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ARTICLE INFO ABSTRACT
Editor: Olga Pantos Soft sediment marine benthic ecosystems comprise a diverse community of bacteria, meiofauna and macrofauna,
which together support a range of ecosystem processes such as biogeochemical cycling. These ecosystems are
Keywords: also fishing grounds for demersal species that are often caught using bottom trawling. This fishing method can
Demersal fishing have deleterious effects on benthic communities by causing injury or mortality, and through alteration of

Physical disturbance sediment properties that in turn influence community structure. Although the impacts of bottom trawling on

Benthos . . . . .
Ecosystem function macrofauna are relatively well studied, less is known about the responses of meiofauna and bacteria to such
Baltic Sea disturbances, or how bottom trawling impacts benthic ecosystem processes. Quantifying trawling impacts against

Carbon a background of natural environmental variability is also a challenge.

To address these questions, we examined effects of bottom trawling and a range of environmental variables (e.
g. water chemistry and physical and biochemical surface sediment properties) on a) bacterial, meiofaunal and
macrofaunal community structure and b) benthic ecosystem processes (nutrient fluxes, extracellular enzyme
activities and carbon turnover and degradation rates). We also investigated the link between the benthic mac-
rofauna community and the same ecosystem processes.

While there was a significant effect of bottom trawling intensity on macrofaunal community structure, the
same was not seen for bacterial or meiofaunal community composition, which were more affected by
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environmental factors, such as surface sediment properties. The labile component of the surface sediment carbon
pool was higher at highly trawled sites. Carbon degradation rates, extracellular enzyme activities, oxygen fluxes
and some nutrient fluxes were significantly affected by trawling, but ecosystem processes were also strongly
linked to the abundance of key bioturbators (Macoma balthica, Halicryptus spinulosus, Scoloplos armiger and
Pontoporeia femorata). Although benthic ecosystems were affected by a combination of trawling and natural
variability, disentangling these showed that the anthropogenic effects were clearest on the larger component of
the community, i.e. macrofauna composition, and on ecosystem processes related to sedimentary carbon.

1. Introduction

Soft sediment marine benthic ecosystems harbour one of the largest
pools of macro- and microorganisms in the oceans (Snelgrove, 1999) and
are crucial to global biogeochemical cycles, serving as major nitrogen
and carbon sinks through sedimentation processes (Snelgrove et al.,
2014, 2018; Thrush et al., 2021a). Benthic community composition is
strongly determined by environmental factors such as water depth,
hydrodynamic energy level (which affects sediment grain size, carbon
content and food availability), salinity, and nutrient and oxygen con-
centrations (Thrush et al., 2021b). The type and intensity of macro-
faunal bioturbation activities also affect sediment oxygenation and thus
conditions for meiofaunal and bacterial survival, community composi-
tion and biogeochemical processes (Mermillod-Blondin and Rosenberg,
2006; Braeckman et al.,, 2011; Mermillod-Blondin, 2011; Aller and
Cochran, 2019). Like most ecosystems, the functioning and productivity
of benthic soft bottoms rely on their biodiversity which provides
ecological niches and functional resilience against environmental dis-
turbances (Danovaro et al., 2008; Pusceddu et al., 2014; Snelgrove et al.,
2014).

Marine benthic ecosystems also host productive grounds for in-
vertebrates and fish that are important natural resources. These species
are caught using a range of demersal fishing gears, all of which physi-
cally disturb the seabed to some degree, and the use of which has
increased globally since the 1950s (Watson et al., 2006). The most
common gear types are beam trawls and otter trawls, the former
comprising a net held open at the leading edge by a solid beam and with
a ‘shoe’ at each end that moves over the seafloor. There is often addi-
tional contact with the seabed through ‘tickler chains’ across the
opening of the net (Depestele et al., 2016). Otter trawls have two heavy
trawl doors that keep the net open and close to the seabed and which
displace and suspend sediment, while the ground gear, comprising a row
of rubber or plastic rollers across the leading edge of the net, also dis-
turbs the seafloor but penetrates less deeply than the trawl doors (O'Neill
and Ivanovi¢, 2016). European waters are among the most heavily
trawled areas globally (Amoroso et al., 2018). The trawling footprint, i.
e. the seabed area affected by bottom trawling, between 0 and 200 m
water depth in European regional seas ranges from 28 % to 84 %, with
some hotspot areas being trawled >10 times a year (Eigaard et al.,
2017).

These fishing methods impact macrofaunal community structure,
both directly through displacement, damage or mortality of organisms,
and indirectly by altering the natural sediment structure and abundance
of habitat-forming species, or through changes in species interactions
(competition, predation) in the food web (Groenewold and Fonds, 2000;
Thrush and Dayton, 2002; Hiddink et al., 2017; van de Wolfshaar et al.,
2020). The net response of the benthic community to demersal fishing
disturbance depends on how sensitive species are to this disturbance and
how quickly they can recover (Kaiser et al., 2006; Hiddink et al., 2017),
as well as sediment type, gear type and fishing history of the site (Sci-
berras et al., 2018). Although impacts of demersal fishing on macro-
faunal community structure may vary on different spatial and temporal
scales, some trends are frequently seen; for example, large, long-lived,
sessile species are commonly most affected, while small, short-lived
mobile, opportunistic species are less impacted or even favoured (e.g.
Kaiser et al., 2006; Tillin et al., 2006; Sciberras et al., 2018). Fewer

studies have been done on the impact of demersal fishing on the smaller
meiofauna, and detected effects are inconsistent across different spatial
and temporal scales, water depth or across taxa (Schratzberger and
Jennings, 2002; Lampadariou et al., 2005; Pusceddu et al., 2014, 2020;
Good et al., 2022). Effects on microbial communities are even less un-
derstood, but the few existing studies suggest that biomass, community
composition and activity may be affected, at least in the short term
(Watling et al., 2001; Polymenakou et al., 2005; Ramalho et al., 2020).
The small size, fast life cycles and high recolonization capacity of meio-
and microfauna may make them more resilient to such physical distur-
bance (Leduc et al., 2016) and their community composition may be
driven more by changes in macrofaunal species and/or benthic sediment
composition (Ingels et al., 2014; Ramalho et al., 2020). However, to our
knowledge there are no studies that simultaneously examine the effects
of demersal fishing on macrofauna, meiofauna and bacterial
communities.

Demersal fishing also has the potential to alter the physical and
biogeochemical environment. For example, changes have been seen in
sediment grain size distributions and in the quantity, biochemical
composition and nutritional value of sedimentary organic matter (OM)
in fished areas, with implications for ecosystem functions such as carbon
and nutrient cycling (Duplisea et al., 2001; Falcao et al., 2003; Percival
etal., 2005; Olsgard et al., 2008; van der Molen et al., 2013; Smith et al.,
2016; Ferguson et al., 2020; Morys et al., 2021). These effects can be
caused by direct physical disruption of biogeochemical processes and
gradients at the sediment-water interface or indirectly, mediated by
ecological changes (Thrush et al., 2016; Hale et al., 2017; Tiano et al.,
2019). The magnitude and direction of these physical and biogeo-
chemical changes is, however, variable, and apparently determined by
the fishing intensity, environmental setting and temporal scale at which
the studies are performed (Martin et al., 2014; Pusceddu et al., 2014;
Sciberras et al., 2016; Paradis et al., 2021; Epstein et al., 2022).

