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Abstract. The dynamics of benthic invertebrate communities in Muuga Bay was described in
connection with large-scale dredging activities. The spatial extent and duration of the effects were
assessed by multivariate analysis and spatial modelling. In general, dredging had moderate effects
on benthic invertebrates both in space and time. Still, dredging resulted in an elevated biomass
of bivalves, namely that of Macoma balthica. These bivalves were more impacted on flat bottoms
compared to steep slopes.
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INTRODUCTION

The coastal marine environment is severely threatened by increasing sand extraction
and dredging of harbours (Dernie et al., 2003a, 2003b; Skilleter et al., 2006;
Smith et al., 2006; Szymelfenig et al., 2006). Such activities result in physical
disturbance of sediment structure and associated benthic communities at sites of
dredging, and in organic enrichment and shifts in the community structure at sites
adjacent to dredging. At moderate intensities dredging causes blooms of ephemeral
or mobile species and at high intensities it may eventually defaunate large coastal
areas either due to physical smothering or development of anoxia (Skilleter et al.,
2006; Smith et al., 2006; Szymelfenig et al., 2006). Thus, dredging and dispersal
of dredged material pose an important problem in coastal zone management
(Van Dolah et al., 1984).

The multi-factorial nature of dredging impacts has been stressed in previous
studies. These studies underline that the consequences of dredging represent
an interplay of the spatial extent and temporal intensity of dredging with the
characteristics of the habitat. Benthic communities recover faster at exposed areas
whereas irreversible changes are likely at sheltered areas with poor water exchange
(Szymelfenig et al., 2006). The recovery is delayed with increasing intensity and
extent of dredging (Newell et al., 1998, 2004; Boyd et al., 2005). The effects of
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dredging on benthic invertebrates largely vary among regions. The regions that
have a high proportion of mobile and opportunistic species are expected to be more
resistant to the effects of dredging activities compared to regions with perennial,
long-living, and sessile species (Ricklefs & Schluter, 1993; Whittaker et al., 2001).

The coastal ecosystem of the Baltic Sea is very dynamic and characterized
by high physical disturbances such as resuspension of bottom sediments during
extreme storm events and oxygen deficiency due to stagnant bottom water
(Bonsdorff et al., 1996; Kotta et al., 2008b). Therefore it is likely that stress
tolerant species of the Baltic Sea can easily cope with dredging activities unless
oxygen deficiency develops (Bonsdorftf, 1983). On the other hand, dredging may
pose an additional challenge for Baltic species due to the presence of other stress
factors such as low salinity and large temperature fluctuations (Kotta et al., 2008b).
Therefore, the opposite scenario, i.e. low recovery, is also likely.

We analysed whether and how bottom topography, depth, and sediment type
contributed to the influence of dredging on invertebrates. A simple generalized
additive model (GAMS, Hijmans & Graham, 2006) was used directly to predict
the impacts of dredging on benthic communities. Such models have been hardly
used in marine systems despite the ease of their use and strong predictive capability
(Kotta et al., 2008a).

MATERIAL AND METHODS

The Gulf of Finland is situated in the northern Baltic Sea. Due to high riverine
loading from its eastern parts the salinity of the gulf is below 8. Muuga Bay is
situated in the central Gulf of Finland. The bay is relatively exposed to the sea.
The prevailing depths remain between 5 and 40 m, and bottom deposits consist
mainly of clay, silt, and fine to medium sands. Hard bottoms, consisting of pebbles
and boulders, are located in the vicinity of peninsulas and cover a small area.

Large-scale dredging activities were carried out in the south-eastern part of
Muuga Bay due to harbour construction in 2004. Altogether 1 507 740 m® of
material was extracted mainly in September—October. These activities affected
sediment properties of the adjacent seabottom and caused significant enrichment
with organic matter further away as demonstrated by an elevated concentration of
sediment organic matter throughout the bay region in late 2004 and early 2005
compared to 2002-2003 (ANOVA, p <0.01; database of the Estonian Marine
Institute).

The sampling of benthic invertebrates was performed in Muuga Bay annually
during late summers 2002-2007. Altogether 10 stations were sampled covering
the most important benthic habitats of the bay (Fig. 1, Table 1). At each station
one sample was taken in each sampling occasion (a total of 60 samples). The
sampling and sample analysis largely followed the guidelines developed for the
HELCOM COMBINE programme (HELCOM, 2006). Macrozoobenthos sampling
was performed by an Ekman type bottom grab (400 cm®, weight 8 kg, penetration
depth 10 cm). Macrozoobenthos samples were sieved through a 0.25 mm mesh
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Fig. 1. Invertebrate sampling stations in Muuga Bay. The hatched area was dredged in 2004.

