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ABSTRACT |

In autumn 1997, approximately 320,000 m® of sand were extracted from a site located ca. 2.5 km off Wustrow,
Germany, Western Baltic Sea. The physical impacts of dredging on the sea floor are assessed on the basis of side-scan
sonar, sediment texture, and oxygen profile approaches. Benthic macrofaunal effects are analysed, in terms of species,
abundance, and biomass (SAB), addressing the responses of sensitive and non-sensitive species.

Seabed modification was patchy within the dredging site. Morphology, texture, and oxygen characteristics returned
to pre-dredging conditions over most of the site, during the first year of post-dredging. A smaller part of the area
deepened by ca. 5 m and caused by multiple dredge furrows, was altered more drastically. During the year following
the extraction, a shift to finer sediments with a higher organic carbon content and reduced oxygen levels was observed,
at this location. Sensitive benthic species abundance did not recover to pre-impact levels, within a year after dredging.
Slow recovery of the sensitive species can be overlooked easily by common environmental assessment measures, such
as the SAB approach. Related to benthic habitats, environmentally-sound dredging practices should consider the
various impacts that the creation of deep pits can have on the seabed, and compared those of shallow and isolated
furrows.

ADDITIONAL INDEX WORDS: aggregates, mining, side-scan sonay, sediment micro- profiles, macrozoobenthos, SAB approach,

sensitive benthic species, dredging furrows, recolonisation, recovery.

INTRODUCTION

Whilst several studies have investigated the effects of ma-
rine sand dredging on benthic associations (e.g. EssiNk, 1998;
(JRESUNDKONSORTIET, 1998; VAN DER VEER, BERGMAN, and BEUKE-
M4, 1985), a substantially lower number of studies have dealt
with gravel extraction (Bovyp et al., 2005; CooPEr et al., 2007,
KenNY and REEs, 1994, 1996); fewer still have investigated
Baltic Sea conditions (BoNSDORFF, 1980; @DRESUNDKONSORTIET,
1998). In order to develop an improved understanding of the
physical recovery and macrofaunal recolonisation processes
of dredged habitats in the western Baltic Sea, a dredging op-
eration has been examined, at different spatial scales. At a
broad scale, results were obtained from: (a) acoustic devices
which covered an area > 1,000,000 m?; (b) grab samples, per-
mitting examination of processes occurring over a few m?; and
(c) sediment cores and oxygen profiles, providing information
at a millimetre-scale. The overall objective of this study was to
develop a better understanding of the physical and biological
impact of dredging operations, within the Baltic Sea.

The western Baltic Sea (SCHWARZER , this volume) can be
regarded as a brackish water transition zone of decreasing sa-
linity (5 - 20 psu). Faunistic diversity reaches its minimum
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within this salinity range (horohaloclinicum; KINNE, 1971, RE-
MANE, 1940). Macrofaunal species in this zone have often been
described as ‘“transgressive’ or ‘opportunistic” (Gray, 1979;
PrarsoN and RoSENBERG, 1978); relatively ‘immune” to many
anthropogenic stress factors (WiLson, 1994). However, WiLsoN
and ELkamv (1991) have shown that not all estuarine species
act as opportunists. The present study focuses upon the sen-
sitive species, assuming that they are an important part of
the local biodiversity: these mostly rare species, in accordance
with the "flush and crash” speciation model (PiraINO, FANELLI,
and Borro, 2002), ensure the continuation of biological diver-
sity.

For this study, species sensitive to physical disturbance
of the seabed are defined following a concept of the ‘Benthos
Ecology Working Group” of the International Council for the
Exploration of the Sea (ICES), published in 1994 (ICES, 1994)
and reviewed in 1995 (ICES, 1995). The ICES list of general
criteria was published to develop “biogeographically-specific”
lists for macrobenthic communities, to permit the prediction of
disturbance related to any physical modification of the seabed.
The list was based upon the assumption that, initially, any im-
pact has a negative effect on individuals within a specific ar-
ea. Sediment extraction can harm macrobenthic individuals,
by damaging their bodies, burrows or shells, or by removing
animals (potentially, with their tubes) from the substratum.
However, disturbance can harm significantly the affected pop-
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ulations, only if the autecological characteristics of the popula-
tion are characterised predominately by ‘sensitive” features.
The main criteria in the definition of “sensitive” species are: a
low growth rate; reduced regeneration capacities; low fecun-
dity; infrequent recruitment; low propagule mobility; special-
ised habitat requirements; or narrow substratum tolerances.
In contrast, macrobenthic populations with ‘non-vulnerable”
features are regarded as being resistant to the impact, e.g. r-
strategic and highly mobile species. This ICES guideline does
not draw up a list of species, but, rather, identifies standard
criteria to establish regional lists. Table 2 from Krause, von
NorpHEIM, and GOSSELCK (1996) provide an overview of the
sensitive macrobenthic species, for the planned extraction
sites of region under investigation.

SETTING

The study site was located 2.5 km northwest of Wustrow,
Germany, off the coast of the Fischland Peninsula (Figure
1), in water depths of between 10 and 12 m, below Mean Sea
Level. The site is situated to the south of the Darss Sill,a shoal
that inhibits the inflow of bottom water of higher salinity, into
the central Baltic Sea. As a consequence, salinities are usually
higher (> 10 psu), to the southwest of the Darss Sill, than to
the northeast of it (= 7 psu).

