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INTRODUCTION

The ecological importance of zoobenthic commu-
nities within coastal ecosystems is manifold and
complex. Zoobenthos promotes remineralization of
orga nic matter, enhances oxygen penetration depth
in the sediments (Aller & Aller 1998, Jovanovic et
al. 2014) and is an important indicator of environ-
mental status (European Commission 2000, Perus

et al. 2007). Further, it plays an essential role in
energy acquisition for higher trophic levels while
serving as central food resource for epibenthic
predators and demersal fish (Salvanes et al. 1992,
Nilsen et al. 2006, Nordström et al. 2009). Direct
linkages between zoobenthos, the environment
and other trophic levels are emphasized in coastal
areas, where productivity is high (Rowe et al. 1975,
Nixon et al. 1986) and the potential capability of
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the system to buffer stressors within a restricted
water body is rather low.

Throughout the past few decades, coastal eco -
systems have been experiencing increasing threats
on a global scale, mainly driven by anthropogenic
pressures such as eutrophication (load of organic
matter, hypoxia) (Diaz & Rosenberg 2008) and the in-
fluence of climate-induced changes in hydrographic
conditions, such as temperature, salinity and oxygen
(BACC II Author Team 2015). These drivers may alter
community composition and their functions. Well-
 described examples for such changes were observed
in the late 1980s, when almost synchronous ecosys -
tem shifts took place in numerous marine systems
throughout the Northern Hemisphere, including the
Baltic Sea, the North Sea, the Mediterranean, the
Black Sea, the Bay of Biscay and others (Alheit et al.
2005, Conversi et al. 2010, Möllmann et al. 2011).
These synchronous regime shifts are system-specific
(Möllmann et al. 2011) and may have been triggered
by changes in climate affecting water temperature
and salinity (Conversi et al. 2010). In addition, anthro-
pogenic impacts of fishing pressures caused a reor-
ganization of trophic interactions (Frank et al. 2005,
Casini et al. 2010). Both climate and fishing may act
interactively, as is suggested for the Baltic Sea (Möll-
mann et al. 2009) and in general (Conversi et al.
2015). Furthermore, recent studies have underlined
the growing impact of climate-induced changes in
the eutrophication-driven Baltic Sea (Lennartz et al.
2014, Snickars et al. 2015). De-oxygenation is in part
stemming from a warming  climate (e.g. Keeling et al.
2010) and its amplification by increasing nutrient
loads in estuaries and coastal oceans worldwide
(Howarth et al. 2011) poses a particular threat.

Even minor changes in hydrographic conditions
may cause reorganizations of communities (species,
abundance, biomass) (Rousi et al. 2013), especially in
the relatively shallow, brackish and enclosed Baltic
Sea, where many species are distributed at their
physiological tolerance limit (Segerstråle 1957, Bons-
dorff 2006). In the virtually non-tidal Baltic Sea, both
saltwater inflows and major mixing events are de -
pendent on storm activities (Meier et al. 2006). In
addition, the large river discharges create strong hor-
izontal and vertical salinity gradients (Hordoir and
Meier 2010). Driven by atmospheric and hydrological
variations, the hydrographic conditions in the Baltic
Sea are highly variable and consequently sensitive to
any changes in climate (BACC Author Team 2008,
BACC II Author Team 2015).

A plethora of studies have investigated environ-
mental drivers affecting the marine biota in the Baltic

Sea on multiple scales, including long-term changes
in abundance, distribution and composition of phyto-
plankton, zooplankton and pelagic fish (Vuorinen et
al. 1998, Dippner et al. 2000, Alheit et al. 2005,
Mackenzie et al. 2007, Casini et al. 2010). However,
studies that investigate the drivers behind the pro-
gression of benthic communities on a long-term scale
(dating back to the 1970s) are generally scarce (Hinz
et al. 2011). With some exceptions (e.g. Beukema &
Dekker 2007, Kröncke & Reiss 2010, Hinz et al. 2011,
Kröncke et al. 2011) findings on temporal develop-
ments within whole benthic communities and over a
representative spatial scale are often limited either in
space (few stations) or in time (relatively short time
scale). However, analyzing how soft-bottom commu-
nities have changed over the past few decades is a
prerequisite for understanding the upcoming devel-
opment of today’s coastal ecosystems. Making use of
the understanding of past changes and variability,
we can take the next step and project the future
development of coastal communities due to environ-
mental changes. This study takes advantage of com-
bining biological data of a well-studied region with
future climate change projections, while referring to
the specific environmental drivers of benthic commu-
nities during the past few decades.