Table 1. Characteristics of the studied stations. Slope refers to the inclination of bottom slope in
degrees at the respective spatial scale

Station ‘ Pos N ‘ Pos E | Depth ‘ Sediment | Slope 100 | Slope 500 | Slope 1000

2 59.5051  24.9601 18.2 Silt 0.56 0.41 0.39
3 59.5142  24.9568 20.4 Silt 0.70 0.72 0.47
5 59.5052 249311 5.5 Sand 0.32 0.26 0.33
11 59.4974  24.9760 11.1 Sand 0.01 0.24 0.37
125 59.4976  24.9666 19.2 Silt 0.59 0.41 0.36
M3 59.5077  24.9939 6.6 Sand 0.69 0.36 0.49
M4 59.5138  25.0009 9.7 Sand 0.78 0.57 0.61
M5 59.5158  25.0006 18.4 Sand 0.78 0.57 0.61
Mé 59.5193  25.0052 29.8 Silt 0.78 0.57 0.61
S1 59.4980  24.9607 18.4 Silt 0.59 0.41 0.36

and the residuals were preserved in a deep freezer at —20°C. In the laboratory,
animals were counted and identified under stereo dissecting microscope. Dry
weights of all taxa were obtained after keeping the material 2 weeks at 60°C.

As other natural factors may confound the response of invertebrates to
dredging, we included measurements of the key environmental variables in the
design. During sampling we recorded the depth and type of the bottom substrate.
Based on depth charts (available at the Estonian Marine Institute), the inclination of
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coastal slopes was calculated at 100, 500, and 1000 m resolutions using the
Spatial Analyst tool of ArcInfo software (Anon., 2004). High values of coastal
slopes indicate the occurrence of topographic depressions at smaller spatial scale
(100 m) and the occurrence of steep slopes at higher spatial scales (500—1000 m).
Low values refer to flat bottoms at the measured spatial scales.

Multivariate data analyses were performed with the statistical program ‘PRIMER’
version 6.1.5 (Clarke & Gorley, 2006). Invertebrate biomass data were not
transformed prior to the multivariate analyses. The first-stage BEST analysis was
used to evaluate the effect of different environmental variables on the biomass
structure of benthic invertebrates. The analysis showed whether dredging
significantly described the spatio-temporal variability of invertebrate communities.
Next the second-stage BEST analysis was used to evaluate how environmental
variability contributed to the effects of dredging. The second-stage BEST analysis
showed which environmental variables best predicted the strength of dredging—
invertebrate relationship. During analyses the variability of invertebrate communities
was quantified separately in each station by using a zero-adjusted Bray—Curtis
coefficient. The coefficient is known to outperform most other similarity measures
and it enables samples containing no organisms at all to be included (Clarke et
al., 2006). The resulting dissimilarity values were then combined to test for an
interactive effect of dredging and other environmental variables on the spatio—
temporal variability of benthic invertebrate communities. A Spearman rank
correlation (7) was computed between the similarity matrices of environmental
data (Euclidean distance, environmental variables were normalized prior to
analyses) and different invertebrate communities (Bray—Curtis coefficient, biotic
data were not transformed). A global BEST match permutation test was run
to examine the statistical significance of the observed relationships between
environmental variables and biotic patterns. The environmental variables that were
selected as significant in the BEST analyses were used in spatial modelling. The
statistical differences in the invertebrate community structure among years were
assessed using ANOSIM analysis.

Ordinary linear multiple regression analysis was used to make spatial pre-
dictions of several response variables using point surveys of the response and
predictor variables. Only best predictors were selected and tested. The Akaikes
Information Criterion was used to select the best model. Partial regression analysis
was run to evaluate a spatial trend surface of spatial autocorrelation of residuals
(a 2nd order polynomial) (Rangel et al., 2006).

RESULTS

Altogether 25 taxa of infaunal and epifaunal invertebrates were collected in the
study area. By far the most prevailing species were the bivalves Macoma balthica,
Mpytilus trossulus, and partly Cerastoderma glaucum. The cirriped Balanus
improvisus and the bivalve Mya arenaria were abundant at some stations. The
biomass of other taxa did not exceed 0.5% of total biomass (Table 2).
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The biomass dynamics of benthic invertebrates varied among species, stations,
and years. The biomass of M. balthica was consistently higher in 2004—2005
compared to other studied years. Revised trends were due to stations that were
located at the aquatory of Muuga Port. The bivalves C. glaucum and M. trossulus
showed no consistent responses to dredging activities (Fig. 2).
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Fig. 2. Dynamics in the biomass of dominant benthic invertebrate species at the studied stations.
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The biomass structure of invertebrate communities indicated a weak response
to dredging as the effects of dredging were observed only at 4 stations (first-stage
BEST analysis, Spearman rank correlations between 0.196 and 0.818). The bio-
mass structure of invertebrate communities significantly differed between years,
but this difference reflected environmental variability other than exposure to
dredging. The second-stage BEST analysis indicated that bottom topography
mainly affected the response of invertebrates to dredging (second-stage BEST
analysis, Spearman rank » = 0.484). Flat bottoms were more sensitive to dredging
compared to sites situated on slopes (» =—0.58). The type of sediment had also
some effect on the response of invertebrates to dredging; however, the effect was
not significant in the presence of coastal slope in the model, i.e. bottom topography
described the variability due to sediment type. The distance of site to the dredged
area was not important in the model. The coastal environment was fully recovered
within 1 year after the dredging as then the pre-dredging and post-dredging
communities did not diverge (ANOSIM p > 0.05).