The dredging site “Wustrow II” encloses a surface area of
approximately 1,100,000 m?. The seafloor consists of moder-
ately-sorted fine sands (Udden-Wentworth scale, TAUBER and
LeMKE (1995)). The mean grain-size of surface sediments rang-
es from 210 to 250 um, whilst the average thickness of the
deposit amounts to 1.9 m, overlying till (StAUN Rostock, pers.
comm.).In November 1997, approximately 320,000 m?® of sand
were extracted from the site, by trailer suction hopper dredg-
ing. This method leads to the production of shallow linear or
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Figure 1. Map showing the location of the dredging site Wustrow II
(black polygon in Figure), in the western Baltic Sea. Symbols of pre-
extraction control samples are overlain by post-extraction symbols.
Video imagery and observations of SCUBA divers suggested that impact
sample sites be relocated after extraction to the more heavily impacted
area. According to video imagery, control sites and impact sites were
homogeneous sandy plains, before extraction. DS — Darss Sill.

curved furrows on the seafloor (Boyp et al., 2004). Extracted
sediments were utilised for beach replenishment, on the Fis-
chland Peninsula.

METHODS

Side-Scan Sonar

Side-scan sonar surveys were carried out on 30 March,
1998 and 17 September, 1998, aboard RV Littorina. A Klein
595 dual-frequency (100 and 384 kHz) side-scan sonar was op-
erated, in high-frequency mode, in order to permit the highest-
resolution imaging, with a range of 75 m and a typical altitude
of 8 - 10 m. Sonar returns were recorded on paper print-outs.
Differential GPS was used for vessel positioning. The sonar
tow fish had a layback of 15 - 20 m, whilst a sound velocity of
1500 ms! was assumed.

The analogue paper records were scanned and georefer-
enced, according to the method of Kusickr and DiesiNG (2006).
For every logged ship position (1 min'), four additional points
were computed for the two side-scan sonar channels, describing
both swath and water column extent. The latter points were
assigned lying on the side-scan centre line . A geo-referencing
method of ‘rubber sheeting’ was then applied (see Kubicki
and DiksiNg, 2006 for details); in this, the sonographs were
stretched, or compressed, between two neighbouring geo-refer-
enced points. In this way, the entire water column was removed
. This method introduces positioning errors of the order of a
few metres. In the absence of a more sophisticated method, to
convert analogue print-outs into geo-referenced data, it was the
“method-of-choice”, bearing in mind its limitations.

The georeferenced side-scan sonar data were projected in Uni-
versal Transverse Mercator (UTM) projection, then displayed in
a geographical information system (Esri ArcView 3.2). Blocks of
100 m by 100 m, in size, were defined according to the UTM grid.
The number of identifiable tracks, per block, was counted visually
for each of the surveys. As a result, maps displaying the number
of dredge tracks per 100 m by 100 m block, were created.

Ground-truthing was undertaken using an underwater
video camera, with an on-board control and positioning sys-
tem; it was towed at an altitude of < 1 m over the sea bottom.
Two transects, running from east to west and north to south,
were surveyed: 4 months before extraction (August 1997);
and 1 month (December 1997), , 6 months (May 1998), and 10
months (September 1998) after.

Sampling

The effects of the extraction on the sediment and macroben-
thic communities were examined, using a classical BACI (before-
after-control-impact) approach (HEwrrt, THRUSH and CUMMINGS,
2001). The various sample locations are plotted in Figure 1.
Pre-extraction samples were collected from the centre of the in-
tended dredging site, but sites were relocated after the extraction
took place (as UW-video observations located the actual centre
of the dredging activity). In contrast, the control sites were not
relocated. Grab and core samples were collected from both the
control and impact sites. Grab samples were collected using a
“heavy” van-Veen-grab (0.1 m?), according to the international
recommendations and calibration guidelines for monitoring mac-
rozoobenthos in the Baltic Sea (HELCOM, 1988; ICES, 1990).
A minimum of three replicates were collected at each sampling
site. The minimum penetration depth was 10 cm. Grab samples
were collected 4 and 2 months before and 1, 4, and 10 months

Journal of Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravel Resources 217

after extraction. 6 and 10 months after extraction, 6 to 12 core
samples were collected by SCUBA divers, at the control and
impact sites, respectively. These cores were taken by means of
large plastic tubes (10 cm diameter, 30 cm in lenght), which could
be closed underwater, at both ends. The minimum penetration
depth here was 15 cm. The cores were sampled directly, at the
extraction site, from the furrows. Typically, the distance between
the cores was 2 m. The sample positions were assumed to be the
ship’s position, as measured by differential GPS (SCUBA divers
were attached to the boat by a rope).

Sediment Analyses

Grain Size and Carbon Content

From each site, a grab sample was transported to the labo-
ratory, for analysis of grain-size distribution and organic car-
bon content. Mean grain-size was calculated from one sub-set,
using the wet sieving method of DYER (1986). Another portion
was dried for 24 h at 60 °C and was powdered. These samples
were subdivided; one half was treated with excess 1M HCI
(hydrochloric acid), then dried for 12 h; the other remained
untreated. The carbon content of both sub-samples was deter-
mined using a “CN-Analyser” (Fision Instruments). Finally,
organic carbon content was calculated by subtracting the C-
values of the treated sub-samples (inorganic C), from the C-
values of the untreated subsamples (total C); this was noted
as a proportion of the total sediment mass.

Oxygen Profiles

SCUBA divers collected all of the cores within a single day.
The collecting time was approximately two hours, for 12 cores.
Measurements on the core material were made within 12 h,
in a field laboratory. During measurements, untreated cores
were stored open in the dark and at a temperature of approxi-
mately 10 °C.

