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Abstract

Ecosystem resilience emphasizes two different aspects of stability, i.e. the
capacity of an ecosystem to tolerate disturbances (sensitivity) and rebuild itself
when necessary (recovery). This paper examines the relationships between the
magnitude of oil spill and the resilience of benthic invertebrate communities in
the Gulf of Finland, Baltic Sea during 2006-2007. We analyzed whether and
how depth, sediment type, topographic structure and exposure contributed to
these relationships. Predictive spatial modelling was used to extrapolate the
sensitivity of benthic invertebrate communities into the whole gulf scale based
on the knowledge of the combined effects of environmental variability, oil
exposure and biotic patterns. Predictive modelling provides managers with a
useful and cost-efficient tool in reducing the potential oil spill related
environmental risk by, e.g., redirecting shipping away from sites that have high
sensitivity and low recovery potential, and by allocating sufficient oil combating
resources to protect those areas in the case of oil accident.
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1 Introduction

Oil spills are ranked among the major threat to the stability of marine
environment and can have severe impacts on nearshore biodiversity and
functioning [1]. Accidental spills coat the shoreline with oil leading to immediate
impacts [2, 3] whereas responses are more subtle and less known in subtidal
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habitats, though, the effects may last up to 20 years after the spill [4, 5]. The
recent drastic spills indicate that oil combat management has failed to achieve
environmental sustainability partly because of insufficient generic understanding
of how spills impact nearshore biota on another side. This uncertainty in
predictions can be reduced by incorporating physical environment and
community ecology (i.e. functionality of biota) into ecosystem models. In order
to do so we need (1) to establish functional relationships between the magnitude
of oil spill and the resilience of coastal biota and (2) estimate how environmental
variability modulates ecosystem response to oil spills. Such estimates are of
utmost value in a situation of increasing shipping and the related risk of oil
accident. For example it is estimated that the amount of oil transported in the
Baltic Sea area exceeds the current values more than 1.5 times by 2015 [6].

Ecosystem resilience emphasizes two different aspects of stability i.e. the
capacity of an ecosystem to tolerate disturbances (sensitivity) and rebuild itself
when necessary (recovery). Sensitivity quantifies the magnitude of disturbance
that can be absorbed before the system changes its structure by changing the
variables and processes that control behaviour. On the other hand, recovery
refers to the rate at which a system returns to a single (or multiple) steady or
cyclic state following a perturbation [7]. Oil spills are known to have the dual
effect on coastal environment. The same spill can raise the biomass levels of less
sensitive species due to organic enrichment and decrease the biomass of sensitive
species because of toxicity [8, 9]. Following the bloom of opportunists and the
decline of sensitive species a period of recovery returns the communities to a
characteristic of relatively undisturbed conditions [10, 11]. Environmental
variability directly affects the impact of spills: the sites that are well protected
from waves appear particularly susceptible to adverse impacts of oil [12].
Besides direct effects, environmental variability is known to affect community
structure and, as sensitivities of animals vary among species, the response of
communities to oil spills is likely to change with environmental settings. Despite
of this we are not aware of any studies on the interactive effects of physical
forcing and oil spills to nearshore ecosystems.

Benthic invertebrate communities represent an intermediate trophic level and
they are highly sensitive to a range of environmental forcing factors [10, 13]. Oil
spills potentially affect benthic communities in many ways e.g. through
modification of habitat characteristics, suffocation and/or toxification of flora
and fauna and removal of the key habitat forming species that may indirectly
affect other components of benthic life [1]. Owing to their feeding mode,
suspension-feeders are directly linked to pelagic productivity [14] and benthic
grazers to the production of benthic micro- and macroalgae [15, 16] while
deposit-feeders rely on sedimenting debris or degrading filamentous algae [17].
Besides feeding functions, animal mobility determines the response of species to
environmental forcing. Mobile species possess the ability to escape direct small-
scale physical disturbances and perform an active search for food. Sessile species
are more susceptible to physical disturbances than mobile species and rely
completely on local food levels [19]. Consequently, different functional groups
are influenced by different environmental factors and this difference may explain
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a high degree of variability in the response of benthic invertebrate communities
to oil spills [11, 19, 20].

