species density, Shannon 

diversity and biomass) were calculated using PRIMER v.7 (Clarke and Gorley, 2015) and functional indicators 

(functional diversity, functional richness, functional evenness, and functional dispersion) were calculated 

using the R package ‘FD’ (Laliberte, Legendre & Shipley, 2015). Table 2 provides a description of the indicators 

and their interpretation. The functional indicators were weighed using density data, as this data is more 



9 
 

commonly recorded in benthic impact studies (Hiddink et al., 2017). For completeness, we also provide the 

results of functional indicators based on biomass data (Supplement – Table S2). 

Table 2: Macrofaunal indicators used in the study  

Indicator  Label Description   Range 
of 
values 

Reference  

Density N Total number of individuals per sample.  0 - ∞  

Species 
density 

S Total number of species per sample.  0 - ∞  

Shannon 
diversity 

H’ A measure of taxonomic diversity, which accounts 
for S and N, and the structure (dominance) of a 
community. Calculated using Loge. 

0 - ∞ (Shannon, 
1948) 

Log biomass  Biomass Total ash free dry weight biomass per sample. Loge 
transformed. 

0 - ∞  

Functional 
diversity 

RaoQ A measure of trait diversity, which accounts for 
trait richness and relative abundance. Rao's 
quadratic entropy measures the trait dissimilarity 
of two random individuals (akin to Simpson’s 
diversity). 

0-1 (Botta-Dukát, 
2005; Lepš et 
al., 2006) 

Functional 
richness 

Fric A measure of the richness of traits expressed in the 
community, measured by the total volume of 
multivariate trait space occupied by the 
community. Calculated using minimum convex 
hull.  

0-1 (Villéger et al., 
2008) 

Functional 
evenness 

 Feve A measure of trait dominance, defined by the 
evenness in distribution of trait abundance in 
multivariate trait space. Calculated using minimum 
convex hull.  

0-1 (Villéger et al., 
2008) 

Functional 
dispersion 

Fdis A measure of the average distance of species to the 
centre of multivariate trait space.  

0 - ∞ (Laliberté and 
Legendre, 
2010) 

 

2.6. Potential recruitment effect on indicators   

The recruitment of benthic macrofauna typically takes place between August and November in the Kattegat. 

As sampling was conducted in mid-September/early October, there is the risk that newly settled recruits may 

be recorded in the data. These individuals may consequently have had little or no exposure to trawling, and 

could potentially bias results. However, recruits would need to settle (or begin ontogenetic development) 

and reach ≥1mm in size by the end of September for this to occur. We therefore considered the potential 

contribution of new recruits to our measures of density (N). Of the most abundant taxa (Table 3), early 

juveniles of Phoronis sp., Kurtiella bidentata, Nucula nitidosa, Thyasira flexuosa and Scalibregma inflatum, 

were considered too small or soft bodied to be retained on a 1mm sieve at the time of sampling. Moreover, 
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early juveniles of these taxa were not observed during the processing of samples. Conversely, Amphiura 

filiformis and Amphiura chiajei are relatively large macrofaunal taxa and have the potential for rapid post-

settlement growth rates (Josefson and Jensen, 1992). Recently settled (<1 year) individuals were also 

observed in the small fraction during sample processing. We thus estimated the potential growth rate of 

newly settled Amphiura spp., in accordance with  Sköld et al. (2001), to determine if our results could be 

affected by an influx of Amphiura spp. prior to sampling. The details of these estimates are outlined in the 

Supplement – Text S1.  Accordingly, we took the conservative measure of also removing 50% of all Amphiura 

spp. from the dataset, and re-analysing pooled community N and small fraction N without these individuals. 

The results are provided in section 3.4.1.  

2.7. Estimating trawling pressure   

Since 2012, all fishing vessels ≥12m operating in European Union waters have been required to carry a vessel 

monitoring system (VMS) receiver on board. VMS receivers collect and send data regarding the vessel 

location, heading, and speed, with an hourly polling frequency (in Danish and Swedish waters). Raw VMS 

data were cleaned and filtered to retain only ‘trawling activity’ (defined as speed ranging between 2 and 4 

knots, with a minimum distance of 3km from port). These raw data points were then used to reconstruct 

vessel trawl tracks using cubic Hermite spline interpolation (Hintzen et al., 2012). The tracks were coupled 

with information on vessel size (from EU logbooks) and gear dimensions (Eigaard et al., 2016) to estimate 

gear-width, and aggregated to calculate the area of seabed ‘swept’ during each logbook trip. Trawling effort 

and swept areas were estimated using the VMStools package (Hintzen et al., 2012). The total swept areas 