Oxygen concentration profiles were recorded in the sedi-
ment cores, with a robust stainless steel needle electrode
(Microscale Measurements), containing a sensing tip (120pm
in length) for oxygen (Au-plated Pt cathode) of 120 pm (Van
GEMERDEN et al., 1989). Electrodes were polarised at least one
hour before commencement of the measurement. A cellulose-
nitrate membrane was installed, prior to the measurements.
These were replaced each time. Calibration was carried out
in an extra tube with black sediment and saturated seawater
(0 % and 100 % air saturation), in which the oxygen content
was measured by a calibrated electrode (WTW EOT 196). A
micromanipulator was used to insert the electrode, step-wise
into the sediment. Signals from the sensor were digitised by
an analogue-to-digital converter, then transmitted to a note-
book using the software WINDAQ (Dataq Instruments). Each
measurement was repeated at least once, for each core. Sam-
ples were processed in a method similar to those of VISSCHER,
BrukeEMA and vAN GEMERDEN (1991) and VorkL et al. (1998). For
further data analyses, the mean oxygen concentration for each
core was calculated, in 1 to 5 mm steps.

Macrofauna

Each grab sample replicate was sieved at sea, using a
1 mm screen, before preserving the sample with 4 % buffered
formosaline solution. At the laboratory, organisms were ex-
tracted and identified to species level, except for Nematoda,
Turbellaria, Bryozoa, Hydrozoa, Nemertini, Oligochaeta, and
Diptera, as identification was impractical. Organisms were

blotted (duration varied from a few seconds for small polycha-
ete, to several minutes for large bivalves); afterwards, the wet
mass was determined with a precision of 0.1 mg. Molluscs were
weighed always with shell. Identified species were classified
as endangered, according to existing local and biogeographic
red lists (HELcoMm, 1998; MERCK and voN NorDHEIM, 1996) and
as ‘sensitive” or ‘non-vulnerable’, according to guidelines of
the "Benthic Ecology Working Group of ICES” (ICES, 1994,
1995), adapted for sediment extraction by KRAUSE, VON NORD-
HEIM and GOSSELCK (1996).

Average species abundance and biomass were calculated
per square metre, for all the sampled taxa. Number of species,
abundance, and biomass were compared between control and
impact sites. To avoid double usage of the same data set, nei-
ther control site data nor these of impact sites were tested sta-
tistically, between times i.e. before/after dredging. The results
showed non-normal distributions; thus, transformations were
avoided, with differences tested by non-parametric Mann-
Whitney U and Wilcoxon tests (Bortz, LIENERT and BOEHNKE,
1990). Contents of grab and core samples were analysed sepa-
rately. Analyses were performed using a spreadsheet calcula-
tion (MS Excel) and NCSS (HinTzE, 2001).

Out of 50 taxa, only 28 species were used for the multivari-
ate statistical analysis. All other taxa were excluded from the
analyses, for various reasons, i.e. not systematically sampled
species like epifauna, and hyperbenthic species (e.g. Neomy-
sis integer); low taxonomic resolution (e.g. Diptera); patchily
distributed (e.g. Mytilus edulis) and species which occurred
within less than 1 % of all of the samples (e.g. Calliopius lae-
viusculus). The data were used for cluster analysis and non-
metric multi-dimensional scaling (nMDS) ordination, accord-
ing to CLARKE and WARWICK (1994). The analyses were based
upon Bray Curtis (Steinhaus) similarity of the fourth-root
transformed abundance data. In this study, the (hierarchical)
‘unweighted arithmetic average clustering’, also called "UPG-
MA’ (LEGENDRE and LEGENDRE, 1998) was used; it is a standard
method used in benthic ecology (CLARKE and WARWICK, 1994).

All statistical calculations and procedures were performed
with the software packages PCOrd (McCuNE and MEFFORD,
1999), Primer 5 (CLARKE and Warwick, 1994) and NCSS

Figure 2. Representative examples of sea floor morphology revealed
from 384 kHz side-scan sonar data, 4 months post-dredging: (a) sandy
dunes in the control site; (b) pit of 15 m diameter and 3 m depth; (c)
dredge furrows of approximately 2 m in width; and (d) multiple dredge
tracks, building a depression of up to 5 m deep at the extraction site.
Note: uncorrected sonographs, with a slant range of 75 m.
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causing pits (see Figure 2b.).

(HintzE, 2001). Original data were stored and reassigned for
calculations, using Access and Excel (Microsoft). The results
were visualised using Grapher (Golden Software) and Sigma-
Plot (SPSS Inc.).

RESULTS

Seabed Morphology

From the UW video observations and side-scan sonar
data, it is evident that the subaqueous dunes were present
seafloor off Wustrow was predominantly sandy, with small
patches of coarse-grained lag deposits to the west of the sur-
veyed area, with wavelengths of 40 to 70 m (Figure 2a). In an
area outside of the designated boundary, to the northeast of
the dredging sites (Figure 2b), side-scan sonar imagery (val-
idated by diver observations) revealed dredge pits of 10 to
40 m in diameter and up to 4 m in depth (Figure 2b). Dredge
tracks of approximately 2 m in width, with a mean depth of
0.5 m (Figure 2c), were widely distributed. Where the sea-
floor was dredged repeatedly, multiple dredge tracks created
larger depressions. In such areas, the seafloor was deepened
by 8 to 5 m (Figure 2d).

Such multiple dredge tracks were present in the southwest
of the designated extraction site (Figure 3a and 3b).