In January 2006 an extensive oil spill was detected in the northeastern Baltic
Sea. Due to the severe storms removal of the oil from the sea surface was
aggravated and much of oil found its way into embayments of the western Gulf
of Finland. According to the preliminary field survey it was estimated that
approximately 10 t of heavy oil stranded to the shores of Keibu and Nova Bays
[21] and it is not known how much settled in subtidal areas. In this study we
described the effect of the oil spill on benthic invertebrate communities. As there
were good pre-spill data on the benthic invertebrate communities we were able to
evaluate the impacts using proper Before-After Control-Impact design [22]. By
comparing pre-spill, spill and post-spill data we examined which environmental
factors were responsible to sensitivity and recovery of communities and then
using predictive spatial modelling extrapolated the knowledge into the Gulf of
Finland scale.

2 Material and methods

The benthic invertebrate sampling and sample analysis followed the guidelines
developed for the HELCOM COMBINE programme [6]. The field works were
performed immediately after the spill in 2006 and a year after in 2007. The
macrozoobenthos sampling and material processing followed an earlier
monitoring study in respect to sampling grid, grab type, sieving, field assistants
and laboratory procedures [23]. Sediment and macrozoobenthos sampling was
performed by an Ekman type bottom grab (400 cm®). A total of 63 stations were
sampled and three replicate samples were taken in each station.

Macrozoobenthos samples were sieved through a 0.25 mm mesh 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
each taxon were obtained after keeping the material 48 hours at 60 °C.
Macrozoobenthos was classified into feeding guilds — deposit feeders,
suspension feeders and herbivores based on literature [24] and earlier field
observations.

As other natural factors may confound the response of invertebrates to oil
spill we included the measurement of the key environmental variables in the
design. During sampling we recorded depth and the type of bottom substrate.
Based on depth charts (available at the Estonian Marine Institute) the inclination
of coastal slopes was calculated at 100 and 1,000 m resolutions using the Spatial
Analyst tool of Arclnfo software [25]. High values of coastal slopes indicate the
occurrence of topographic depressions at the measured spatial scale. Low values
refer to flat bottoms. Exposure was assessed as an aspect of slope and the nearest
distance of sampling point to 20 m isoline. Oiled areas were identified based on
the winter 2006 oil survey maps [21].

Multivariate data analyses were performed by the statistical program
“PRIMER” version 6.1.5 [26]. Invertebrate biomass data were square-root
transformed to down weigh the dominant species and increase the contribution of
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rarer species in the multivariate analysis. The second stage BEST analyses were
used to evaluate how environmental variability contributed to the magnitude of
impacts and recoveries of benthic invertebrates. The BEST analysis shows which
environmental variables best predict the observed biotic patterns (i.e. temporal
variability). During analyses the temporal dynamic of invertebrate communities
was quantified separately at each station by using a zero-adjusted Bray Curtis
coefficient. The coefficient is known to outperform most other similarity
measures and enables samples containing no organisms at all to be included [27].
The resulting dissimilarity values were then combined to test for an overall effect
of oil spill and other environmental variables in the temporal variability of
benthic invertebrate communities. Comparisons between pre-spill and spill data
gave an indication of impacts and differences between pre-spill and post-spill
data that of recoveries, respectively. A Spearman rank correlation (r) 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 was
square-root transformed). A global BEST match permutation test was run to
examine the statistical significance of 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.

General Additive Model was used to model the impact and recovery of
benthic invertebrate communities to oil spill in the southern coastal area of the
Gulf of Finland. GRASP software (Generalized Regression Analysis and Spatial
Prediction) version 3.3 for S-Plus [28, 29] was used to make spatial predictions
of several response variables using point surveys of the response and predictor
variables. Stepwise (only best predictors selected) models were tested. The
models were run with 2 degrees of freedom and the conservative Akaikes
Information Criterion was used to select variables into the model.

In the spatial models the “impact” was defined as a statistically significant
difference in the biomass structure of invertebrate communities between
contaminated area (impact) and other sites that were not contaminated (control)
in 2006 and “recovery” as the disappearance of such difference in 2007. The
statistical differences were assessed using ANOSIM analysis in the PRIMER
statistical package. We based comparisons on paired sites in order to reduce the
significant effect of environmental variables among sites. Reference sites were
selected to match impact sites in environmental features (i.e. depth, sediment
type, slope, aspect, exposure). These matched pairs were assumed to be similar
in respect to environmental variables that affect the resource of invertebrates.
Thus, any difference in matched pairs is presumed to be due to exposure to oil
spill at impact site. Prior to analyses the assumption of equality of matched pairs
was verified using the existing pre-spill data.

3 Results

Altogether 34 taxa of infaunal and epifaunal invertebrates were collected in the
study area. The communities were dominated by a variety of bivalve molluscs,
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namely Macoma balthica, Mya arenaria and Cerastoderma glaucum. Among
crustaceans Bathyporeia pilosa had the highest biomass. The biomass of other
taxa did not exceed 5% of total biomass.