(for all Danish and Swedish ≥12m vessels and trips) were aggregated within a 1km radius around each benthic 

sampling site. This spatial scale represents a trade-off between precision limitations in i) VMS-positioning, ii) 

gear position in relation to vessel position, and  iii) interpolation of trawl tracks. With the choice of a 1 km 

radius, trawling would tend to be randomly distributed within years and uniformly spread on longer 

timescales  (Amoroso et al., 2018; Ellis et al., 2014), and the potential error associated with the spline 

interpolations is likely to be limited (Lambert et al., 2012). Trawling intensity is described as swept-area ratio 

(SAR) values, defined as the accumulated swept area within a circle divided by the size of the circle. SAR can 

therefore be interpreted as the number of times the seabed within the circle is trawled within the given time 

period. To account for inter-annual variation in trawling activity at infrequently fished sampling sites, and 

due to the focus of the analysis on larger, longer-lived, macrofauna, SAR estimates were based on three years 

of fishing effort. Trawling intensity was back-calculated from the day prior to sampling for each replicate 

sample (September/October 2013 to September/October 2016).  
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2.8. Environmental drivers 

The structure and composition of benthic communities are known to be closely linked to ambient 

environmental conditions. To account for key natural drivers, and ascertain potentially confounding effects, 

we included six environmental parameters in addition to trawling intensity. Depth (in situ), LOI%, and mud% 

(described above) were collected in the field. Hydrodynamic data in the form of bottom current velocity 

(m/s), bottom temperature (°C), and minimum bottom salinity (PSU), were extracted from the high-

resolution Kiel Baltic Sea Ice-Ocean Model (BSIOM) (Lehmann et al., 2014) (further information can be found 

in the Supplement – Text S2). Hydrodynamic data were back-calculated at a monthly scale and averaged over 

the year prior to sampling (September 2015 - September 2016). The same environmental data values were 

applied to each replicate with a site. To investigate comparability of environmental conditions across 

sampling sites, an analysis of similarity was undertaken by multivariate clustering analysis, using the package 

PRIMER v.7 (Clarke and Gorley, 2015). Clustering was based on normalised Euclidean distances and 

significance was determined using the SIMPROF routine, which tests for statistically significant station 

clusters. The analysis resulted in one single cluster of similar habitat characteristics (Supplement – Figure S1). 

Tests for collinearity between predictors are discussed below.  

2.9. Statistical approach 

We used generalised linear mixed models (GLMMs) to test the ability of macrofaunal indicators to detect 

trawling impacts across size fractions. As each replicate sample represented an observation, we analysed the 

data using mixed effects models. This modelling approach is particularly suitable to quantify potential 

correlations in repeated measure designs (i.e. replicate samples nested within sites) (Bolker et al., 2009). 

‘Sampling site’ was therefore included as a random effect term to account for non-independence of samples, 

while all other predictors were included as fixed effect terms. The exception to this was for models which 

contained species density (S) as a response variable. In such cases density (N) was included an additional 

predictor, as per Gislason et al., (2017) and Sköld et al., (2018). This step was taken to account for changes in 

the detection rate new species as abundance increases (Gotelli and Colwell, 2001), and therefore improve 

our ability to detect the effects of other predictors, aside from N. Indicators were modelled using either a 

negative binomial, Poisson, or Gaussian distribution depending on the data type (count/discrete or 

continuous). The response variable Biomass was log transformed. To avoid issues related to multicollinearity 

of predictor variables, pair-wise correlations between the predictor variables were determined. Predictors 

with correlation coefficients >0.7 were excluded from the analysis (Dormann et al, 2013). As a result, LOI% 

was removed due to a high correlation with mud% (R = 0.95, p = <0.001). Pairwise correlation coefficients 

were visualised using the corrplot package (Wei and Simko, 2016) and are presented in the Supplement – 
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Figure S2. Variance inflation factor (VIF) values were checked in a model of the remaining predictor variables 

(Fox and Weisberg, 2011). VIF values for all predictor variables were <2. GLMMs were fit using the glmmTMB 

package (Brooks et al., 2017). To determine the best fit model for each indicator, we used the MuMin package 

(Barton, 2013) to calculate all possible combinations of the predictor variables. The routine returns all sub-

models in ascending order based on small-sample size corrected Akaike information criterion (AICc) value. 