The intensity of the dredging impact was estimated, by
evaluating the number of dredge tracks found in 100 m x
100 m blocks of the seabed. Some 142 blocks were assumed to
lie within the extraction site, covering an area of 1,420,000 m?
(Figure 3a). Four months after dredging, at least 59 %
(840,000 m?) of the site, had at least one visible furrow (Fig-
ure 3a). Ten months post-dredging, 53 % (750,000 m?) of the
dredging site had at least one furrow. This calculation does
not consider the “out-of-area” dredge zone, to the SE and N
(approx. 520,000 m?, Figure 3b). Most disturbances occurred
in the southwestern part of the extraction site (Figure 2d).
This area contained fewer dredge tracks in September, than
in March 1998.

Alteration of Sediment Characteristics

SCUBA diver observations, 6 and 10 months after extrac-
tion, indicated differences between the sediment character-
istics between the control and impact sites. The flat sea bed
at the control sites consisted of yellow sand whereas, follow-
ing extraction at the impact site, the seafloor was composed
of black and muddy sediments; occasionally, Beggiatoa mats
were observed in the depressions and furrows.

Before dredging, the upper 10 cm of the control sites con-
sisted of fine to medium sands (mean d = 2.4 ¢); they were low
in organic carbon (ng) content (< 0.2 %) (Figure 4a). Sedi-
ments from the licensed dredging areas consisted of similar
medium-sized sands (mean d = 1.8 ¢), with a similar low or-
ganic carbon content (C < 0.35 %) (Figure 4a). Following
extraction, the sediments of the dredged sites were altered
fundamentally, whilst the sediments of the control sites were
unchanged. Following dredging, the upper sediment layer con-
sisted of fine sands (mean d = 2.7 ¢) enriched in organic con-
tent (C_, = 1.9 %) (Figure 4a).

The core samples showed that sediments at the control sites
were relatively homogeneous, not changing markedly over
time. Conversely, the upper sediment layer at the impact sites
revealed a fining trend, over time (Figure 4b). Thus, it may
be concluded, at the impact sites, finer sediments enriched in
organic carbon were accumulated on top of the original sedi-
ment (Figure 4b).

Six months after dredging the oxygen profiles from the
impact sites were almost identical to these representative
of pre-dredging conditions. There was a significant (n = 23;
p = 0.05; Wilcoxon rank test) difference in the oxygen pen-
etration depths, between the control site cores (mean depth:
-10.9 + 3.9 mm (11 cores; 22 profiles) and those collected from
the bottom of the dredged pits (mean depth: -7.4 + 3.6 mm
(12 cores; 24 profiles)) (Figure 5a). Ten months after dredg-
ing, oxygen depletion was measured in sediment cores from
the dredged furrows (mean depth: -1.6 + 2.8 mm (3 cores; 6
profiles)), whereas the typical control site cores were more
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oxygenated (mean depth: -38.3 = 7.6 mm (3 cores, 6 profiles))
(Figure 5b).

Alteration of Macrofaunal Assemblages

Fifty macrobenthic taxa were sampled from the control
and the impact sites; this is a representative number for
this region of the Baltic Sea (ZETTLER, BONSCH and GOSSELCK,
2000). The most frequently-occurring taxa were: Nereis (He-
diste) diversicolor (100 % occurrence, mean abundance (MA)
= 85 individuals m?); Hydrobia ulvae (95 % occurrence, MA =
2475 individuals m?); Pygospio elegans (95 % occurrence, MA
= 2703 individuals m?); Macoma balthica (95 % occurrence,
MA = 77 individuals m2); Scoloplos armiger (91 % occurrence,

MA = 281 individuals m?); and Mytilus edulis (86 % occur-
rence, MA = 313 individuals m*). Six species with “sensitive”
population characteristics were sampled before dredging. Four
of these species were recorded in, at least, 50 % of control sites
samples: Mya arenaria (91 % occurrence, MA = 407 individu-
als m?); Bathyporeia pilosa (82 % occurrence, MA = 121 indi-
viduals m?); Travisia forbesii (68 % occurrence, MA = 148 in-
dividuals m?); and Cerastoderma lamarcki (50 % occurrence,
MA = 188 individuals m?). Of the other two sensitive species,
Ophelia rathkei (29 % occurrence) was collected regularly, but
only at the control sites; whereas Bathyporeia pelagica was
generally rare (10 % occurrence).

Table 1. Impact of dredging — SAB approach. Total number of taxa, abundance in individuals (ind m?), including standard deviation (sd) and
biomass in grams (g m*?), were examined at the control and the impact sites. Key: Time Before/After = month before and after extraction (year/
month); (Sample type) Grab = Van Veen grab samples, Core = core samples obtained by SCUBA divers (number of samples from control site /
number of samples from impact site); nd = no data, significance tested between samples from control and impact sites (Mann Whitney U-test); (ns)

not significant, (*) p< 0.01, (**) p< 0.001.