In summary, there is a complex array of possible interactions be-
tween ecological, biogeochemical and environmental factors and
demersal fishing disturbance and few studies have addressed all these
factors together. Focussing on only one aspect of this complex picture
may lead to an incomplete understanding of the complex biotic and
abiotic interactions mediating the relative impacts of demersal fishing
on benthic ecosystems. We therefore conducted a field study to quantify
the role of commercial otter trawling and an array of environmental
variables on benthic community structure and ecosystem functioning.
To do this, we quantified bacteria, meio- and macrofauna community
structure, surface sediment OM content, biochemical composition and
degradation rates, extracellular enzymatic activities and nutrient fluxes
at six sites characterized by differing bottom trawling intensities in the
southern Baltic Sea. The aims were to determine the effect of bottom
trawling on a) benthic community structure, b) surface sediment prop-
erties and c) benthic ecosystem processes, in the context of environ-
mental variability.

2. Methods
2.1. Study area

The study area was in the Swedish waters of the southern Baltic Sea,
west and northwest of the island of Bornholm (Fig. 1). This area lies
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between the Arkona and Bornholm Basins, where waters are strongly
stratified, with a salinity of 7-8 in surface waters and c. 15 in bottom
waters. The halocline occurs between 40 and 60 m depending on the
area and season. Anoxic or hypoxic waters from the Bornholm Deep, as
well as occasional inflows of deep saline water from the Kattegat, may
also periodically influence this area (Carstensen et al., 2014). The
seabed at 50-60 m water depth is dominated by silty substrates, with
some areas of harder clay, and is strongly influenced by large annual
inputs of organic carbon from spring and summer plankton blooms. This
area has been fished for cod and flatfish, using mainly otter trawls, since
the end of the 19th century (Eero et al., 2007). In 2019, the European
Commission stopped commercial fishing of the Eastern Baltic cod, only
allowing a bycatch rate in other fisheries from mid-2019 onwards (EU,
2019a, 2019b).

Six study sites were chosen, on seabeds of similar depths (50-60 m),
and with similar sediments (upper 10 cm comprising mainly silt to fine
sand), but characterized by different trawling intensities; three sites (A,
C, E) were classified as highly trawled (“High”) and the other three (B, D,
F) as “Low” trawled areas with only occasional or no trawling (Fig. 1),
based on fisheries intensity data (see Section 2.2).

2.2. Fishing intensities

Fishing intensity in the study area was determined from Swedish
fishing vessels >12 m equipped with vessel monitoring systems (VMS)
and logbooks. VMS information on vessels' speed and course was
coupled to logbook information on vessel size and gear used and inter-
polated to 1-min temporal resolution (Hintzen et al., 2012). Swept area
ratio (SAR) was calculated by combining the high-resolution vessel
tracks point data with modelled bottom trawl gear width following the
approach of Eigaard et al. (2016). SAR values were then calculated and
used in two ways. Firstly, SAR was used for a priori selection of areas of
‘High’ and ‘Low’ fishing intensity; a regular spatial grid (250 x 250 m)
was applied, and swept area was calculated per grid cell for the years
2012-2016 (Fig. 1A). These years were used since they are more
representative of longer-term spatial patterns of fishing effort; after
2016 there was a decrease in fishing intensity (Fig. 1B) in the area due to
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poor fish stocks.

Comparison of the 250 x 250 m gridded SAR with the fishing in-
tensity data reported by ICES on a resolution of c-squares (0.05° x 0.05°;
ICES, 2017), which also includes data from fishing fleets belonging to
other countries, confirmed that the Swedish fleet's spatial distribution
reflected the general distribution of the international fleet. Sites that had
‘High’ (>6 y’l) and ‘Low’ (<1 y’l) SAR between 2012 and 2016 were
then selected on soft sediment seabeds within a range of similar water
depth (49-62 m) and hydrographic conditions (Fig. 1A, Table S1).
Secondly, to confirm the High/Low designation of our sampling sites,
the swept area was also calculated for the years 2012 — 2019 within a
250 m radius from each sampling site (Fig. 1B). Despite interannual
variation and the recent decrease in SAR, the three sites classed as High
trawling intensity (A, C, E) have been consistently more trawled than the
sites classed as Low (B, D, F) (Fig. 1B). Site positions were (from A to F):
55° 27.889' N 14° 35.959' E; 55° 19.979' N 14° 26.489E; 55° 20.928' N
14° 26.970' E; 55° 18.416' N 14° 26.227' E; 55° 28.367' N 14° 35.367'E;
55° 18.297' N 14° 26.427'E.

2.3. Abiotic factors

Mean dissolved oxygen concentrations (pmol L) and salinity in the
bottom water at each site were extracted from the relevant grid cells of
the Copernicus Marine Environment Monitoring Service (CMEMS)'s
Baltic Sea Physics and Biogeochemical Reanalysis products (CMEMS,
2021). This is based on an oceanographic and a biogeochemical model
and regular data assimilation from environmental monitoring pro-
grammes. Monthly averages were obtained from the water depth closest
to each site's depth in each grid cell and a mean for 2016-2019 calcu-
lated; bottom water salinity was in the range 13.5-13.8 and bottom
water oxygen 204-269 pmol L1 (Table S1).

2.4. Sampling

Sampling was carried out at each of the six selected sites (A-F) during
a research cruise with Stockholm University's R/V Electra between 15
and 23 May 2019. At each site, a CTD (Seabird 911+ (Seabird

a) T

o

s
T

T
T
T
T
T
T
I

b)

4

14

- [105-1
11-15
, [CJ15-2
[[2-5
M -5

[JLand

0 1 2km
||

SAR 2012-2016 (yr-1)
L8 B -0-05

SAR (yr?)

2012 2014 2016 2018 2020

Year

Fig. 1. a) Map of the study area in the southern Baltic Sea, showing the spatial distribution of fishing intensity (average annual trawling intensity (SAR, yr !, grid cell
size 250 x 250 m) of the Swedish fleet for the years 2012-2016) and the positions of the six sample sites in this study (A-F). b) Time trends in SAR (yr '), 2012-2019,
calculated for a 250 m radius around each of the six sampling sites; orange/red = ‘High’ SAR (sites A, C, E), green = ‘Low’ SAR (sites B, D, F).
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Scientific)) was used for a general characterization of the water column
(temperature, salinity, turbidity). About 20 L of bottom water (~0.5 m.
a.b.) were pooled from several 5 L Niskin bottle samplers for later use
during the incubation experiment (see Section 2.5.3). Six to eight mul-
ticorer casts (MUC, K.U.M. Umwelt und Meerestechnik Kiel, with up to 4
cores retrieved per cast, acrylic core tubes with inner diameter of 9 cm,
length 60 cm) were deployed. After each cast, the ship was moved c. 50
m in a spiral to avoid re-sampling of the sampled area and to provide
some measure of spatial variability. All samples were from seabeds with
oxic bottom waters. The sediment cores from each cast were assigned to
the different analyses (sediment properties, microbial and meiofauna
communities, benthic fluxes (and macrofauna)), avoiding taking mul-
tiple replicates of the same sample type from a single cast, thus ensuring
true replicates.

2.5. Sample analyses and measurements

2.5.1. Sediment properties

At each site, four sediment cores (three at site A) were sliced on
board immediately after retrieval in 1 cm intervals to the end of the core.
Each sediment slice was put in separate plastic Ziploc bags and frozen
(—18 °C) until further processing. The thawed samples were homoge-
nized, one 5 mL subsample was taken from each slice and wet, dry
(60 °C, 24 h) and ash free (500 °C, 4 h) dry weights were determined.
From these weights, water content (% by weight), total organic matter
(OM, % by weight) and porosity (% by volume) were calculated. In the
data analyses in this paper, the average values from the top 2 cm are
used, since this is where the majority of the fauna are present and/or
feed (Ankar and Elmgren, 1978; Nascimento et al., 2008). Lastly, sub-
samples were taken from the top 1 cm of sediment for analysis of the
biochemical composition of organic matter and extracellular enzyme
activities, and the subsequent calculation of carbon degradation rates.