Climate change scenarios have indicated increased
water temperature and possibly lower salinities dur-
ing the 21st century in the Baltic Sea (BACC Author
Team 2008, BACC II Author Team 2015). Changes in
river runoff and wind speed patterns may cause
changes in stratification (Meier et al. 2011b), and
hence intensified eutrophication and further spread-
ing of hypoxic and anoxic areas in the Baltic Sea
(Meier et al. 2011a). Depending on the rate and
magni tude of future hydrographic changes there
might be a risk of abrupt ecosystem changes in the
Baltic Sea, as well as reduced ecosystem resilience
(Beaugrand et al. 2008, Villnäs et al. 2013). There-
fore, knowledge about local drivers affecting the spa-
tial development of zoobenthic biomass is needed, as
zoobenthos plays an essential role for ecosystem
functioning (Timmermann et al. 2012) and acts as a
vital component in the coastal filter (Lloret & Marín
2011).

We analyzed the successional change of inverte-
brate soft-bottom communities at 30 locations and
over 40 yr (1973 to 2013), around the Åland Islands,
northern Baltic Sea. Our aims were to (1) describe the
changes coastal benthic communities have under-
gone over the past few decades, leading to the pres-
ent state, using species composition as proxy, (2) set
particular focus on changes in zoobenthic biomass
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progression patterns, and the driving environmental
factors behind their development, for sheltered and
exposed coastal areas, and (3) analyze regional cli-
mate change projections for the Baltic Sea region,
focusing on an area surrounding the Åland archi -
pelago, to reveal possible hydrographic conditions
for benthic communities in coastal zones at the end of
this century.

MATERIALS AND METHODS

Study area and sampling sites

The Åland Islands are located at the junction of the
northern Baltic Proper and the Bothnian Sea
between Finland and Sweden (Fig. 1). The coastal
zone comprises over 6000 islands, forming a highly
heterogeneous land- and seascape, ranging from
shallow, sheltered bays to exposed open-sea areas.
Gradients in environmental drivers, such as water
temperature, salinity, oxygen concentration and
organic content, can therefore be steep from the in -
ner to the outer coastal zone. Thus, the Åland archi -
pelago reflects broad environment types that can be
found in different coastal areas of the Baltic Sea and
can hence be considered a model area for under-
standing general aspects at larger spatial scales, ir -
respective of area.

In early June 2013 we resampled, inter alia, some
of the historical benthic survey stations started in the

early 1970s (Helminen 1974). These monitoring sites
have frequently been revisited and additional sets of
stations have been added to broaden the area for
long-term monitoring purposes (Sandberg et al.
1989, Bonsdorff et al. 1991, Perus & Bonsdorff 2004
and references within). We included 30 stations, with
16 dating to 1973, and 14 first sampled in 1994.

The extent of exposure to waves and wind, depth,
and proximity to land are the main factors structuring
biological communities (abundance, biomass, spe-
cies identity) (Pihl 1986, Kilar & McLachlan 1989,
Ricciardi & Bourget 1999). These structuring factors
are included in an established exposure index for
northern Baltic Sea coasts by Isæus (2004). Hence,
we a priori grouped the stations into sheltered and
exposed sites accordingly. This also provided a habi-
tat proxy reflecting depth classes and wind mixing,
as precise soft-sediment topography data are re -
stricted to small areas in this heterogeneous environ-
ment (Rousi et al. 2011). We analyzed 2 sets of long-
term data; one including 8 sheltered and 8 exposed
stations in a 40 yr time frame, with samples taken in
1973, 1989, 2000 and 2013, in which the respective
exposure levels were called ‘Sheltered’ and ‘Exposed
1’. The second data set consisted of 14 exposed sam-
pling sites, located in the transition zone between
outer coastal and open offshore areas, hereafter
called ‘Exposed 2’, covering 19 yr and sampled in
1994, 2000, 2006 and 2013 (Fig. 1). All surveys were
conducted between late spring and early summer in
the respective years.