Time S:;r;};le Total number of species ﬁlzu;l:;a?scd(; gB;:_r;?ssg)
(@ fzontrol /n Control Impact Control Impact Control Impact
impact)

Before
4 (97/07)  Grab (7/7) 27 31 ns 4031 (253) 6622 (316) ns 88 ® 119 8 ns
2(97/09)  Grab (7/6) 24 25 ns 12894  (1308) 8297 (907) ns 1072 (186) 222 (31) ns

After
1(97/12)  Grab (6/3) 31 18 * 3122 (218) 2679 (366) ns 56 ©)] 87 (18) *
4(98/03)  Grab (5/3) 22 6 ok 3508 (469) 199 (45) ok 53 6) 0.6 0.1) ns
6 (98/05) Core (5/5) 17 15 ns 12535  (1540) 4153 (448) ns 88 (15) 6 (0.5) ns
10 (98/09)  Grab (3/3) 23 19 ok 3517 (329) 6195 (714) ok 62 5) 21 (2 ok
10 (98/09)  Core (5/5) 11 2 ok 5605 (759) 191 ) ok 438 (120) 0 ) o
13 (98/12)  Grab (-/2) nd 4 nd 1155 (473) nd 2 @
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Figure 5. Sediment oxygen profiles at the control and impact site: (a)
4 months (N (cores control) = 11; N (cores impact) = 12); and (b) 10
months ((N (cores control) = 3; N (cores impact) = 3), after extraction,
in November 1997. Error bars indicate one standard deviation.

Two cores and a single grab sample collected, respective-
ly, 10 and 13 months after dredging, contained no macroben-
thic animals. Comparison of Van Veen grab samples, from
both the control and impact sites, 4 (n = 14) and 2 months (n
= 13) before dredging, showed no significant differences (p
> 0.05, Mann Whitney U-test) in number of species, abun-
dance, or biomass (Table 1). One month after extraction, the
number of species was lower at the impact sites, than before
the dredging. Abundance and biomass in the control and
impact sites decreased significantly, compared to the situa-
tion before dredging (Table 1). Four months after dredging,
the number of species, abundance and biomass were lower
at the impact sites, than at the control sites (significant, for
richness and abundance) (Table 1). Ten months after dredg-
ing, control and impact sites differed significantly for the
number of species, abundance, and biomass (Table 1).

The number of non-vulnerable species (Table 2) decreased
after dredging at the impact sites (Table 3); they were less
abundant 1 month after dredging (Table 3). Sensitive species
were not found at the impact sites after dredging (Table 3),

Table 2. List of ‘non vulnerable” and ‘sensitive” taxa. From 50 sampled taxa, 28 were used for multivariate statistical analysis. Taxa were
determined according to Hayward and Ryland (1990) and Hartmann-Schroder (1996). Abbreviations: RL = red list of endangered species; MV =
Mecklenburg-Vorpommern (local list); and BS = Baltic Sea. Class: O = Oligochaeta,; P = Polychaeta; A = Amphipoda; C = Cumacea; I = Isopoda;
and B = Bivalvia. Feeding Type (categories according to Fauchald and Jumars (1979)): gr = grazer, ff = filter feeder; sdf = selective deposit feeder;
n-s df = non-selective deposit feeder; p = predator; gr = grazer; om = omnivore; and sc = scavenger. Category (ICES 1994; 1995): nks = biology

not known sufficiently; nv = non-vulnerable; s = sensitive; and b = both. Red list: ** = presumably not endangered at present; P = potentially
endangered; 3 = endangered; and 2 = critically endangered.

Taxon Class Feeding type Cat ICES RL MV RL BS
Arenicola marina (LINNAEUS 1758) P n-s df nv

Aricidea (Allia) suecica ELIASON 1920 P n-s df S P o
Bylgides sarsi (KINBERG 1865) P n-s df nv

Eteone longa (FABRICIUS 1780) P P nv

Marenzelleria viridis (VERRILL 1873) P ff & sdf nv

Neanthes succinea (FREY & LEUCKART 1847) P sc & om nv

Nereis (Hediste) diversicolor (O. F. MULLER 1776) P n-sdf & p nv

Ophelia rathkei McINTOSH 1908 P n-s df s P P
Pygospio elegans CLAPAREDE 1863 P sdf / gr nv

Scoloplos armiger (O.F.MULLER 1776) P n-s df nv

Spio filicornis (0. F. MULLER 1776) P ff & sdf nv

Spio goniocephala THULIN 1957 P ff & sdf nks

Travisia forbesii JOHNSTON 1890 P n-s df s P P
Heteromastus filiformis (CLAPAREDE 1864) P n-s df nv

Capitella capitata (FABRICIUS 1780) P n-sdf & p nv

Oligochaeta (6] sc & om nv

Tubificoides benedeni (UDEKEM 1855) (6] sc & om nv

Bathyporeia pelagica (BATE 1856) A sdf / gr nks

Bathyporeia pilosa LINDSTROM 1855 A sdf / gr s P P
Corophium volutator (PALLAS 1766) A n-s df nv

Gammarus oceanicus SEGERSTRALE 1947 A p&gr

Gammarus salinus SPOONER 1947 A p&gr b

Diastylis rathkei KROYER 1841 C (non)-sdf / gr nv P o
Cyathura carinata KROYER 1848 I p & om s 3 3
Idotea baltica (PALLAS 1772) I sdf / gr s

Cerastoderma lamarcki (REEVE 1844) B ff s 3 2
Macoma balthica (LINNAEUS 1758) B sdf / gr & ff nv

Mya arenaria LINNAEUS 1758 B ff b
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Figure 6. Mean abundance (ind m-2) of three macrobenthic species in samples, at the control and impact sites before (-) and after (+) extraction. Key:
Control site - open bars; impact site - black bars. Error bars indicate one standard deviation.
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Figure 7. Non-metric MDS ordination of Steinhaus (Bray-Curtis) similarities, computed for fourth root transformed abundances, of 28 macro
invertebrate species (Table 2.): (a) for 11 grab sample locations (n = 52); and (b) for 4 core sample locations (n = 20). Note that in (a), most symbols
are grouped in the middle of the plot. Therefore, the numbers indicate only the months when samples in the cluster were collected, i.e. and not
the specific one shown in (b). Key: open symbols-before extraction; closed symbols-after extraction; circles-control site; triangles- impact site; and
numbers indicate months before (-) and after (+) dredging.