2.5.2. Sediment OM content, biochemical composition, and degradation
rates

Concentrations of protein, carbohydrate, lipid and phytopigments
and extracellular enzymatic activities in the sediment were determined
according to the protocols described in Danovaro (2010), briefly sum-
marised below.

Phytopigments were analysed fluorometrically, after extraction with
90 % acetone, without (chlorophyll a) or after (phaeopigment) acidifi-
cation with 0.1 N HCI (Lorenzen and Jeffrey, 1980). Total phytopigment
concentrations were defined as the sum of chlorophyll a and phaeo-
pigment concentrations and, once converted into C equivalents using 40
pgC pg phytopigment ™ as a conversion factor utilized as an estimate of
the organic material of algal origin (Pusceddu et al., 2009a).

Total protein (PRT), carbohydrate (CHO) and lipid (LIP) analyses
were carried out spectrophotometrically (Danovaro, 2010) and con-
centrations calculated using standard solutions of bovine albumin, D+
glucose and tripalmitine, respectively. For each biochemical assay,
blanks were obtained using pre-combusted sediments (450 °C for 4 h).
Concentrations were converted, into carbon equivalents, using 0.40 and
0.49 and 0.75 mgC mg ™! conversion factors, normalized to sediment dry
weight (Fabiano et al., 1995). The sum of total protein, carbohydrate
and lipid carbon equivalents was reported as biopolymeric C (BPC)
(Pusceddu et al., 2009b).

Extracellular aminopeptidase, f-glucosidase and alkaline phospha-
tase activities, here used as proxies of protein and carbohydrate degra-
dation rates and phosphate liberation rates, respectively, were estimated
by the cleavage of fluorogenic substrates (L-leucine-4-methylcoumar-
inyl-7-amide, 4-MUF-D-glucopyranoside and 4-MUF-P-phosphate,
respectively; all from Merck) at saturating concentrations (Danovaro,
2010). Aminopeptidase and B-glucosidase activities (pmol of substrate
g ! h™1) were converted into C equivalents using 72 as a conversion
factor, and their sum reported as the C degradation rate (ugC g~* h™1)
(Pusceddu et al., 2014). The turnover time (in days) of the whole protein
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(PRT) and carbohydrate (CHO) pools were calculated as the inverse of
the ratios of the PRT or CHO degradation rates (i.e. aminopeptidase or
B-glucosidase activities) to the whole protein and carbohydrate con-
centrations (ugC g’l), respectively.

2.5.3. Benthic fluxes

Fluxes of Oy, NHJ, NOx (sum of NO3 and NO3), PO3 ™ and dissolved
inorganic carbon (DIC) across the sediment-water interface were
measured using an incubation experiment on board in a climate room
(8 °C) using 6 small cores per site (n = 5 at A), subsampled from MUC
cores. The incubation temperature was the same as in situ water tem-
perature (mean 7.7 °C, SD 0.3 °C, measured with a CTD 0.5 m above the
seafloor at the 6 sites). The cores had an internal diameter of 4.6 cm, a
length of 30 cm and were half-filled with sediment (exact sediment
depth was measured). Overlying water in all cores was replaced with the
same in situ bottom water collected with Niskin bottles and continuously
stirred during incubations using a small magnet in each core, driven by
an external rotor. After 2 h acclimation, initial (t;) samples were taken
for analysis of DIC, NH4, NOy and PO3~ concentrations, by withdrawing
60 mL of overlying water and passing it through a 0.45 pm filter. The
water was replaced with more in situ bottom water and initial oxygen
concentrations (t;) were measured using a mini-electrode (OX-500,
Unisense) and the cores were capped airtight. Additional samples for all
nutrients were taken from the reserve in situ water for correction of the
initial nutrient concentrations after the refill. The duration of the
experiment was about 20 h to obtain a decrease in oxygen concentration
of approximately 30 % (Dalsgaard et al., 2000); to assess when to end
the incubations, we measured oxygen multiple times in a control core
run in parallel. After that time (tp), oxygen concentrations were
measured again and samples for the final concentration of the nutrients
were taken. DIC samples were stored at 4 °C until analysis using a Multi
N/C 3100 (Analytic Jena) at Stockholm University. Samples were
acidified with phosphoric acid and produced CO; analysed with a
nondispersive infrared sensor. Nutrient samples were stored frozen at
—18 °C until analysis of dissolved concentrations of NHj-N, (NO; +
NO3)-N, and PO3 -P on a segmented flow autoanalyzer system (ALP-
KEM, Flow Solution IV) at Stockholm University.

Oxygen uptake rates and nutrient fluxes (pmol m 2 d~!) were
calculated using the following equation:

Flux = ((C; = C;) x V) /(tx A)

where C¢ and C; are the final and initial concentrations of the corre-
sponding solute (uM), V is the volume of the overlying water in the core
(L), t is the incubation time (h) and A is the sediment surface of the
incubation core (m2).

2.5.4. Macrofauna

Macrofauna were extracted from the incubation cores at the end of
the incubation experiment by sieving them over a 500 pm mesh sieve.
The animals were preserved with 95 % ethanol diluted with 10 %
glycerol until taxonomic determination in the laboratory. Sorting and
taxonomic identification of the organisms were done with a stereomi-
croscope with x10-40 magnification. Each individual was identified to
the lowest taxonomic level possible and nomenclature was verified by
the World Register of Marine Species (WoRMS Editorial Board, 2022).
Dry biomass (gdw) was determined by drying the sorted samples at
60 °C for 24 h. Although the sediment area and volume sampled with
these incubation cores is far smaller than that usually used to describe
benthic communities, we used these fauna samples in order to directly
link the flux measurements to the actual fauna contributing to, or
possibly driving, those fluxes. Despite the small sample size, these cores
also appear to have captured the majority of the taxa found at each site,
as quantified by a van Veen grab also taken at each site (Table S5).
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2.5.5. Bacteria and meiofauna

At each site, the top 2 cm of four replicate cores were used for the
analysis of the microbial and meiofauna community composition.
Duplicate 2 g subsamples were taken and stored at —20 °C in 2 mL
Eppendorfs for later DNA extraction for the bacterial community anal-
ysis. Bulk meiofauna were separated from the remaining 100 mL sub-
sampled sediment by first sieving the sediment on a sterile 40 pm mesh
and then separating the meiofauna from this fraction by density
extraction with Levasil colloidal silica gel (H.C. Starck) with a specific
gravity of 1.3 kg m~> (Nascimento et al., 2012).

2.5.5.1. DNA extraction. For bacterial DNA, we used 0.25 g of sediment
for the direct extraction of eDNA using the DNEasy PowerSoil kit
(QIAGEN) following the manufacturer's instructions. For the density-
extracted bulk meiofauna samples (community DNA), the PowerMAX
kit (QIAGEN) was used on the full sample volume (max. 10 mL per
sample).

2.5.5.2. Library preparation and metabarcoding. Libraries for 16S and
18S ribosomal RNA were prepared for the sediment eDNA and extracted
meiofauna DNA, respectively, following the dual-index amplification
methods adapted from Nascimento et al. (2018) and Andersson et al.
(2008) and were sequenced by the National Genomics Infrastructure
(NGI) in Stockholm, Sweden. PCR1 was carried out using the 18S
TAReuk454FWD1/TAReukREV3 primers for meiofauna (Stoeck et al.,
2010) and 16S 341F/805R for eDNA Phusion High-Fidelity DNA Poly-
merase (New England BioLabs) and the following programme: 30 s at
98 °C, followed by 20 cycles of 10 s at 98 °C, 30 s at 55 °C, 30 s at 72 °C
(BioRad T100 Thermal Cycler). Amplicons were cleaned through bead
purification using MagSI (Magtivio, the Netherlands) beads, followed by
PCR2 (indexing) as described by Andersson et al. (2008) to barcode each
sample with a unique combination of forward and reverse index se-
quences to avoid cross-contamination (Esling et al., 2015). The PCR2
thermocycler conditions for both 16S and 18S libraries was: 3 min at
95 °C, 8 cycles of 30 s at 95 °C, 30 s at 55 °C, 30 s at 72 °C, and a final
elongation of 5 min at 72 °C. The final barcoded amplification products
were then cleaned again using the same method for PCR1. Amplicon
concentrations were measured using a Qubit 2.0 Fluorometer (dsDNA
BR Assay Kit, Invitrogen), standardized, pooled, and sequenced on an
[lumina MiSeq V3 system using a 2 x 300 bp platform.