Sampling procedure

The zoobenthos samples taken in
2013 (and during all years in Exposed
2) were collected with an Ekman-
Birge grab sampler (289 cm2) taking 5
replicates per site, sieved on a 0.5 mm
screen (1.0 mm before 2013) and fixed
in a 4% buffered formaldehyde solu-
tion. We took 1 additional sample for
determination of organic content in
the sediment by loss on ignition (3 h at
500°C, dry weight). Sediment samples
were stored at −18°C until further pro-
cessed. At each site, we measured
Secchi depth and surface (1 m under
surface) and bottom (1 m over bottom)
temperature, salinity, oxygen concen-
tration/saturation and pH. In the lab
we identified the organisms to their
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Fig. 1. The Åland Islands including all sampled stations. Sheltered sites and
Exposed 1 sites were sampled in 1973, 1989, 2000 and 2013; Exposed 2 sites
were sampled in 1994, 2000, 2006 and 2013. BS: Bothnian Sea; BP: Baltic 

Proper; GF: Gulf of Finland
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lowest practical taxonomic level under a stereo-
microscope (Nikon SMZ1500, zoom range 0.75× –
11.25×). Individuals of all species were counted and
their wet weight (wet wt) biomass was measured to
the nearest 0.1 mg.

Challenges and limitations of combining long-term
monitoring series

Long-term monitoring series are indispensable as -
sets for studying the effects of environmental change
on ecosystems and serve as focal tools for manage-
ment strategies (Magurran et al. 2010). It is, however,
often challenging to continue or combine historic
samplings with contemporary ones (Hinz et al. 2011),
due to changing techniques and shifting assessment
questions of the surveys. Until the 1990s, for instance,
most surveys used mesh sizes of 1.0 mm for screening
benthic samples; yet, with the turn of last century,
0.5 mm became more common to use in Baltic Sea
surveys. In our study, Sheltered and Exposed 1 were
sieved on a 1.0 mm mesh in all years except 2013,
when we used 0.5 mm screening. The larger mesh
size of 1.0 mm provides a more conservative estimate
and has the potential to underestimate the biomass
detected previously (before 2013) or to miss small
and rare species (Aarnio et al. 2011). Attention
should also be given to the different temporal resolu-
tion and the number of included stations of Exposed
2 in comparison to Sheltered and Exposed 1. How-
ever, adding Exposed 2 improves our understanding
of the general trends within the system, while also
broadening the spatial coverage, and improving the
temporal resolution and the habitat heterogeneity.
An additional challenge in analyzing long-term data
may be caused by different people identifying the
species over the decades, the renaming of species, or
by new species entering the system. In the present
study, the people who identified species in the 1970s
are not the same as in the 2000s, for instance, al -
though the same expertise remains. To minimize
such effects, efforts were made to be as consistent as
possible with regard to identification methods.

Data analysis

For describing spatiotemporal changes in species
composition we applied multivariate analysis tools
using the PRIMER package version 6 (Clarke & Gor-
ley 2006). To detect the general pattern of the de -
velopment of communities, species abundance data

(individuals per sample) were grouped into station
means of every year and exposure group, and
square- root transformed (to compensate for highly
abundant species) before calculating the Bray-Curtis
similarity index for further analysis. To determine
how benthic community compositions have devel-
oped over space and time, we implemented non-met-
ric multidimensional scaling (NMDS), based on the
Bray-Curtis similarity, for visual analysis of major
shifts and differences. The same procedure was ap -
plied without station groupings per year, i.e. includ-
ing all stations within respective exposure levels, to
also acknowledge the variation within each group
and year. Further, we applied a 2-way SIMPER (sim-
ilarity percentage) analysis to compare similarities
among exposure groups and across all years and vice
versa, and to detect the main contributing species to
these similarities. In addition, we compared the rela-
tive species diversity among sampled years within
Sheltered and Exposed 1 using k-dominance curves,
a standard method providing a range of information
from evenness to richness (Clarke 1990, Tóthmérész
1995, Warwick et al. 2008). For this purpose, the
cumulative species abundance data from all sites
within the exposure groups were pooled for each
year and plotted against the logarithmic species rank
scale.

To compare the zoobenthic biomass progression
within and between exposure groups over time, we
performed a 1- and 2-factor repeated measures
ANOVA, respectively, with year and exposure as
 factors, and stations as the error term. Prior to this
analysis the biomass data were square-root trans-
formed to meet required assumptions for testing.