Table 3. Effect of dredging on abundance of non-vulnerable and sensitive species. Total number of taxa and abundance (ind m? and standard
deviation) as examined of the ‘non vulnerable” and “sensitive” species (Table 2.), from the total analysis. Time Before/After: Month before and after
extraction (Year/Month); sample type: (Grab) Van Veen grab samples and (Core) core samples by SCUBA divers (number of samples from control
site / number of samples from impact site); nd = no data, significance of each species type tested between samples from control and impact sites
(Mann Whitney U-test): (ns) not significant, (*) p< 0.05, (**) p< 0.01.

Non vulnerable species (16 present) Sensitive species (7 present)

Total number of Total number of

Time Sample type taxa Abundance ind m? (sd) taxa Abundance ind m? (sd)
(@ .control / Control  Impact Control Impact Control  Impact Control Control
n impact)
Before
4 (97/07) Grab (7/7) 16 16 2307 (368) 4292 (403) ns 5 4 949 (299) 217 (21) ns
2 (97/09) Grab (7/6) 16 15 6650 (997) 5029 (994) ns 3 4 662 (270) 426 (142) ns
After
1(97/12) Grab (6/3) 15 10 1784 (298) 611 (61) ns 7 0 158 (27) 0 (0) ok
4 (98/03) Grab (5/3) 13 3 903 (132) 43 (4) * 5 0 263 (67) 0 (0) *
6 (98/05) Core (5/5) 9 12 6714 (1388) 4108 (433) ns 3 0 786 (147) 0 (0) ns
10 (98/09) Grab (3/3) 13 12 1681 (344) 3825 (751) ns 5 2 890 (271) 331 (156) ns
10 (98/09) Core (3/5) 4 1 2229 (615) 127 (0) * 3 0 828 (210) 0 (0) ns
13 (98/12) Grab (-/2) nd 2 nd 38 (10) nd 1 nd 28 (0)
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except for a few small individuals of the bivalve Cerastoderma
lamarcki and a single individual of the polychaete Travisia
forbesii, 10 month after dredging (Table 3). At the same time,
sensitive species were still sampled regularly at the control
sites (Table 3). Differences in abundance before and after
dredging of Mytilus edulis (non-vulnerable species), Pygospio
elegans (non-vulnerable species), and Travisia forbesii (sen-
sitive species) are illustrated in Figure 6. Mytilus edulis, as
an indicator for ‘non-vulnerable’ and robust species, showed
some abilities to cope directly with potentially-harmful al-
terations of the seafloor, after extraction. Pygospio elegans
showed slow, but immediate recovery, most likely by migra-
tion, indicating ‘non-vulnerability” with good recolonising
abilities. Travisia forbesii, as a ‘sensitive’ species, dwelled
constantly at the control site, but its population did not re-
cover at the impact site within the first year post- extraction
(Figure 6).

Differences before and after extraction, at the control and
impact sites (all the n values in Table 1) were analysed also
by a non-metric multi-dimensional scaling (mMDS) (Figure
7), based upon Bray-Curtis (Steinhaus) similarities of the
fourth-root transformed abundances of 28 macrobenthic
species (Table 2), from the grab samples (Figure 7a) and
core samples (Figure 7b). The results obtained illustrate
that macrobenthic communities at the control sites were
similar at all times. Additionally, no differences between
the grab samples of the impact sites, before extraction, to-
gether with control sites before and after dredging, were
plotted (Figure 7a). However, some 4,10, and 13 months
after extraction, some samples at the impact sites showed
a modified macrozoobenthic community;showed similarities
(Figure 7a).

This observation illustrates the locally-heterogeneous ef-
fect of dredging. In particular, cores sampled by SCUBA
divers from within the furrows in the impact sites, showed an
overall difference between the macrobenthic community at the
control and impact sites (Figure 7b).

DISCUSSION

In general, methods selected for analysis (as outlined
above), focus on an improvement of the understanding of the
effects of extraction on macrobenthic communities at differ-
ent spatial scales. The number of samples is in general at
the lower limit to describe alterations of benthic assemblages.
However, the distribution of macrofauna in the Baltic Sea is
due to only a few species occurring, which is less patchy than
in other marine ecosystems (ZETTLER, BONsCH and GOSSELCK,
2000).

Seasonal effects have been controlled by sampling at the
control and impact sites, at the same time. However, it was
not possible to compensate for the influence of stochastic ef-
fects, such as locally-different salt-water intrusions in the
study area (PrENA et al., 1997).

Additionally, only a small portion of the dredged area was
sampled at high densities. This was possible for this site only,
because of intensive observations (by both divers and a towed
underwater video camera) showing that, prior to dredging,
sediment surface texture and morphology were homogeneous.
In the extraction area, the sample sites were relocated after
extraction, to a more intensively dredged area. This approach
was adopted to describe a ‘worst case’ scenario and to avoid

ambiguous results, as the singular extraction of 320,000 m?® at
Wustrow II could be considered to be a small- to medium-sized
dredging operation.