The most parsimonious models were selected based on the lowest AICc (Burnham and Anderson, 2004). To 

deal with potential difficulties associated with model validation of mixed models, we applied a quantitative 

(simulation) based approach for determining model diagnostics using the DHARMa package (Hartig, 2016). 

Marginal effects of GLMMs were plotted using the sjPlot package (Lüdecke, 2016). All analyses were 

conducted using R version 3.5.0 (R Development Core Team, 2018).  

3. Results  

 

3.1. Dataset description  

The study identified 30,783 individuals across 285 different taxa. Of these, 276 (97%) were identified to 

species level, 7 (2%) to genus, 1 (<1%) to class, and 1 (<1%) to phylum. Out of the total number of taxa 

recorded, 91% were represented in the small fraction (268 taxa), 52% represented in the large fraction (147 

taxa), and 26% were unique to the large fraction (74 taxa). The dominant taxa in the pooled community were 

Amphiura filiformis (Class Ophiuroidea), Phoronis sp. (Phylum Phoronida ), Kurtiella bidentata, Nucula 

nitidosa, Thyasira flexuosa, Eunucula tenuis, Abra nitida (Class Bivalvia), Scalibregma inflatum, Diplocirrus 

glaucus, Spiophanes kroyeri, Rhodine gracilior, Prionospio fallax, Scoloplos armiger, Pholoe inornata (Class 

Polychaeta) , and Hyala vitrea (Class Gastropoda) (Table 3). A similar group of dominant taxa, and relative 

contributions to total density, were observed in the small fraction, indicating the importance of this fraction 

to the overall community. The relative contribution of dominant taxa in the large fraction was greater than 

in the other size categories, with the top 15 taxa contributing 89% of total density (Table 3). The dominant 

taxa in the large fraction also included Amphiura chiajei and Ophiura spp. (Class Ophiuroidea), Maldane sarsi, 

Terebellides stroemii, Praxillella praetermissa (Class Polychaeta), Turritella communis (Class Gastropoda), and 

Echinocardium cordatum (Class Echinoidea).  

3.2. Trawling effort 

Over the three year period, fishing intensity (SAR) ranged from 0 to 43.4 (equivalent to ~14.5 yr-1). Sites 3, 5 

and 6 (northern Kattegat), and Sites 17 and 19 (south east Læsø) were subject to the highest fishing 

intensities. Untrawled conditions were observed in the closed areas (Sites 45, 49, 51), and low SAR values 
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were observed at various locations across the study area, particularly at Sites 8, 12, 24, and 41. Figure 2 

illustrates the relative abundance of the dominant taxa as a function of trawling intensity. The polychaetes 

Anobothrus gracilis, P. fallax, S. inflatum, and the unrelated horseshoe worm Phoronis sp., were observed in 

relatively high densities at the untrawled and lightly trawled sites (left of the plot), while being either absent 

or observed at low densities in the highly trawled sites (right of the plot). This same pattern was also observed 

for the bivalve species T. flexuosa and N. nitidosa. Conversely, A. filiformis and K. bidentata were recorded at 

high densities across the range of trawling intensity, while numbers of D. glaucus were also relatively 

consistent. The tubicolous polychaete S. kroyeri were observed to peak in numbers at intermediate levels of 

trawling, while H. vitrea occurred in relatively high densities at the most heavily trawled sites. Summary 

information of site-by-site SAR values and macrofaunal counts are provided in the Supplement – Table S1. 
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Table 3: Dominant macrofauna (based on density) of the pooled community, small fraction, and large fractions 

Pooled community Small fraction (1-4mm) Large fraction (>4mm) 

Taxa 
Density  
(cumulative contribution %) Taxa  

Density  
(cumulative contribution %) Taxa  

Density  
(cumulative contribution %) 

Amphiura filiformis 8153 (26%) Amphiura filiformis 5358 (22%) Amphiura filiformis 2795 (41%) 

Phoronis sp. 3942 (38%) Kurtiella bidentata 3729 (37%) Phoronis sp. 1498 (62%) 

Kurtiella bidentata 3729 (50%) Phoronis sp. 2444 (46%) Spiophanes kroyeri 364 (68%) 

Nucula nitidosa 1370 (54%) Nucula nitidosa 1192 (51%) Rhodine gracilior 343 (72%) 

Thyasira flexuosa 1110 (58%) Scalibregma inflatum 1062 (55%) Amphiura chiajei 202 (75%) 