To identify potential environmental drivers affect-
ing the biomass progression patterns we used gener-
alized additive models (GAMs) (Hastie & Tibshirani
1986), using the mgcv library (Wood 2006) in the
open source statistical computing software R version
3.0.2 (R Development Core Team 2013). GAMs have
the advantage of not assuming any prior linear rela-
tionship between response and predictor variables
while also being able to handle non-normally distrib-
uted data, making them an ideal tool for analyzing
ecological relationships between biotic and abiotic
data. We applied the following model to test the
effects of environmental drivers on changes in
zoobenthic biomass with:

log(BT + 1) = s(Vi) + … + s(Vn) + f(E) + ε (1)

where BT is the total benthic biomass, s the spline
smoother function, Vi,n the abiotic predictor vari-
ables, f the added factor with E as exposure, consist-
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ing of 2 levels (sheltered and exposed), and ε is the
random noise term, assumed to be normally distrib-
uted with zero mean and finite variance. While in -
cluding exposure as a factor, we were able to test for
distinct differentiation between sheltered and ex po -
sed sites for selected predictors (model: ‘All areas’).
In the next model step, we applied 2 sub-models
(models: ‘Sheltered’ and ‘Exposed’), one including
only the sheltered stations and one including only the
exposed stations. These sub-models were built the
same way as the model described above but without
f (E). This enabled us to disentangle potentially spe-
cific drivers in the respective areas. As predictor vari-
ables we used the basic environmental variables,
which were taken during the sampling occasions:
secchi depth, bottom water oxygen saturation, sur-
face and bottom temperature, salinity, pH, and
organic content of the sediment (Table 1). We chose
to use bottom water oxygen saturation over oxygen
concentration values as the explanatory variable be -
cause temporal and spatial resolutions of the satura-
tion values were higher and therefore more powerful
for the analysis. To normalize the distribution of re -
siduals of the oxygen saturation values, we applied a
cubic transformation. We limited the number of knots
in each GAM spline smoother term to a maximum of
4 (k = 4) to ensure the model’s flexibility to detect
major trends in non-linear relationships while at the
same time avoiding overfitting the model. We based
the model selection criteria on a backward stepwise
deletion of insignificant covariates (p > 0.05), aiming
for the highest explanatory power of the model
 (de viance explained) with lowest generalized cross-
 validation scores (GCV) (Wood 2004). To ensure the

robust ness of the chosen model, we stepwise in -
cluded previously deleted covariates again in differ-
ent orders and combinations. The final selected mod-
els were inspected for autocorrelation, heterogeneity
and normal distribution of their residuals and trans-
formed or discarded if criteria were not met.

Climate-scenario modeling

At present, global climate models have a horizontal
resolution that is too coarse to enable enough detail
to be resolved in the atmospheric surface fields in
the Baltic Sea area. The finer resolution is important
to capture physical dynamics that impact the eco -
system (Meier et al. 2011c). Hence the regional
 climate model RCAO (Rossby Centre Atmosphere
Ocean model) (Döscher et al. 2002) was used, with a
horizontal resolution of 25 km that enabled a better
representation of surface conditions such as region -
al hydrography and land−sea mask. The dynamical
downscaling approach uses output data from glo -
bal models at the lateral boundaries of the model
domain. Here we have applied data from 2 differ-
ent general circulation models, ECHAM5/MPI-OM
(hence forth denoted ECHAM5) from the Max Planck
Institute (Jungclaus et al. 2006, Roeckner et al. 2006)
and the Hadley Centre model HadCM3 (Gordon et
al. 2000). The HadCM3 model was forced with the
A1B greenhouse gas emission scenario and ECHAM5
was forced with scenarios A1B and A2 (see Naki -
ćenović et al. 2000). In addition we used 2 different
sets of initial conditions for the ECHAM5 scenarios
(denoted by r1 and r3). Hence, 4 different atmo -
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Sheltered Exposed 1 Exposed 2
Average Min. Max. Average Min. Max. Average Min. Max.

Depth (m) 11.6 3.4 27.0 20.9 9.0 35.2 27.2 18.0 36.6
Secchi depth (m) 2.3 1.0 4.9 5.0 2.4 8.6 5.9 0.0 10.0
Surface temp. (°C) 15.2 12.7 18.0 14.1 11.6 16.0 15.3 9.9 21.5
Bottom temp. (°C) 12.2 4.0 16.7 8.4 3.7 13.0 6.8 2.6 15.8
Surface pH 8.4 7.8 9.7 8.3 8.0 9.4 8.3 7.9 9.1
Bottom pH 8.0 7.1 9.0 8.1 7.5 10.0 7.9 7.3 8.8
Surface salinity (g kg–1) 5.9 5.1 6.6 6.1 5.6 6.7 6.2 5.7 7.0
Bottom salinity (g kg–1) 5.9 5.1 6.6 6.3 5.7 7.1 6.6 6.0 7.4
Surface O2 (mg l–1) 10.2 9.0 11.2 10.7 10.3 11.3 10.5 8.7 11.8
Bottom O2 (mg l–1) 8.4 3.1 12.2 10.2 7.8 11.7 9.6 1.0 11.6
Surface O2 (%) 104.5 93.8 116.5 105.0 96.0 110.0 106.9 91.0 132.1
Bottom O2 (%) 76.3 12.0 105.3 88.2 62.5 102.0 83.7 7.9 103.0
Organic content (%) 8.9 4.0 16.1 7.1 1.1 15.2 4.6 0.4 15.2