Marine aggregates are used in at least 14 countries around
the North Sea and the Baltic Sea, for different purposes (ICES,
2001). Such aggregates are extracted using different meth-
ods (trailer suction hopper and static suction hopper dredg-
ing), in differing environments under various hydrodynamic
boundary conditions (e.g. wave-dominated vs. tide-dominated,
low-energy vs. high-energy). As a consequence, the impacts of
dredging, on benthic organisms and in different seas, are di-
verse and mostly poorly understood.

Marine aggregate extraction leads clearly to a physical dis-
turbance of the seafloor and benthic communities. Therefore,
an increasing number of studies examine physical and bio-
logical recovery, but mainly focus upon biological recolonisa-
tion. For example, VAN DALFSEN and EssiNk (1997) and EssINK
(1998) have described the effects of sand extraction on benthic
communities in the North Sea, reporting rapid recolonisation
by surrounding fauna, within 2 to 4 years. Bogrs (2005) has
measured the recovery of benthic communities, in a 5 - 12 m
deep and 1,300 m x 500 m wide pit in the North Sea, on the
Dutch Continental Shelf; this showed biomass recovery during
a period of 1 to >4 years. Distribution trends in benthic com-
munities of gravel sediments were studied, following a single
experimental dredging (KEnNY and REeEs, 1994, 1996) and ces-
sation of long-term dredging (Bovp et al., 2003, 2004, 2005;
DesprEz, 2000; and CooPER et al., 2007). Kenny and REES (1996)
have demonstrated rapid infilling of dredge tracks, with sand
and gravel , together with rapid recolonisation by dominant
species. However, the biomass was still reduced substantial-
ly, compared to its pre-dredged state, some 24 months after
dredging. The results obtained by Bovp et al. (2005) show that
the effects of high dredging intensities, on the composition of
sediments and fauna, are discernable have some 6 years after
the cessation of dredging.

Few studies have analysed the effects of extraction in the
Baltic Sea. Bonsporrr (1980) investigated the causes of main-
tenance dredging in the Gulf of Finland. ORESUNDKONSORTIET
(1998), have recording the effects of sand extraction on a sand-
bank in the western Baltic Sea. Both of these studies have
documented only minor impacts, with a rapid recovery of the
original macrofauna. Recently, studies have described the
physical recovery of extraction sites in the German Baltic Sea
(D1ESING et al., 2006; ZEILER et al., 2004). DIESING et al. (2006)
showed a clear influence of water depth on physical recovery,
under similar wave energy levels. Dredge tracks in Tromper
Wiek were clearly discernable in 20 m of water after 12 years:
similar tracks were almost obscured off Graal-Miritz, in 8 -
10 m water depth, within a year.

The modest short-term sediment extraction, examined
in this study, resulted in heterogeneous alterations of the
bottom morphology (Figures 2 and 3). During the first year
post-dredging, physical recovery of areas with single furrows
(Figure 2c) was more rapid, than in areas with dense furrows
(Figure 2d); this was indicated by the decreasing numbers of
detectable tracks by side-scan sonar, particularly in the north-
ern part of the extraction field (Figure 3). Recently published
results show that recognisable, but heavily weathered dredge
tracks, were limited almost exclusively to the highly impacted
southwestern part, some 30 months post-dredging (DIESING,
2007). Boyp et al. (2005) had described already such differ-
ences, in the long-term recovery of a gravel extraction site.
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Quantification of large-scale heterogeneity was made possible
by using side-scan sonar data sets. Therefore, its use is rec-
ommended as a standard tool for sediment extraction-related
environmental impact assessments, albeit combined with ad-
equate ground-truthing.

Major grain-size and organic carbon modifications occurred
after the cessation of extraction activities. The new depression
(which was previously a flat sea floor), functioned very likely as a
sediment trap, collecting fine-grained and organic-rich material.
Sediment fining after dredging has been described, elsewhere,
by many authors (e.g. JONES & Canpy, 1981; KAPLAN et al., 1975;
VAN DER VEER, BERGMAN and BEUKEMA, 1985; and ZEILER et al.,
2004),but was ascribed to onboard screening of fine material (e.g.
Desprez, 2000). According to the licensing procedures, this was
not allowed for the extraction site, at Wustrow II.

In many studies, interpretation of the recovery trends is
based upon the concept that the impact on the benthic commu-
nities ceased immediately following the cessation of dredging,
when recolonisation can commence. However, in the present
study, 6 to 10 months after dredging, oxygen deficiencies de-
veloped in the depression of the impact site: this was related
to enrichment of organic material and the presence of stag-
nant water bodies in the furrows. The accumulation of silt and
the development of a black and nearly anaerobic surface layer
have been observed by vaN DER VEER, BERGMAN and BEUKEMA
(1985), in the Wadden Sea. Similarly, in the Baltic Sea, the
accumulation of organic detritus and oxygen deficiency, dur-
ing periods of water body stratification, has been described
for deep extraction, resilting in the creation of pits (NORDEN-
ANDERSEN, NIELSEN, and LeTH (1992). Conversely, in a 65 m
deep natural pit, formed by gas eruption in the North Sea,
THATIE, GERDES and RAcHOR (1999) observed faunal changes;
however, no oxygen deficiencies were detected. It is postulated
that these dramatic consequences, on the macrobenthic com-
munities, might occur more easily in low-energy seas, such as
the Baltic Sea. However, as relevant measurements are rare,
this effect might have been overlooked in previous studies.