Scalibregma inflatum 1068 (61%) Thyasira flexuosa 1015 (59%) Nucula nitidosa 178 (78%) 

Hyala vitrea 749 (63%) Hyala vitrea 749 (62%) Turritella communis 124 (80%) 

Diplocirrus glaucus 732 (66%) Diplocirrus glaucus 725 (65%) Ophiura sp. 113 (81%) 

Spiophanes kroyeri 611 (68%) Ennucula tenuis 540 (68%) Maldane sarsi 100 (83%) 

Ennucula tenuis 550 (69%) Pholoe inornata 497 (70%) Thyasira flexuosa 95 (84%) 

Rhodine gracilior 527 (71%) Prionospio fallax 493 (72%) Anobothrus gracilis 87 (86%) 

Prionospio fallax 504 (72%) Scoloplos armiger 489 (73%) Terebellides stroemii 56 (86%) 

Scoloplos armiger 503 (74%) Abra nitida 362 (75%) Abra nitida 54 (87%) 

Pholoe inornata 499 (76%) Anobothrus gracilis 303 (76%) Praxillella praetermissa 52 (88%) 

Abra nitida 416 (77%) Cylichna cylindracea 303 (77%) Echinocardium cordatum 51 (89%) 

Pooled community total  30,783 Small fraction total 23,996   Large fraction total 6,787 
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Figure 2: Relative density of dominant fauna across the gradient of trawling intensity, illustrated as a shade plot. Dark shading indicates high density, 

light shading indicates low density, and values represent the total density of macrofauna per site (or per 0.4 m2). SAR values are based on three 

years of trawling effort (3 yr-1), and increase from left to right (bottom of the plot). Sampling site numbers are provided at top of the plot. 
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3.3. Response of macrofaunal indicators to trawling   

Macrofaunal indicators based on the pooled community demonstrated a varied performance, with four of 

the eight indicators exhibiting a significant negative response to trawling. These included density (N), 

biomass, functional richness (Fric), and functional dispersion (Fdis) (Table 4). Although species density (S), 

Shannon diversity (H’), functional diversity (RaoQ) also showed a tendency to decline over the gradient of 

trawling intensity (Figure 3), these relationships were not statistically significant. On the contrary, functional 

evenness (Feve) slightly increased over the trawling gradient, although again this trend was not significant. 

In the small fraction, none of the taxonomic based indicators (N, S, H’, biomass) responded to trawling, 

whereas two of the functional indicators (Fric and Fdis) demonstrated significant negative relationships with 

trawling. These indicators were distinctive, in that they demonstrated significant negative relationships with 

trawling intensity across all size categories. In the large fraction, each of the eight indicators examined 

declined significantly with trawling. Moreover, trawling was the sole explanatory variable in the most 

parsimonious models of S, H’, Fric, Feve, and Fdisp. Comparison of model parameter estimates across size 

fractions indicates that there was also a larger effect of trawling per unit N, biomass, RaoQ and Fdisp, in the 

large fraction. Results for the functional indicators calculated using biomass data are presented in Table S2, 

and in general, these indicators performed similarly to their density-based counterparts. The main 

discrepancies being that Fdis (pooled community) showed no relationship with trawling, and RaoQ (small 

fraction) responded to negatively to trawling.  
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Table 4: Summary output for generalised linear mixed models of macrofaunal indicators. The values shown are parameter estimates, and associated 

standard error (shown in brackets). The significance level is denoted by asterisks (* = P < 0.05; ** =P < 0.01; *** = P < 0.001). Conditional R2 values 

describe the proportion of variance explained by both the fixed and random terms. 

 Indicator Intercept Current Depth Mud% Temperature Trawling Salinity Density† Conditional  
R2 