2.5.5.3. Bioinformatics. Prokaryotic 16S RNA and eukaryotic 185 RNA
amplicons were successfully sequenced for all samples. After quality
filtering, removing chimeras and merging pair-end reads, a total of
1,138,416 sequences for 16S and 2,702,666 for 18S remained, with an
average sequence depth of 45,536 and 108,106, respectively. The 16S
dataset was subset to only contain bacteria and the 18S dataset was
filtered for meiofauna taxa prior to further analysis, resulting in 7660
and 548 unique ASVs respectively.

Sequence reads were demultiplexed by the sequencing facility using
bcl2fastq v2.20.0.422 from the CASAVA software suite. Further quality
filtering and chimera removal was done in R (v4.0.2) using the DADA2
pipeline (Callahan et al., 2016). In more detail, forward and reverse
paired-end reads were truncated at 290 and 210 bp respectively, and
trimmed at 8 bp using the following parameters: truncLen = ¢(290,210),
maxEE = ¢(2,2), trimLeft = ¢(8,8), minFoldParentOverAbundance = 4
and allowoneoff = TRUE. Taxonomic assignment (at the level of family
or order) for 16S rRNA amplicon sequence variants (ASVs) was carried
out using the SILVA SSU database (r132) and the DECIPHER package (v
2.10.2, Wright, 2016). The ASVs generated by the DADA2 pipeline are
higher-resolution alternative to the operational taxonomic units (OTUs)
and report the number of times each amplicon is observed per sample
(Callahan et al., 2017).

For eukaryotic ASVs, sequences were aligned against the NCBI NT
database using BLAST (v2.7.0, Altschul et al., 1990) with an e-value
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threshold of 0.001. The output file was imported to MEGAN (v 6.14.2,
Huson et al., 2016) that links NCBI NT association numbers with taxo-
nomic classifications and uses the lowest common ancestor algorithm to
further estimate taxonomic classifications. Singletons (ASVs occurring
only once in the dataset) were removed and the final read counts were
normalized as relative abundance of each taxa (at the level of family or
order) calculated from the proportion of that taxa relation to a total
count per sample.

2.6. Data analyses

Sedimentary, environmental, ecological, biogeochemical and
trawling-related variables may interact in complex ways to influence
benthic ecosystem structure and function (see Graphical abstract). In
addition, the large number of variables measured means that there is a
strong risk of over-parameterisation in the analyses. We dealt with this
complexity by breaking the analyses down into a number of stepwise
analyses. First, we analysed if trawling and/or site (nested as a factor in
‘trawling’) affected sediment properties (Section 2.6.1) and the three
different benthic communities (macrofauna, meiofauna, bacteria; Sec-
tion 2.6.2). Since ‘site’ had a strong effect, we performed a more detailed
analysis to determine which environmental variables most affected
community structure, with trawling included as a conditioning variable
(Section 2.6.3). Lastly, we explored if benthic ecosystem processes were
affected by trawling and/or site (Section 2.6.4.a) and by benthic com-
munity structure (Section 2.6.4.b). All statistical analyses were carried
out using R (v4.0.3 or 4.2.1).

2.6.1. Effects of trawling and/or site on sediment properties

To determine whether there were between-site differences in sedi-
ment characteristics, and whether trawling intensity also affected these
properties, a nested ANOVA (site (A-F) nested in trawling (High/Low))
was performed. Where necessary, sediment parameters were first logio
transformed to achieve normal distributions and homogeneous vari-
ance. The sediment parameters included were: % total OM (from loss on
ignition), porosity (vol/vol), protein (PRT), lipid (LIP) and carbohydrate
(CHO) concentrations (mg gdw’l), biopolymeric carbon (BPC) con-
centration (mgC gdw '), chlorophyll-a and phaeopigment concentra-
tions (g gdw ™).

2.6.2. Effects of trawling and/or site on bacterial and faunal communities

A dissimilarity matrix was generated for each of the community
datasets with the vegdist function of the vegan package (Oksanen, 2015)
in R (v 4.0.2) using relative read counts with Bray-Curtis distances. To
test for differences in community composition through the Bray-Curtis
dissimilarity matrix, a permutational multivariate analysis of variance
(PERMANOVA) was carried out using the adonis2 function of the R
package vegan (Oksanen, 2015). In both analyses, trawling intensity was
used as a fixed factor (levels High and Low) and ‘“site” as a nested
random factor. In the case of macrofauna, where the PERMANOVA was
significant, a Similarity Percentage analysis (SIMPER) was used to
identify which species contributed to the differences in community
structure between High and Low trawled regions.

2.6.3. Effects of environmental variables on bacterial and faunal
communities

To analyse the role of environmental variables in structuring benthic
bacteria, meiofauna and macrofauna community structure, we used
canonical correspondence analysis (CCA). In the fauna data, singletons
were removed and relative abundances used, since it is necessary to
address differences in sequencing depth between samples in bacteria
and meiofauna data; for consistency the same approach was used for
macrofauna data. The analyses required paired fauna-sediment data, but
since 4 cores were not always retrieved per multicorer cast, we therefore
paired each macrofauna, meiofauna or bacteria sample with the
geographically closest sediment sample, usually <50 m apart.
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To identify the environmental variables that best explained com-
munity variance, we first reduced the 23 environmental variables into
six. Co-correlating or dependent variables were combined into three
groups of variables (‘Physical’, ‘Chemical’ and ‘Pigments’) (see
Table S1) and followed by a Principal Component Analysis (PCA) to
extract the first and second axes (PC1 and 2) of each group of variables
(prcomp in the R vegan package). The PC1 and PC2 axes from each of
these three groups were then used as independent latent variables to
determine the best explanatory variables that accounted for similarities
in the community data using CCA (cca function in vegan), with trawling
(High/Low) as a conditioning variable. The significance of the overall
model and the contributing environmental variables was tested with
ANOVA (anova.cca function in vegan).

2.6.4. Factors affecting ecosystem function

The following analyses were run using replicates of fauna and
ecosystem process data paired in the same way as described in Section
2.6.3.

a. Exploring whether site and/or trawling affected ecosystem function

The ecosystem processes considered were: extracellular enzyme ac-
tivities (aminopeptidase, f-glucosidase and alkaline phosphatase);
fluxes of oxygen, DIC and nutrients (NH4, NOyx and PO3") across the
sediment-water interface; and protein (PRT), carbohydrate (CHO) and
carbon turnover times and carbon degradation rates. Variables that were
not normally distributed and/or did not have homogeneous variance
were either log;o transformed or standardized and then Box-Cox trans-
formed before running a nested ANOVA, with site nested in the factor
‘trawling intensity’ (High/Low).

b. Exploring whether macrofauna community structure affected
ecosystem function

In order to remove the effect of rare species in our sediment cores, we
included only the taxa that represented >2 % total abundance and
>0.02 % of biomass (gdw) in the whole dataset; this left 11 of a total of
18 taxa. Neither the abundance nor the biomass data was transformed.
Ecosystem process data was max-min normalized in order to enable
comparison across variables with different units (oxygen and nutrient
fluxes across the sediment-water interface, extracellular enzyme activ-
ities and carbon turnover times).