Table 1. Basic differences in hydrographical and environmental parameters of the 3 exposure groups. Average values were
calculated over the whole study period with samples taken in 1973, 1989, 2000 and 2013 for ‘Sheltered’ and ‘Exposed 1’ groups
and samples taken in 1994, 2000, 2006 and 2013 for the ‘Exposed 2’ group. Minimum and maximum values within each group 

and over the entire study period are indicated in the ‘Min.’ and ‘Max.’ columns. Temp.: temperature
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spheric forcing data sets (3-hourly fields of 2 m air
temperature and specific humidity, 10 m wind speed,
precipitation, sea-level pressure and cloudiness)
were produced for the period 1961 to 2099 (RCAO-
ECHAM5-A1B_r1, RCAO-ECHAM5_A1B_r3, RCAO-
ECHAM5_A2 and RCAO_HadCM3_A1B). The atmo -
spheric data fields were used to force 3D, coupled
physical biogeochemical model RCO-SCOBI (Rossby
Centre Ocean circulation model coupled to the
Swedish Coastal and Ocean Biogeochemical model)
(Meier et al. 2003, Eilola et al. 2009). The ocean
model has a horizontal resolution of 3.7 km, 83 verti-
cal layers with a layer thickness of 3 m and a timestep
of 150 s. The model has an open boundary in the
northern Kattegat, where vertical profiles of temper-
ature, salinity and nutrients are relaxed to climato-
logical mean observations for the period 1978 to
2007. Sea level at the boundary is calculated with a
statistical model (Gustafsson & Andersson 2001,
Meier et al. 2012a). A thorough evaluation of the
RCO-SCOBI model performance and comparison
with other Baltic Sea models is found in Eilola et al.
(2011), who concluded that much of the observed
variability is well captured in the model, while weak-
nesses are found in the nutrient cycling in the north-
ern Baltic Sea.

Oxygen levels and primary production are tightly
coupled to the amount of nutrients exported to the
sea through rivers and point sources, and from
atmospheric deposition (e.g. Savchuk et al. 2008,
Gustafsson et al. 2012). Hence, we used different
nutrient load scenarios: a reference scenario (REF)
where nutrient concentrations in rivers and atmos-
pheric deposition continue at current levels (see Ei -
lola et al. 2009); a business-as-usual scenario (BAU)
with increased river nutrient concentrations (HEL-
COM 2007) and current levels of atmospheric depo-
sition; and a Baltic Sea Action Plan (BSAP) scenario
with riverine nutrient concentration reduction and a
50% cut in atmospheric deposition, following targets
set by the Baltic Sea Environment Protection Com-
mission (HELCOM) Baltic Sea Action Plan (HEL-
COM 2007, 2013, Gustafsson et al. 2011). In the
 scenarios, the river nutrient concentrations and at -
mospheric depositions were linearly changed over
the period 2007 to 2020; thereafter, constant val -
ues were as sum ed. River runoff was calculated as
monthly means from the regional climate projections
using a statistical model based on the difference
between precipitation and evaporation over land
(Meier et al. 2012a).

In total we used 12 scenario simulations in the pres-
ent study, with 4 different climate scenarios (an

ensemble) in combination with each of the 3 different
nutrient load scenarios. The ensemble enabled ana -
lysis of mean value and standard deviation of the dif-
ferent simulated parameters. The latter quantified
the spread among the ensemble members due to
 systematic biases in the models and uncertainties in
future greenhouse gas emission levels. The modeling
approach and evaluation of model performances
are further described in Meier et al. (2012a,b). The
changes in future annual mean water temperature,
salinity, mean summer (June to August) bottom oxy-
gen concentrations and mean spring (March to May)
phytoplankton concentration in the Åland archi -
pelago were derived from the difference between
future levels (2070 to 2099) compared to present
 levels (1978 to 2007).