P
o

o
le

d
 

co
m

m
u

n
it

y 

N 7.16(0.19) -0.206 (0.065)** -0.017 (0.003)*** -0.007 (0.001)***  -0.013 (0.005)*  - 0.79 

S 4.63 (0.29)   -0.005 (0.001)*** -0.139 (0.037)***   0.25 (0.004)*** 0.75 

H’ 3.56 (0.58) 0.066 (0.027)*   -0.08 (0.031)*   - 0.33 

Biomass 4.19 (1.20)  -0.032 (0.006)***  -0.368 (0.147)* -0.017 (0.009)*  - 0.35 

RaoQ 0.64(0.07) 0.020 (0.009)*   -0.025 (0.010)*   - 0.52 

Fric 0.47(0.01)   -0.001 (<0.001)**  -0.004 (0.001)**  - 0.47 

Feve 0.31(0.07)      0.010 (0.002)*** - 0.51 

Fdis 5.86(0.16) 0.167 (0.076)*    -0.018 (0.005)**  - 0.48 

Sm
al

l f
ra

ct
io

n
 

N 6.92(0.22) -0.240 (0.077)** -0.017 (0.003)*** -0.011 (<0.002)***    - 0.82 

S 2.67 (0.46) 0.101 (0.031)*** 0.004 (0.001)* -0.005 (0.001)*** -0.138 (0.03)***   0.005 (0.002)*** 0.73 

H’ 2.07(0.15) 0.243 (0.066)**   0.250 (0.075)   - 0.76 

Biomass -0.81(0.14)  -0.018 (0.003)*** -0.004 (0.002)*    - 0.38 

RaoQ 0.779(0.08) 0.022 (0.009)**   -0.042 (0.011)***   - 0.58 

Fric 0.38 (0.02)  -0.001 (>0.001)*   -0.003 (0.001)**  - 0.38 

Feve 0.26(0.06)      0.011 (0.002)** - 0.48 

Fdis 7.63(0.78)    -0.202 (0.103)* -0.017 (0.006)*  - 0.46 

La
rg

e
 f

ra
ct

io
n

 

N 7.07(0.73)  -0.018 (0.003)***  -0.246 (0.089)**  -0.025 (0.005)***  - 0.53 

S 0.66(0.28)     -0.016  (0.004)*  0.423 (0.06)*** 0.75 

H’ 1.55(0.08)     -0.019 (0.005)***  - 0.43 

Biomass 0.95(0.32)  -0.027 (0.008)***   -0.027 (0.012)*  - 0.31 

RaoQ 0.43(0.02)  -0.001 (<0.0001)*   -0.004 (0.001)***  - 0.50 

Fric 0.49 (0.03)     -0.007 (0.001)***  - 0.47 

Feve 0.67(0.01)     -0.004 (0.001)***  - 0.21 

Fdis 7.77(0.55)  -0.048 (0.013)***   -0.042 (0.021)*  - 0.65 

 N = density, S = species density, H’ = Shannon diversity, RaoQ = functional diversity, Fric = Functional richness, Feve = Functional evenness, Fdis = Functional dispersion   
Model families: N = Negative binomial. S = Poisson. H/Biomass/RaoQ/Fric/Feve/Fdis =  Gaussian. Models of H were fitted using a log link. 
† = density (N) included as a predictor for models of species density (S), only 
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Figure 3: Relationships between trawling intensity and macrofaunal indicators derived from the pooled, 

small, and large fractions, respectively. Regression lines represent the predicted values from GLMMs 



20 
 

presented in Table 4. Greyed area represent 95% confidence intervals. The raw observations are overlaid 

as data points. Note: Y-axis scale differs in large fraction plots, with the exception of biomass, RaoQ, and 

Fric.  

3.4. Response to environmental drivers  

Overall, the indicators based on the pooled community and small fraction were strongly influenced by 

environmental drivers. A number of significant relationships were observed between indicators and  current 

speed (mainly positive relationships) and temperature (mainly negative relationships) in both these 

categories, while depth was more prominent in the small fraction. Salinity was observed to be a poor 

predictor overall (pooled, small and large fractions), with Feve being the only indicator to respond to salinity. 

The overall influence of environmental drivers on large fraction indicators was considerably less. The large 

fraction indicators of N, biomass, RaoQ, and Fdis responded significantly to depth, while N also responded to 

temperature.  

3.4.1. Potential effect of recruits on abundance 

Based on estimates provided by Sköld et al. (2001), the post-metamorphic settlers of Amphiura spp. would 

be expected to be ~0.4 - 0.5mm in diameter. In the event of an early settlement from August onwards, and 

a daily increase in disk diameter of 0.42% and arm length of 1.76%, individual Amphiura spp. would thus need 

a minimum of 75 days to reach ≥1mm in diameter. As data collection was completed ~65 days after the 

beginning of August, it was deemed unlikely that many recruits would have reached ≥1mm by the time of 

sampling.  Furthermore, empirical evidence of Sköld et al 2001 also show that the vast majority of Amphiura 

spp. sampled in early October in the Kattegat were <1mm in length. Nevertheless, the precautionary step to 

exclude 50% of Amphiura spp. individuals from pooled community N and small fraction N did not change the 

overall outcome. , The model for N minus 50% Amphiura spp. included trawling (β = -0.017, se = 0.004, p = 