First, an NMDS of the ecosystem process data was performed, using
Euclidean dissimilarity distances, to examine whether sites differed
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regarding different types or strengths of ecosystem processes. Then, we
used the method bioenv (vegan package) to determine which single
species or groups of species best explained these multivariate patterns in
ecosystem processes, using faunal data as the explanatory variables. We
tested both faunal abundance (using Manhattan index) and biomass data
(gdw; Euclidean distances); in both cases Spearman correlations were
used. Envfit was used to produce vectors of the four taxa identified by
bioenv (vegan package) as best correlated to the ecosystem processes and
these were superimposed on the NMDS for visualization purposes.

3. Results

3.1. Sediment properties were affected by between-site variability and
trawling

Sedimentary protein (PRT), lipid (LIP), carbohydrate (CHO) and
biopolymeric carbon (BPC), as well as chlorophyll a and phaeopigments,
were all significantly higher at High sites (nested ANOVA, p < 0.05,
Tables 1, §2). Total OM and porosity were not significantly different
between High and Low sites. However, all sediment properties were also
significantly related to site (Tables 1, S2). For example, BPC at the three
High sites had quite different quality, with Site A having relatively high
proportions of PRT (c. 55 %), Site E having a relative high proportion of
carbohydrates (c. 68 %) and Site C being intermediate (Tables 1, S1),
compared to the other sites. The lowest total OM, BPC and phytopigment
concentrations were found at B (Low) and C (High), and the highest at E
(High) and F (Low) (Tables 1, S1).

3.2. Trawling affected macrofaunal community composition, but not
meiofauna or bacteria

There was no significant effect of trawling on the community
composition of bacteria or meiofauna (Fig. 2A, B) (adonis2, p = 0.14, df
=1, pseudoF = 1.73; p = 0.1, df = 1, pseudoF = 0.105 respectively), but
trawling had a significant effect on macrofaunal composition (adonis2: p
= 0.039, df = 1, pseudoF = 3.04) (Fig. 2C).

Several species contributed to the overall dissimilarity between High
and Low sites (Table S3) but only one, Halicryptus spinulosus, was
identified by the Similarity Percentage (SIMPER) analysis as contrib-
uting significantly to the difference in macrofaunal community structure
between High and Low sites (Fig. S1, Table S3); this species was more
abundant at sites with high trawling intensity (FDR-adjusted p = 0.02,
Table S3).

Summary of environmental variables and sediment properties. First column refers to the categories of variables in the CCA (3.3). Values are means and standard
deviations of n = 4 sediment cores, except Site A where n = 3. * = significance at p < 0.05, n.s. = not significant. Raw data and additional variables are available in

Table S1. More details of ANOVA test results are in Table S2.

Trawling intensity High Low ANOVA significance
Site A C B D F Trawling Site
Physical Organic matter (LOI) (%) Mean 5.35 10.17 2.97 2.61 6.75 8.86 n.s.
stdev 0.52 1.19 0.29 0.46 2.45 1.78
Porosity (vol / vol) Mean 0.73 0.81 0.61 0.61 0.74 0.78 n.s. *
stdev 0.02 0.11 0.03 0.07 0.07 0.08
Chemical Protein (mg gdw 1) Mean 11.90 59.35 5.66 3.42 12.07 23.58 *
stdev 3.02 18.88 1.50 0.87 1.88 5.95
Carbohydrate (mg gdw 1) Mean 7.13 175.96 6.27 5.72 18.37 53.14
stdev 0.72 43.37 0.78 0.72 1.87 7.88
Lipid (mg gdw 1) Mean 2.88 4.96 0.73 0.50 2.01 4.26 * *
stdev 0.17 1.11 0.16 0.06 0.38 0.71
Biopolymeric carbon (mgC gdw 1) Mean 10.85 103.18 5.83 4.34 14.77 36.00
stdev 1.61 25.46 1.14 0.60 1.85 3.52
Pigment Chlorophyll a (ug gdw™1) Mean 14.26 25.05 2.83 1.65 8.53 27.27 * *
stdev 2.78 6.86 1.01 0.12 0.44 4.57
Phaeopigments (ug gdw 1) Mean 26.02 55.87 10.86 9.37 16.45 48.71 * *
stdev 2.14 7.92 3.22 0.42 3.39 9.10
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Fig. 2. NMDS of Bray-Curtis dissimilarities based on the relative abundance of all ASVs classified as bacteria (A), meiofauna (B) and macrofauna (C). Each data point
represents a replicate at the sampling site. Coloured polygons and points depict high and low trawled sites.

3.3. Environmental variables affected bacterial, meiofaunal and
macrofaunal community structure

There was a strong clustering of replicates by site, showing the strong
association of bacterial and faunal community structure with site-
specific properties (Figs. 2, 3, S1). For example, the macrofaunal com-
munities at sites A and E were dominated by Macoma balthica,
H. spinulosus and Scoloplos armiger. A similar community structure was
detected at sites D and F, but with higher abundances of Pontoporeia
femorata and Bylgides sarsi compared to A and E (Fig. S1). At sites B and
C, Ampharete balthica, Aricidea minuta and Astarte borealis were more
abundant compared to the other four sites (Fig. S1).

After removing any effect of trawling (by including it as a condi-
tioning variable in the CCA), environmental variables explained 27 % of
the similarity in bacteria, 40 % in meiofauna and 37 % for the macro-
fauna communities (CCA, Fig. 3). The Physical PC1 axis (derived from
bottom water O5 and salinity, sediment OM, water content and porosity;
Table S1) had a significant effect on the microbial, meiofaunal and
macrofaunal community structures (anova.cca, p = 0.001 in all cases;
Table S6). This axis seems to reflect the lower water and OM content of
the sediments and slightly higher salinity at sites B and C, and the
reverse pattern at D and F (see Tables 1, S1).

Both Chemical PC axes were significant for the meiofauna commu-
nity (anova.cca, p = 0.014 and 0.046 for PC1 and PC2, respectively),
reflecting the large range in BPC concentrations (highest at E/F) and the
relative contributions of LIP, PRT and CHO to BPC (high % of CHO at E/

a) bacteria b) meiofauna

3-

CCA2

3 o
eoii CCAt

F).

For the macrofauna community, in addition to ‘Physical PC1’,
‘Pigment PC2’ was significant (anova.cca, p = 0.013). The contribution
of phytopigments to the total biopolymeric carbon (CCPE/BPC)
contributed most to this PC, being highest at site A and lowest at E.

Pigment PC1 was not significant for any of the three communities,
but Fig. 3 suggests that different (low) pigment concentrations at sites B
and C might play a role.

3.4. Trawling, site-specific factors and macrofauna affected ecosystem

function

Extracellular enzyme activities (aminopeptidase, p-glucosidase and
alkaline phosphatase activities) were all significantly higher at High
sites (nested ANOVA, p < 0.05; Fig. 4, Table S7), as was C degradation
rate. O and NOy fluxes were significantly higher at Low sites and POy~
fluxes were significantly higher at High sites. However, between-site
variability in each category was high (Fig. 4, Table S8); site had a sig-
nificant effect on all tested ecosystem processes except PO3~ fluxes. PRT,
CHO and C turnover times, as well as NH; and DIC fluxes, were not
affected by trawling intensity (Fig. 4, Table S7).