The accumulation of fine sediment enriched in organic ma-
terial and oxygen deficiencies, during summer, can be regarded
as a local pattern ascribed usually to eutrophication (BoEscH,
1985). According to local monitoring programmes (LuNa, 1999;
Lung, 2001), these alterations occurred in an area previously
affected less by eutrophication (see also RUMOHR, BONSDORFF
and PrarsoN, 1996). Whereas eutrophication is often wide-
spread, the observed dredging effects were restricted locally
and disturbed areas were located adjacent to less disturbed,
or undisturbed, areas.

Physical and biological recovery is interlinked and the rec-
olonisation of benthic communities can be expected to differ,
depending upon: (a) the nature of the physical impact; (b)
the physical recovery stages; and (c) the regional structure
of the benthic community. Typically for the Western Baltic
Sea, the original fauna was structured mostly by the physical
environment, characterised as a marginal sea with estuarine
circulation, low salinity, an annual high temperature fluc-
tuation, and stochastic events such as saltwater intrusions
(PRENA et al., 1997). The salinity gradient from south to north,
in combination with the geological youth of the Baltic Sea,
are considered to be the primary factors for the poor taxon
richness (BoNsDORFF and PrARSoN, 1999; REMANE, 1940). The
benthic communities in such an environment are considered
to be able to cope well with additional physical stress factors
(WiLsoN, 1994). In their classical model, PEaArRsoN and ROSEN-
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Figure 8. Conceptual model of the changes in the relative abundance
(N), throughout time (t) of: (1) a ‘non-vulnerable” species having the
ability to cope with direct alterations of the physical conditions after
dredging (i.e. robust); (2) a ‘non-vulnerable” species that recolonises
very rapidly after extraction, due to high reproduction rates (non-
vulnerable, recolonising); and (3) a “sensitive” species which cannot
cope with post-dredging physical alterations and having limited
migration and reproductive abilities, respectively.

BERG (1978) have described different successional states of
macrofauna, under increasing eutrophication levels. At the
extraction site studied here, the common species of the west-
ern Baltic Sea, e.g. the bivalve Mytilus edulis, were collected
regularly after dredging. Conversely, sensitive species such
as the polychaete Travisia forbesii and the amphipod Bathy-
poreia pilosa, present continuously at the control sites, were
not recorded at the impact sites after dredging (Figure 6). Ac-
cording to the concepts of sensitive and non-vulnerable spe-
cies (ICES, 1994, 1995; KrAUSE, VON NoRDHEIM and GOSSELCK,
1996) and the Pearson-Rosenberg model, that at least 3 dis-
tinct categories of macrobenthic species population recovery
are proposed.

(1) Robust non-vulnerable species: species for which occur-
rence and abundance decrease only slightly after dredging,
due to the robustness of individuals to physical disturbances
and post-dredging alterations of sediments and water column
characteristics (e.g. oxygen conditions). Additionally, such
species are omnipresent in the surrounding area, and, as such,
larvae and adults can migrate easily into the dredged area
(e.g. Mytilus edulis, Figure 6)

(2) Recolonising non-vulnerable species: species which are
removed almost completely from the sediment, due to dredg-
ing and which cannot cope with post-dredging alterations
of sediment and water column characteristics. However,
due to their omnipresence in the region and rapidly migrat-
ing adults and larvae, these species are able to recolonise a
dredged site rapidly (e.g. Pygospio elegans, Macoma balthica;
Figure 6).

(3) Sensitive species: species which cannot cope with post-
dredging, grain size alterations and oxygen depletion and can-
not recolonise an area rapidly, due to low migrating abilities of
the adults and larvae (e.g. Travisia forbesii; Figure 6).

In Figure 8, idealised development curves of relative
abundances are proposed, for the species types described
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above. Species Type 1, due to its robustness, never disap-
pears from the dredged area. Species Type 2 disappears but,
due to well-developed migrating abilities of the larval and
adult forms, reappears rapidly in the area. Species Type
3, without the abilities of the two first types, can only rec-
olonise the region after a long phase (time) lag, in which
the physical conditions of the sediments and water column
have recovered and naturally-sporadic larvae settlements
appear.

It should be noted that non-vulnerable species contrib-
ute most to the overall abundance of the local benthic com-
munity: non-vulnerable species types dominate the fluctua-
tion of total abundance, within a given community. There-
fore, population trends, following sediment extraction of
the sensitive species and which are equivalent parts of the
local biodiversity, might be overseen when using the SAB-
approach only. Even multivariate analyses, which reduce
the dominance of abundant species in statistic analyses,
could be misleading.

CONCLUSIONS

The dredging operation has been tend to have had varied
effects on the seabed. The response of areas with isolated fur-
rows differed from areas with dense furrows, or pits. The im-
pacts did not leave with the cessation of dredging. The sedi-
ment composition continued to change and oxygen deficiency
developed, at the base of the dredged furrows. For a complete
evaluation of the biological effects, it is insufficient to analyse
only the overall richness, abundance, and biomass, as any ef-
fects on less abundant species can be overlooked. Such species
may be characteristic and sensitive indicators for the region.
Therefore, analysis at multiple scales is required, to detect
any changes.

Dredging-induced impacts on benthic communities can be
only minimal and short-lived, when the physical impact is
limited and the site recovers rapidly to pre-dredging condi-
tions. However, when the physical alteration cascades into
subsequent prolonged harsh conditions, e.g. oxygen deficiency
in summer time, a potentially rapid recovery is interrupted,
until physical recovery occurs.

The planning and licensing of extraction areas and meth-
ods used in the western Baltic Sea need to be based upon solid
guidelines, to retain the physical impact at a minimum, in
space and time. Likewise, they need to consider the different
regional conditions of the physical and biological environmen-
tal parameters, of the various sea regions.
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