<0.001), Mud% (β = -0.006, se = 0.001, p = <0.001), depth (β = -0.02, se = 0.001, p = <0.001), and current (β 

=-0.117, se = 0.05, p = 0.002). Likewise, the model for small fraction N minus 50% Amphiura spp. included  

Mud% (β = 0.01, se = 0.002, p = <0.001), depth (β = 0.017, se = 0.003 p = <0.001), and current (β =-0.188, se 

= 0.07, p = 0.009). The conditional R2 for these models were 0.77 and 0.81, respectively. Although spring 

sampling would have been optimal (logistical constraints did not allow for this), the retrospective steps taken 

to validate our results demonstrate that recruitment effects are unlikely to have affected our results. 

Furthermore, we provide the results of biomass and biomass based indicators, which are less likely to be 

affected by recent recruitment events.  
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4. Discussion 

In this analysis we describe and compare the ability of eight ecological indicators to detect trawling impacts 

across macrofaunal size categories. Our results suggest that benthos display a size-dependent sensitivity to 

trawling, whereby large fauna (≥4mm) and their associated traits are most affected. Indicators derived from 

large fauna were able to capture this sensitivity, effectively detect trawling disturbance, while being less 

affected by other environmental drivers. Studies which apply macrofaunal indicators to assess human and 

natural pressures in the marine environment are typically undertaken using indicators based on all members 

of the benthic community (equivalent of the pooled community in this study). This approach may therefore 

not be the most suitable for the assessment of trawling impacts to benthic communities. In the following 

sections, we discuss the performance of indicators, as well as the ecological and management implications 

of these findings. 

4.1. Response of pooled community indicators to trawling 

The community-level indicators of density (N), biomass, functional richness (Fric), and functional dispersion 

(Fdis) declined significantly with increasing trawling disturbance in our study. Under chronic trawling 

conditions, rates for the depletion of biota (density and biomass combined) have been estimated at ~6% per 

pass of an otter trawl (Hiddink et al., 2017). As the most heavily fished sites in this study were associated with 

SAR values of up to 43.4 over a three year period (or ~14.5 yr-1), N and biomass would be expected to 

considerably decline in heavily trawled areas. In general, declines in these indicators will occur when the 

fishery exerts mortality rates higher than what can be replaced by the wider population, either through 

recruitment or potentially immigration. Although this rate may vary between location, the efficacy of N as 

indicator of trawling impacts in gradient studies has been demonstrated in a number of regions, including in 

the Kattegat (Gislason et al., 2017), Irish Sea (Hinz et al., 2009), Mediterranean (Mangano et al., 2014), and 

New Zealand (Thrush et al., 1998). Equally, biomass has been shown to be an effective indicator of trawling 

disturbance. Repeated and intense trawling will typically result in shifts from communities dominated by high 

biomass taxa, to those dominated by highly abundant small macrofauna (Hiddink et al., 2006; Jennings et al., 

2002; Kaiser et al., 2000). Furthermore, total biomass has been shown to persistently decline in highly trawled 

areas, even when other indicators (such as N) have become unresponsive (Reiss et al., 2009). Despite this, 

the performance of N and biomass can also vary across studies. A good example of this is provided by Sköld 

et al., (2018). This study was undertaken in nearby Nephrops grounds, and across a similar gradient of 

trawling intensity (up to 15.8 yr−1), yet did not detect significant shifts in N or biomass. A possible explanation 

is that the models used in their study were characterised by high uncertainty at the heavily fished sites (due 

to relatively few observations), which may have affected overall trends. Furthermore, samples were collected 
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from long-standing monitoring sites, while  our data are based on a ‘snapshot’ sampling event. While our 

approach has the disadvantage of lacking information on inter-annual trends, it does allow for the sampling 

design to be tailored to the observed range of recent trawling effort, while accounting for effort across other 

environmental factors, such as depth. Aside from these differences, Sköld et al., (2018) also observed that 

the density of Amphiura chiajei, a particularly dominant taxa in their dataset, showed a positive relationship 

with trawling. This may demonstrate that when a community is dominated by  ‘robust’ taxa, their response 

has the potential to mask that of the remaining community. By contrast, abundances of Amphiura spp. 