Macrofaunal community composition explained up to c. 50 % of the
variation in ecosystem processes. Macoma balthica was the single species
that best correlated with (i.e. best explained) multivariate patterns in
ecosystem processes (bioenv: Macoma abundance, r = 0.477; Macoma
biomass, r = 0.264). However, slightly better models were obtained with

c) macrofauna

Site

CCA2

°
m m o O W >

pig1

Fig. 3. CCA plots for communities of a) bacteria, b) meiofauna and ¢) macrofauna, with the contributions of environmental variables to the ordination, expressed as
the two main principle components (PC) for sets of physical (phys), chemical (chem) and pigment (pig) variables. PC axes identified as significant (ANOVA, p < 0.05)

are highlighted with a red box.
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Fig. 4. Ecosystem processes at High and Low trawled sites. Box plots show median with 25th and 75th percentiles, with whiskers extending to the largest and
smallest values no further than 1.5 x the inter-quartile range. Significant differences (p < 0.05, nested ANOVA) between High and Low are marked with *

(see Table S7).

more than this single species: a combination of Halicryptus spinulosus,
Scoloplos armiger and Pontoporeia femorata provided the most parsimo-
nious model in terms of biomass (bioenv: r = 0.297) and the combination
of M. balthica and H. spinulosus in terms of faunal abundance (r = 0.505),
though the addition of S. armiger and P. femorata provided abundance
models that were as good as for M. balthica alone (r = 0.489, 0.476)
(Table S9).

In general (across all sites and replicates), high numbers and/or
biomass of the four taxa identified above were correlated with high rates
of extracellular enzyme activities, but longer CHO-, PRT- and C turnover
times (i.e. slower turnover) (Figs. 5a, S2a). In addition, these taxa were
positively correlated with higher Oy consumption rates, higher NHj

effluxes from the sediment, and low NOy effluxes. Total biomass of these
four taxa also varied widely between sites; for example, sites A and B had
low total biomass (Table S4).

4. Discussion

4.1. Sediment properties are affected by between-site variability and
trawling

Previous studies of the effects of demersal fishing (hereafter called
trawling) on fine-grained sediments have shown a range of results
(Martin et al., 2014; Epstein et al., 2022). Some have observed a lower
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Fig. 5. NMDS of ecosystem processes. Superimposed for visualization purposes are the vectors for the four taxa identified by bioenv as best correlated to the
ecosystem processes (and fitted here using envfit). Vectors are based on faunal biomass (gdw), with rare taxa removed (i.e. those that comprise <2 % of the total
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armiger. a) shows the ecosystem processes: PRT_to, CHO_to and C_to are turnover times of protein, carbohydrate and carbon; aminopep, betagluc and PO4tase are
extracellular activities of aminopeptidase, p-glucosidase and alkaline phosphatase; NOx_flux, NH4 flux, DIC flux and PO4_flux are the fluxes of those substances
across the sediment-water interface and O2_uptake is the consumption of O by the sediment. b) shows the site/sample names; red text = high trawled sites, green =

low trawling.

OC content, of a lower food quality (i.e. more refractory), in trawled
areas and have attributed this to erosion and/or increased degradation
of surficial OC over time through repeated remineralization in chroni-
cally disturbed, deep sea areas (Pusceddu et al., 2014; Paradis et al.,
2019, 2021). In contrast, studies that measured short-term effects of
trawling found higher amounts of OC and higher OC food quality (e.g.
higher PRT:CHO ratios) (Pusceddu et al., 2005; Polymenakou et al.,
2005), indicating shorter term effects related to the uplift of deeper
sediments to the surface by trawling and temporarily elevated degra-
dation and release of labile OC. In our study of chronically trawled areas
there were higher amounts of biopolymeric carbon (BPC, the sum of LIP,
PRT and CHO) at High sites, although the food quality of this carbon (i.e.
% lipids and proteins) varied widely between the studied sites. General
patterns related to spatial variation across sites indicated a relationship
between sediment type (e.g. water content, particle size and OM con-
tent, that all reflect the hydrodynamics of the different sites), and
sediment OC food quality (e.g. LIP, PRT, pigments) and OC inputs
(Fabiano and Danovaro, 1998; Pusceddu et al., 2009a).

We also observed higher phytopigment concentrations at High sites,
in contrast to several field experiments that found sedimentary chl a
concentrations to be reduced on short time scales due to sediment
displacement (Brylinsky et al., 1994; Watling et al., 2001; Tiano et al.,
2019). Our results could be due to lower rates of surface sediment
processing and reworking by benthic faunal communities at chronically
trawled sites (Sciberras et al., 2016); deep-burrowing, gallery-building
worms (Halicryptus spinulosus, Scoloplos armiger) were more common at
our High sites (see Section 4.2) and these degrade freshly deposited
carbon more slowly than species that bioturbate and feed at the sedi-
ment surface (Josefson et al., 2012). If so, this suggests that short term
changes in phytopigments may be determined more by physical pro-
cesses, while long-term chronic effects are mediated by changes in the
benthic communities. Alternatively, patchy settling of the spring algal
bloom in the area might explain between-site differences. Sediment
pigment concentrations in our study area, and at such depths, depend
strongly on seasonal OM inputs related to the spring phytoplankton
bloom, but spatial and temporal resolution of monitoring data in the
area is too coarse to resolve differences in inputs between our six sites.
Also, pelagic measurements or satellite data are hard to relate to actual

sedimentation on the seafloor, since water currents and stratification
affect OM sinking rates in complex ways. From the available informa-
tion, we know that the spring bloom in this general area of the Baltic Sea
peaked in March/April in 2019 (Wesslander et al., 2020; Zettler et al.,
2020) and by mid-April/early May sedimentation of fresh OM was
already occurring on the seabed (Zettler et al., 2020). This is confirmed
by depth profiles of chl a at all our sites (data not shown) that indicated
high concentrations in the upper 1 cm sediment layer that decreased
rapidly down to 4 cm sediment depth. Other authors have suggested that
the depauperating effects of trawling on OM content in benthic sedi-
ments can be “temporarily or partially abated by the arrival of fresh,
high quality OM” (Paradis et al., 2019). This could also be the case at our
study sites; C degradation rates were higher at High sites, but none of the
measures of C turnover time (that additionally depend on OC concen-
tration) were affected, suggesting the high availability of BPC might
mask a more general trawling impact.

4.2. Benthic fauna community composition is influenced by both trawling
and environmental factors

Trawling had a significant effect on the community composition of
macrofauna, but not on meiofauna or bacteria. Environmental variables
influenced community composition of all three groups; the group of
‘physical’ variables (comprising 4 year-averaged bottom water salinity
and oxygen concentrations, total sediment OM and sediment water
content) affected all three taxa groups. In addition, ‘pigments’ (sedi-
mentary phytopigments) affected the macrofauna and ‘chemical’ (i.e.
sedimentary biopolymeric C such as protein, lipid and carbohydrate)
affected the meiofauna.

4.2.1. Macrofauna

Numerous studies have shown that trawling affects seabed macro-
fauna, with impacts depending on an individual taxon's sensitivity to
disturbance and its recovery potential, habitat type, environmental
conditions, gear type and fishing history (Kaiser et al., 2006; Hiddink
et al., 2017; Sciberras et al., 2018), as well as altered ecological in-
teractions (Skold et al., 2018; van de Wolfshaar et al., 2020). However,
we detected only a weak effect of trawling on the macrofaunal
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community composition. In terms of potential to recovery from trawl
disturbance, most of the macrofaunal taxa are <2 cm in size and have
life cycles of <5 y and small, short-lived species have been found to be
less affected by physical disturbance than large, slow-growing, longer-
lived species (Kaiser et al., 2006; Hiddink et al., 2017). However, it
cannot be ruled out that regardless of trawling intensity, decades of
chronic disturbance at both High and Low sites has permanently altered
benthic communities across the whole area. Since no suitable control
areas exist, it is impossible to test this hypothesis in the field.