The biomass structure of invertebrate communities indicated a strong
response to oiling as the matched pairs of oiled and reference sites diverged over
time (second stage ANOSIM p < 0.05). Exposure and depth interactively
affected the response of invertebrates to oiling (second stage BEST analysis,
Spearman rank r = 0.49, p = 0.042). Sheltered and deeper sites were more
sensitive to oiling than exposed and shallower sites. The biomass of deposit
feeders has clearly increased in areas adjacent to heavier oil loads. The biomass
of herbivores has tremendously declined in the sites of the most severe oil
pollution. In the eastern part of Keibu Bay we failed to find any specimen of
amphipod or isopod despite of intensive sampling. Similarly to deposit feeders,
the biomass of suspension feeders has increased in impact areas whereas the
values have decreased in reference areas.

The biomass structure of invertebrate communities significantly differed
between 2006 and 2007 (ANOSIM p < 0.05) and this difference reflected
environmental variability other than exposure to oil. Actually, the coastal
environment was fully recovered within 1.5 yr after the spill as the matched pairs
of oiled and reference sites converged over time (second stage ANOSIM p >
0.05).

The spatial modelling identified large areas along the southern coast of western
and eastern Gulf of Finland those were highly sensitive to oil pollution. The values
were lower and less variable in the central Gulf of Finland. Altogether 20% of the
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Figure 1: Probability distribution of the sensitivity of benthic invertebrate
communities to oil spill along the southern coast of the Gulf of
Finland (Baltic Sea). The values above 0.95 indicate significant
impact.
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gulf was sensitive to oil spill (model probabilities > 0.95). The spatial model
described 81% of the overall variability of community (fig. 1).

4 Discussion

The impacts of oil spills to 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 toxicological impacts [1]. Often factors other than oil largely
determine community structure resulting in confounded effects of the spill. 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 [2, 30].

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 oil
spills from other environmental forcing (both abiotic and biotic) and identify the
interactive effects of oil spill and environmental variability on invertebrate
communities. We examined the effect of the spill on the nearshore benthic
community and followed the recovery of the community for a period of 1.5 yr
after the spill. In general, oil spill had significant effect on the variability of
benthic invertebrate communities and the extent and direction of the impact
varied among invertebrate feeding groups. The reaction of invertebrates to oil
pollution was similar to moderate organic pollution [31-34] being exemplified
by decrease in diversity, reduction of phytophilous species and increase in
pollution tolerant species as observed recently in many other Estonian coastal
areas [35]. The magnitude of oil spill was likely not so large to induce strong
intoxification reaction due to the formation of H,S [36].

The deposit feeders were likely gain due to the increase of organic matter in
the system [20, 36]. The prevailing clam Macoma balthica is known to be
extremely tolerant to oil exposure and can benefit from spills [20]. The
herbivores in turn were severely decimated, namely the mobile herbivore
species. We believe that herbivores such as amphipods and isopods were
negatively affected due to characteristics of their escape behaviour and
hydrophobic properties of their body [20, 37, 38]. The decline of amphipods is
also known to be the most consistent pattern of previous oil spills [12, 39]. The
positive effect of oil pollution to suspension feeders may be linked to increased
phytoplankton productivity adjacent to the sites of the most severe oil pollution.
Similar blooms of phytoplankton have been earlier documented in sites affected
by oil pollution and have been explained by reduced grazing pressure by pelagic
grazers [40]. Thus, the improved feeding regime [41] may shade the potential
negative effects of oil spill on the suspension feeders [42].

The high recovery potential of benthic communities is supported by high
exposure [1] of the study area. Rapid recovery is also expected due to very
strong seasonality of the Baltic Sea, strong physical disturbance and short
generation times of most coastal animal species [43]. The most impacted group,
mobile herbivores, have large mobility and high reproduction potential [44] and
therefore can be quickly restored through the immigration from the adjacent
unimpacted bays.
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5 Conclusions

1)

2)

This study demonstrated that the spatial predictive modelling is a useful and
cost-efficient tool in oil spill management as the modelled layers provide
managers the possibility to reduce the overall environmental impact of
future oil spills. The impacts of oil spill were strongest at sites that were
most protected from waves but also deeper areas.

Predictive modelling provides managers a useful and cost-efficient tool in
reducing the potential oil spill related environmental risk by e.g. redirecting
shipping away from high sensitivity and low recovery potential sites, and
by allocating sufficient oil combating resources to protect those areas in a
case of oil accident.
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