(mostly A. filiformis, but also A. chiajei) were relatively stable over the trawling gradient in our study (Figure 

2), while taxa which increased over the trawling gradient (e.g. Hyala vitrea) contributed less to total 

abundance. Moreover, taxa such as H. vitrea were completely absent from the large fraction, and may partly 

explain the clearer trends observed in this size category (discussed in section 4.2). Observations from 

Nephrops grounds in the Irish Sea have conversely shown A. filiformis to be highly sensitive to trawling 

(Queirós et al., 2006; Hinz et al., 2009). While the exact reasons for these discrepancies are unclear, it is 

possible that local sedimentary and hydrodynamic conditions may affect the relationship between some taxa 

and trawling. 

Although species density and diversity (S and H’) showed a negative relationship with trawling in our study, 

these relationships were not significant. This lack of response is in agreement with other trawling gradient 

studies (Ball et al., 2000; Currie et al., 2011; Reiss et al., 2009), and may add weight to general concerns about 

their suitability in ecological monitoring. Measures of species richness can be highly sensitive to factors such 

as the size of sampling area, sampling intensity, and taxonomic properties of the species in question 

(Fleishman et al., 2006). A further complicating factor is that species density is often positively correlated 

with density (Gislason et al., 2017; Gotelli and Colwell, 2001). To account for observed variation in N between 

our sampling stations, we included N as a predictor for models of S. Although this step allows for a more 

accurate assessment of the role of other predictors, this did not result in the detection of trawling. 

Nonetheless, this relationship between N and S is theoretically relevant for all indicators derived from 

estimates of species richness, such as diversity measures (e.g. Shannon-diversity, functional diversity), and 

for multi-metric indicators commonly used in national benthic monitoring programs. Currently, most 

diversity indicators are applied without accounting for this relationship, or by e.g. using rarefied species 

richness. For this reason we did not attempt to standardize our diversity indicators with respect to N, but 

followed common practice, and future work is needed to quantify the effect of this relationship and its 

relevance for indicator use.  
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Our study also tested the performance of several functional indicators, which provide alternative and 

complimentary information to taxonomic measures. Trawling has been shown to negatively affect trait 

composition, and characteristics such as the size, age, nutrient cycling, and trophic profile of benthic 

communities (Bolam et al., 2017; Bremner et al., 2003; Tillin et al., 2006). Nonetheless, comparatively few 

studies have formally tested the ability of functional indicators to reflect these changes. In contrast to 

measures of species density and diversity, functional richness (Fric) and functional dispersion (Fdis) 

demonstrated significant negative relationships with trawling, doing so across all size categories. Fric is 

largely influenced by the loss or addition of unique traits, while Fdis provides a measure of the distinctiveness 

of traits within the community. The results thus suggest that trawling may have a greater effect on trait 

richness/diversity than on taxonomic counterparts. If that were the case, then communities in heavily 

trawled areas may become functionally impoverished, while a base level of species diversity may be 

comparatively unaffected. This would have implications for the functionality of benthic communities across 

fishing grounds, and suggests that monitoring of functional indicators should be undertaken in conjunction 

with taxonomic approaches. 

4.2. Response of large and small fraction indicators to trawling  

It has been suggested that the body-size composition of a community can provide a proxy for a large degree 

of embedded ecological information, such as ecological quality and sensitivity to disturbance (Woodward et 

al., 2005). This is supported by our results, where each of the indicators derived from the large size fraction 

displayed significant negative relationships with trawling. Although previous studies have investigated 

trawling impacts to large epifauna (Hinz et al., 2009), and the production rates of large macrofauna (≥4mm) 

(Reiss et al., 2009), none have explicitly tested community indicators based on body-size. Accordingly, the 

results of this study are not readily comparable to others, although the processes which underpin the 

sensitivity of large fauna are relatively well described. While, some large-bodied taxa are comparatively 

unaffected by trawling, due to e.g. burrowing depth, high mobility, or robust physical structure, populations 

of larger fauna are unable to withstand the high rates of mortality imposed by chronic trawling (Duplisea et 

al., 2002). Consequently, trawling leads to the disproportionate loss of large individuals, and an associated 

steepening in the slope of the size spectrum (Jennings et al., 2001; Queirós et al., 2006). The effects of 

trawling on large fauna is also thought to be greater than that of other influential environmental factors, such 

as depth and sediment characteristics (Duplisea et al., 2002), and may explain the reduced influence of 

natural drivers to indicators based on this size fraction. By the time an individual is near its asymptotic size, 

ambient environmental conditions will have selected for certain species or traits. Large fauna may therefore 

be less susceptible to variation caused by natural processes and local recruitment success, which are known 
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to complicate the outcome of trawling impact assessments, and may be better suited to track trawling 