The only species significantly contributing to the difference in
macrofaunal community structure between High and Low sites was the
priapulid Halicryptus spinulosus, which was more abundant at High sites.
This is a common species in the Baltic Sea (Aarnio et al., 1998; Gogina
and Zettler, 2010), and in harsh environmental conditions (e.g. fluctu-
ating salinity or low oxygen concentrations) it may be the dominating
species in benthic communities (van der Land, 1970). Its burrowing
behaviour down to as much as 30 cm depth (Powilleit et al., 1994) may
make it fairly resistant to otter trawling disturbance that occurs closer to
the sediment surface; trawl doors disturb sediments to 5-20 cm,
depending on gear and substrate type, and ground gear only a few cm at
most (Ivanovi¢ et al., 2011; Bradshaw et al., 2021; Schonke et al., 2022).
Although not significant, another deep-burrower, the polychaete
S. armiger, was also more abundant at the High sites. As well as avoiding
direct impacts, deep-burrowing species may experience reduced
competition or predation in highly trawled areas if their competitors or
predators are more sensitive to disturbance, as has been seen for other
resilient species (Skold et al., 2018; van de Wolfshaar et al., 2020). A
recent analysis of 13 case studies of trawling impacts found that despite
large differences in environmental settings and benthic communities
between cases, deep burrowing taxa were often more common at
trawled sites (Beauchard et al., 2023).

As well as general environmental (‘physical’) factors, sediment pig-
ments also explained the variance in macrofauna community structure.
Fourteen of the eighteen macrofauna taxa found in this study are obli-
gate or facultative deposit-feeders and these are quick to respond to the
fresh input of plankton bloom material that had recently occurred at all
sites, particularly at this time of year when growth and reproduction
rates are high. This is in contrast to deep sea ecosystems, where fresh
pigment deposition does not occur and carbon quality (our ‘chemical’
factors) are more important for the macrofauna (Baldrighi et al., 2013).

4.2.2. Bacteria and meiofauna

There was no clear effect of trawling activity on the structure of
meiofaunal or bacterial communities. These groups have the potential to
recover more quickly than macrofauna following mechanical distur-
bances, since their small size may mean that they are displaced or sus-
pended rather than damaged or killed (Schratzberger et al., 2002) and
rapidly recolonize the seabed following physical disturbances (Probert,
1984; Schratzberger et al., 2000).

Several other studies have observed no effect of trawling on meio-
fauna (or nematode) community structure, diversity, abundance or
biomass (Schratzberger et al., 2002; Schratzberger and Jennings, 2002;
Lampadariou et al., 2005; Ramalho et al., 2020). In shallow shelf seas,
such as our study area, trawling impacts on meiofauna may be equal to
or less than those caused by seasonal or other environmental variation
(Schratzberger and Jennings, 2002; Schratzberger et al., 2002; Lamp-
adariou et al., 2005; Tinlin-Mackenzie et al., 2023), but more pro-
nounced impacts of trawling on meiofauna community structure have
been observed in chronically disturbed deep-sea grounds (below 500 m;
Pusceddu et al., 2014; Good et al., 2022).

Studies on the effects of trawling on benthic microbial communities
are scarce and are mostly based on experimental field studies. While
these studies have generally shown some change in community
composition, microbial abundance has either been unaffected (Poly-
menakou et al., 2005; Ramalho et al., 2020) or decreased (Watling et al.,
2001; Fiordelmondo et al., 2003) in trawled areas, though these general
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trends may mask more subtle effects at different seasons (Polymenakou
et al., 2005) or different depths in the sediment (Watling et al., 2001). A
recent field study of longer term chronic impacts showed that although
trawling intensity explained up to 13 % of the variance in bacterial
composition, sediment properties, in particular grain size, were more
important, both for community structure and diversity (Bonthond et al.,
2023).

In our study, the meiofaunal and bacterial community structure was
mainly explained by general ‘physical’ environmental variables. It is not
possible to pinpoint which of the underlying physical parameters were
most important, but differences in characteristics of the sediment and
overlying water are known to affect the suitability of the habitat for
these organisms (Baldrighi et al., 2013; Rosli et al., 2016; Ramalho et al.,
2020). In addition, sediment carbon quality (‘chemical’ variables in the
CCA) also explained some variance in meiofaunal community structure
(see also Grémare et al., 2002). Carbon quality (i.e. food availability) is
crucial to benthic fauna, and it is perhaps surprising that this was not
also identified as an important factor for macrofauna and bacteria, as
has been seen in other studies (e.g. Baldrighi et al., 2013). Likewise,
sediment pigment concentrations have been positively correlated with
meiofaunal abundance (Rosli et al., 2016), but in our study pigments
only appeared to be related to macrofauna community structure. It is
likely that different environmental settings and seasonal variation lie
behind the disparity in these findings.

It is worth noting that the meiofauna and bacteria were only iden-
tified at higher taxonomic levels (e.g., family/order), potentially making
ecological interpretation and inference about their functions difficult.
For bacteria in particular, closely related taxa are not necessarily func-
tionally similar and they may also have quite high metabolic plasticity,
further complicating our understanding of their role in biogeochemical
cycling (Arnosti, 2011). To confidently make ecological inferences from
16S and 18S metabarcoding data there is a need to improve and expand
on the taxonomic coverage and resolution for these groups (Andijar
et al., 2018). In addition, ecological knowledge of many of these taxa, at
any taxonomic level, is often lacking.

Lastly, macrofaunal, meiofaunal and bacterial communities are
closely interlinked in a multitude of ways. For example, macrofaunal
bioturbation may provide favourable sedimentary conditions for meio-
fauna and bacteria to thrive, while at the same time predating on these
smaller organisms, or interfering with the meiofauna's access to food
(Nascimento et al., 2010; Ingels et al., 2014). So, although bacteria and
meiofauna may be highly dependent on organic matter quality and
quantity, their ability to utilise this resource may be controlled by pre-
dation (Aarnio et al., 1998; Fabiano and Danovaro, 1998) or interfer-
ence competition (Nascimento et al., 2010), potentially masking clear
relationships between community structure and environmental
conditions.

4.3. Multiple factors affect benthic ecosystem processes

Extracellular enzymes are excreted by bacteria into the environment
in order to break down larger molecules into smaller ones that can be
taken up by the cells (Arnosti, 2011). Previous studies that have
measured short-term effects of physical disturbance and sediment sus-
pension on extracellular enzyme activities (EEA) have commonly seen
an increase in aminopeptidase activity, variable responses in beta-
glucosidase activities and an eventual decrease in EEA with time after
disturbance (Fiordelmondo et al., 2003; Fiordelmondo and Pusceddu,
2004; Polymenakou et al., 2005; Pusceddu et al., 2005). Our study gives
a snapshot of EEA in a chronically trawled area and shows significantly
higher activities at High sites for all enzymes measured. This may be due
to the High sites having significantly more available substrate (CHO,
LIP, PRT) (see Section 4.1).

Fluxes of nutrients and oxygen across the sediment-water interface
are also partly driven by microbial activity, but also by meiofauna and
macrofauna respiration and biogeochemical processes in the sediment.
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Thus, oxygen uptake to the sediment might be expected to be high in
areas with large amounts of organic substrate and/or as organic matter
is remobilised and metabolised in disturbed areas, as we saw in this
study, but this relationship is not always clear and may differ between
different size fractions of the community (Leduc et al., 2016; Ramalho
et al., 2020). There may also be temporal differences, with short term
decreases in oxygen consumption due to removal of surface sediment
and/or organisms by trawling (Tiano et al., 2019; Morys et al., 2021).
Oxygen fluxes and oxygen penetration into the sediment are closely
coupled to other biogeochemical fluxes. Sediment-to-water ammonium
fluxes are commonly higher in trawled areas and/or directly after
trawling (Falcao et al., 2003; Percival et al., 2005; van der Molen et al.,
2013; Bradshaw et al., 2021; Morys et al., 2021) due, at least partly, to
the removal of surface sediment and release of NH4-rich porewater. In
contrast, we found no effect of trawling on NHJ fluxes in this study.
However, our study sampled chronically disturbed areas; responses in
NHJ may only be seen for a short time after a disturbance event (van de
Velde et al., 2018; Morys et al., 2021). Spatial and temporal variability
probably also explain the different effects on NOx and PO3~ fluxes re-
ported in the literature (Falcao et al., 2003; Morys et al., 2021). Different
components of biogeochemical cycles take different amounts of time to
reach a new equilibrium after a disturbance event (van de Velde et al.,
2018) and there is also small-scale spatial variability in disturbance
related to exactly which areas of the seafloor are trawled and by which
parts of the gear (Bradshaw et al., 2021; Morys et al., 2021), and mac-
rofaunal sediment mixing may be so extensive as to obscure trawling
effects on geochemical profiles (Rooze et al., 2024).