The effects of dredging were mainly manifested as changes in the biomass of
bivalves, especially in that of Macoma balthica. The biomass increased manifold
during the year of dredging, especially at those areas that had lower water exchange,
i.e. on flat bottoms (Fig. 3).

Spatial modelling identified large areas in western and eastern Muuga
Bay that were highly sensitive to dredging as indicated by increased benthic
biomasses. The spatial model described 76% of the overall variability of the
community (Fig. 4).
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Fig. 3. Temporal trends in invertebrate biomass across different levels of coastal slopes in Muuga
Bay. Biomasses above 100 g dw m (i.e. above natural range) refer to strong impacts.
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Fig. 4. Spatial prediction of total invertebrate biomasses (g dw m>) in the dredged scenario in
Muuga Bay.

DISCUSSION

The impacts of dredging on biological communities are difficult to predict because
physical conditions interact with the community response. Furthermore, biological
systems are complex and impacts often result from indirect effects rather than
direct smothering (Newell et al., 1998). Often it is factors other than dredging that
largely determine the community structure, resulting in confounded effects of the
dredging. Thus, the study designs that do not include the measurement of other
environmental factors or lack the baseline data must be interpreted with particular
care. As our study involved the key environmental variables and the structure of
invertebrate communities in the design, we were able to separate the effects of
dredging from those of other environmental variables and to identify the interactive
effects of dredging and environmental variability on invertebrate communities.
Usually the effects of dredging persist over several years (Kenny & Rees,
1994, 1996; Newell et al., 2004) and in extreme cases over a decade (Boyd et al.,
2005; Robinson et al., 2005). Our study clearly indicated that dredging had weak
but consistent effects on benthic invertebrate assemblages and recovery of the
communities took place within a year. This supports our hypothesis that stress-
tolerant species of the Baltic Sea can easily cope with dredging activities. Often
communities that are characterized by opportunistic species show weak effects
and fast recoveries of dredging (Gorzelany & Nelson, 1987; Bolam & Rees, 2003;
Robinson et al., 2005). Hinchey et al. (2006) and Powilleit et al. (2006) also

293



J. Kotta et al.

demonstrated that M. balthica dominated communities were weakly affected by
disposal of dredged material and communities recovered within a short period of
time. On the other hand, Olenin (1992) demonstrated that several common benthic
invertebrate species of the Baltic Sea are sensitive to dredging. However, the
effects were significant for species abundances only and not for biomasses. Weak
impacts and a high recovery potential of benthic communities are supported by a
relatively high exposure of the study area (Newell et al., 1998). Our study area has
a good water exchange with the deeper sea and hypoxic conditions are not likely
in Muuga Bay. A rapid recovery is also expected due to a very strong seasonality
of the Baltic Sea, strong natural physical disturbance, and short generation times
of most near-coastal animal species (Hillfors et al., 1981).

Among invertebrate functional feeding groups, deposit feeders and suspension
feeders significantly gained biomass. Our study showed that flat bottoms were
more impacted by dredging compared to sites situated on slopes. This could be
expected as flat bottoms are characterized by lower water exchange than slopes.
With increasing water exchange the amount of deposited organic matter, i.e. food
of benthic invertebrates, decreases (Newell et al., 1998).

With the rise of new powerful statistical techniques and GIS tools, there has
been rapid progress in the development of predictive habitat distribution models
in ecology covering as diverse aspects as biogeography, conservation biology,
climate change research, and habitat or species management (Guisan & Zimmer-
mann, 2000). Our study demonstrated that spatial predictive modelling is a useful
and cost-efficient tool in near-coastal zone management as the modelled layers
provide managers a possibility of reducing the overall environmental impact of
future dredging activities.
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Muuga sadama suuremastaapsete siivendamistoode moju
pohjaloomastikule

Jonne Kotta, Kristjan Herkiil, [Imar Kotta, Helen Orav-Kotta
ja Robert Aps

On kirjeldatud suuremastaapsete siivendustodde mdju Muuga lahe pohjaloomas-
tiku kooslustele. Mdjude ruumilist ulatust ja ajalist kestust uuriti mitmemodtmeliste
statistilise analiilisi ning ruumimodelleerimise meetoditega. Siivendamine mdjutas
mdodukalt pohjaloomastiku kooslusi. Erandina suurendas siivendamine oluliselt
Macoma balthica biomassi. Jarskude rannandlvadega vorreldes mojutas siivenda-
mine M. balthica biomassi enam tasastel merepdohjadel.
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