impacts over time and space. Furthermore, large fauna are considerably less abundant than small fauna, 

meaning that fewer individuals and species are required for analysis and monitoring. Overall, indicators 

derived from the small fraction were less responsive to trawling, and demonstrated several significant 

relationships with environmental drivers such as depth, current speed, mud content, and temperature. Small 

macrofauna typically exhibit higher growth rates, earlier reproductive onset, wide-spread recruitment, and 

elevated abundances of small fauna have been shown to be effective indicators of other environmental 

pressures, such as nutrient enrichment (Pearson and Rosenberg, 1978). Nevertheless, trawling is thought to 

reduce community abundance and biomass across a range of benthic size classes (Hinz et al., 2008), and may 

explain why proliferations of opportunistic species have not been observed in highly trawled area (Hinz et 

al., 2009; Jennings et al., 2001). While indicators based on small fauna were relatively unresponsive in our 

study, individual taxa (and traits) within this fraction may be potentially affected by trawling. A more detailed 

size-based investigation of species and trait-level responses would therefore help to clarify potential 

relationships. Such results may also be relevant for less productive areas, where comparatively lower 

abundances and biomass of large fauna may reduce the effectiveness of large community indicators. 

Regardless, the varying responses observed between the two size fractions highlight an underlying issue with 

using pooled community indicators to detect trawling impacts. This is as species, taxonomic groups, and traits 

may display contradictory responses to trawling and to other environmental drivers.   

4.3. Ecological implications  

The ecosystem effects of trawling can range from changes in the functioning of marine sediments (Sciberras 

et al., 2016), to bottom-up interactions with higher trophic levels (Eddy et al., 2017; Hiddink et al., 2011; Hinz 

et al., 2017). The results of this study provide additional evidence that chronic trawling has a strong negative 

effect on the abundance (i.e. density and biomass) (see Hiddink et al., 2017; Sciberras et al., 2018) and 

functional capacity of benthic macrofaunal communities (see Bremner et al., 2003; de Juan et al., 2007; Tillin 

et al., 2006), while demonstrating the value of closed areas to scientific studies of demersal fishing. In 

particular, we show that highly trawled communities are associated with significant reductions in large 

macrofauna, and their associated traits. Large macrofauna play a particularly important role in several 

benthic processes, and it is thought that their importance in nutrient cycling is such that losses cannot be 

replicated, or offset, by smaller species (Solan et al., 2004). Manipulative experiments have shown that the 

removal of large individuals from intertidal communities have significant negative effects on local 

sedimentary characteristics, biogeochemical fluxes, and community dominance structures (Thrush et al., 

2006). In addition, variation in intraspecific size has been recognised as a stronger predictor of ecosystem 
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function than that of density or species density (Norkko et al., 2013). Theoretical and empirical evidence 

would therefore suggest that the loss of large fauna may have significant consequences for the functionality 

of benthic communities. The role and decline of large fauna from wider ecological systems has received 

increased attention in recent years (see Malhi et al., 2016), yet the significance of this for benthic systems 

across fishing grounds is poorly understood.     

4.4. Conclusions and applications  

Using a whole community approach, four of the eight macrofaunal indicators examined were unable to 

detect trawling impacts.  By contrast, all indicators based on large macrofauna responded consistently and 

effectively to trawling intensity. These results were demonstrated using data from a one-off  sampling event, 

and in an area where fisheries may have altered the benthic community over time (Josefson et al., 2018). 

Although this approach cannot be retrospectively applied to existing data, our findings may have implications 

for future ecological monitoring of bottom trawling activities. By size-separating the benthic community, 

improved indicator performance was achieved from a numerically reduced subset, comprising some 22% of 

all individuals and 52% of taxa. The laboratory based processing of macrofaunal samples is a labour intensive 

and costly task. Considering this, we estimate that the time taken to screen the whole community (i.e. pick 

all biota from the sieved residuum), and taxonomically identify and determine biomass just for the large 

fraction, would have reduced the total laboratory processing time by approximately 75%. This time difference 

is mainly due to the fewer individuals and species requiring identification. The approach outlined in this study 

is easily employed, does not require prior ecological knowledge of the system, and future work should seek 

to test its application across different habitat types and geographic regions. We suggest that this, along with 

other promising methodologies (Hiddink et al., 2018; Rijnsdorp et al., 2018), have the potential to provide a 

suite of improved tools to better detect, assess, and monitor bottom trawling impacts on benthic 

communities.   
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