Biogeochemical fluxes can be strongly correlated to the biomass and
traits of the benthic fauna through their bioturbation (Mermillod-
Blondin and Rosenberg, 2006; Mermillod-Blondin, 2011) and processing
of organic matter (Griffiths et al., 2017; Ehrnsten et al., 2019). Any
change in macrofauna species composition by physical disturbance may
consequently modify ecosystem functions, through indirect impacts on
biodiversity or traits (Beauchard et al., 2023; Ingels et al., 2014; Olsgard
et al., 2008; Strong et al., 2015). In our study, up to c. 50 % of the
variation in the measured ecosystem processes in this study were
explained by the abundance or biomass of a combination of four com-
mon macrofauna species; M. balthica (which was also the single species
that best explained the patterns), H. spinulosus, S. armiger and
P. femorata. These species were correlated with high EEA, but slow
carbon turnover times; this can be explained by an excess of substrate
(PRT, CHO) for enzymatic activities at sites (mainly E, F) where these
taxa were common. In addition, active surficial bioturbation by
M. baltica and P. femorata and bioirrigation of the deep burrows of
H. spinulosus and S. armiger may have enhanced bacterial activity and
NHZ, PO3~ and O, fluxes (Mermillod-Blondin and Rosenberg, 2006;
Nascimento et al., 2012; Bonaglia et al., 2014). At the other extreme,
sediments with very few M. balthica, S. armiger and P. femorata were
characterized by low oxygen consumption and low NOyx effluxes (or
even NOy uptake). Sediments here (sites B, C) had much lower OM and
pigment content and had lower water content. Although they were not
identified by the bioenv analysis as important, the fauna at sites B and C
also included larger numbers and/or biomass of the tube-dwelling
polychaete worms Ampharete baltica and Polydora spp. and the bivalve
Astarte borealis. These taxa live close to, or at, the sediment surface, are
not very active bioturbators and are obligate or facultative suspension
feeders (Queirds et al., 2013; Wrede et al., 2018), potentially explaining
the low rates of most ecosystem processes. These results are in line with
the finding of Olsgard et al. (2008) who showed experimentally that a
reduced density of trawling-sensitive key bioturbators affected benthic
nutrient cycling in a species-specific manner. The disruption or decou-
pling of fauna-biogeochemical relationships by trawling disturbance has
been seen in a few recent field studies. Both Hale et al. (2017) (Irish Sea)
and Tsikopoulou et al. (2022) (Mediterranean) concluded that changes
in the type or extent of macrofauna bioturbation in trawled sediments
led to effects in macronutrient and carbon cycling. Tiano et al. (2022)
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identified one key species in North Sea sediments, the filter-feeding
Lanice conchilega, whose reduction by trawling strongly impacted
many biogeochemical processes.

4.4. Challenges and limitations of evaluating trawling impacts in a
heterogeneous environment

Quantification of trawling intensity is fundamental but often a lim-
itation in these types of studies; due to low spatial and temporal reso-
lution of the underlying data, e.g. 1-2 h between positions of vessels and
logbook reporting by trip, and uneven distribution of fishing effort in a
given grid cell, calculated values are at best indicators of fishing in-
tensity. Most studies use official swept area ratio (SAR) statistics based
on ICES c-squares (grid cell size 0.05° x 0.05° - i.e. c. 17 km? at our
latitude), which are usually expressed as an average SAR over one year
and do not include smaller vessels (<12 m), since these are not reported
in the fisheries vessel monitoring system (VMS). We have a SAR dataset
with unusually high spatial resolution (250 x 250 m) which although
more precise than the c-square data still suffers from the same issues of
spatial and temporal averaging within a cell. However, our sampling
strategy was to contrast areas of ‘high’ and ‘low’ fishing intensity, which
in this area is quite robust to different ways of quantifying fishing in-
tensity. Since trawling by smaller vessels and those from neighbouring
countries tend to fish in the same areas, this relative measure of high/
low also accounts for more general fishing pressure for which we do not
have high resolution data. Ideally, non-trawled areas with comparable
environmental settings would provide controls, but such areas do not
exist.

As is evident from this study and previous literature, trawling im-
pacts are context dependent. Therefore, it is crucial to specifically
quantify and consider relevant variables that might also determine
observed differences in, for example, faunal communities or biogeo-
chemical processes. However, this also affects statistical considerations
and data requirements; i) the more variables that are measured, the
more likely it is that they will correlate with each other and not be in-
dependent and ii) with increasing numbers of predictor variables, they
will soon outweigh the number of response variables and the number of
samples may be insufficient. In our study, we considered 23 variables,
necessitating a breakdown of the statistical analyses into a series of
several analyses (see Section 2.6), the use of a subset of less correlated
variables (Section 2.6.1) and PCA to group variables for use in the CCA
(Section 2.6.3). In recent years there has been more of an effort to
perform multifactorial analyses and, depending on the study design and
nature of the data, authors have used a range of statistical methods, such
as; linear mixed effects models (Tinlin-Mackenzie et al., 2023), gener-
alized additive mixed models (GAMMs) (Bonthond et al., 2023; Nielsen
et al., 2023), distance-based linear modelling or multivariate multiple
regression (distLM) (Leduc et al., 2016; Rosli et al., 2016; Skold et al.,
2018), multivariate generalized linear models (mGLMs) (Bonthond
et al.,, 2023). Rooze et al. (2024) took a more mechanistic biogeo-
chemical approach and Beauchard et al. (2023) used co-inertia analysis
(RLQ) and fourth corner analysis to examine how trawling and habitat
characteristics affected macrofauna trait composition and ecosystem
processes. In all cases, these studies show that environmental variables
have the same or greater effect than trawling on benthic ecosystems, but
also that trawling effects can be disentangled from environmental
effects.

5. Conclusions

The aim of this study was to investigate to what degree chronic
bottom trawling disturbance affected benthic ecosystem structure and
function, in the context of environmental variability such as physical
and chemical sediment properties, using the fishing grounds in the
southern Baltic Sea as a case study. In general, environmental variability
between sites affected benthic ecology and ecosystem processes more
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than trawling. We were not able to demonstrate any effect of chronic
trawling on meiofaunal and bacterial community structure, perhaps due
to these organisms' short life cycles and resilience to physical distur-
bance. However, highly trawled sites had higher amounts of the labile
component of the sediment carbon pool, and higher carbon degradation
rates, extracellular enzyme activities, oxygen fluxes and some nutrient
fluxes. There were differences in macrofaunal community structure,
with deep-burrowing species more common at highly trawled sites. In
addition, the abundance and biomass of the four key macrofauna species
explained about half of the variation in the measured ecosystem pro-
cesses. Ecological, biogeochemical and physical variables thus interact
in a complex manner, highlighting the complexity of determining cause
and effect in a chronically trawled area. However, we have also shown
the importance of considering trawling disturbance in the wider context
of environmental variability, in order to provide a better understanding
of the different forces driving benthic ecosystem structure and function.
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