RESULTS

Development of zoobenthic community
 composition

In total, 33 benthic macrofaunal taxa at the stations
included here were found between 1973 and 2013.
Exposed sites tended to display higher species rich-
ness than sheltered ones (Table 2).

The most remarkable change in species composi-
tion within the study time frame was clearly the inva-
sion of the polychaete Marenzelleria spp. It became
the most dominant species in both the exposed zones
of the Åland Islands in 2013 (Fig. 2). The first note-
worthy appearance of this species in our data was in
2000 and was most pronounced in the sheltered
areas. There, Marenzelleria spp. made up 25% of the
species composition, compared to <5% at the expo -
sed sites. This pattern changed drastically in the op -
posite direction over the next decade. The last  survey
in 2013 revealed only minor contributions of Maren-
zelleria spp. to the species composition in sheltered
areas (3%). It showed, however, largely increased
proportions (up to 45%) in the exposed zones since
the mid-2000s, where Marenzelleria spp. seemed to
have established more stably.

Sheltered areas were mainly dominated by Chiro -
nomid larvae and the bivalve Macoma balthica, fol-
lowed by the gastropods Hydrobia spp. and Potamo -
pyrgus antipodarum. Polychaetes were generally
scarce in abundance until the introduction of Maren-
zelleria spp. Exposed 1 was mainly characterized by
high abundances of M. balthica, especially in the
early survey years (1973, 1989). By 2000, abundances
of the amphipode Monoporeia affinis increased to
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30% of the total composition, while the latest survey
showed the massive abundance of Marenzelleria
spp. The species composition of Exposed 2 showed
proportionally lower abundances of M. balthica but
consistently higher proportions of M. affinis and
ostracods.

The k-dominance curves showed a shift in intrinsic
diversity of the assemblages of Exposed 1 over time,
with distinguishable curves in both later years (2000
and 2013) from the ones of the earlier years (Fig. 3).
An assemblage can be considered more diverse than
another if the cumulative dominance at all values of k
is less than the dominance value from the second
assemblage (Lambshead et al. 1983). Thus, assem-
blages in Exposed 1 were most diverse within the

2000s. Assemblages showing overlapping curves
cannot be distinguished regarding their intrinsic
diversity (Platt et al. 1984). Consequently, the only
assemblage of the sheltered area showing strong
deviation from the rest was the one in 1989, being the
least diverse of all.

The NMDS analysis showed a separation of the
exposure groups over time, while gradually increas-
ing in their similarity towards 2013 (Fig. 4, Table S2
in the Supplement at www.int-res.com/articles/ suppl/
m528p141_supp.pdf). Sheltered assembla ges dis-
played the lowest percentage of similarities across all
years within the exposure groups (Sheltered =
38.9%, Exposed 1 = 52.35%, Exposed 2 = 60.38%)
(Table S1 in the Supplement). This reflects the grad-
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Class Taxon Sheltered Exposed 1 Exposed 2
1973 1989 2000 2013 1973 1989 2000 2013 1994 2000 2006 2013

Turbellaria Turbellaria x x x x x x x

Enopla Cyanophthalma obscura x x x x x x x x x x x

Halicryptomorpha Halicryptus spinulosus x x x x x x x x

Oligochaeta Oligochaeta x x x x x x x x x x x x

Polychaeta Boccardia redeki x
Bylgides sarsi x x x x x x x x
Fabricia balthica x
Fabricia sabella x
Hediste diversicolor x x x x x x x x x
Manayunkia aestuarina x x x x x x
Marenzelleria spp. x x x x x x x x
Pygospio elegans x x x x x x x

Gastropoda Bithynia tentaculata x x x x x x x x
Hydrobia sp. x x x x x x x x x x x
Limapontia capitata x x x x
Lymnaea sp. x
Planorbis sp. x
Potamopyrgus antipodarum x x x x x x x x x
Theodoxus fluviatilis x x
Valvata sp. x

Bivalvia Cerastoderma glaucum x x x x x x x x
Macoma balthica x x x x x x x x x x x x
Mya arenaria x x x x x x x x x x
Mytilus edulis x x x x x x x x x x x

Crustacea Bathyporeia pilosa x
Corophium volutator x x x x x x x x x
Gammarus sp. x x x x x x x x x x
Idotea balthica x
Jaera albifrons x x x x x x x
Monoporeia affinis x x x x x x x
Ostracoda x x x x x x x x x
Saduria entomon x x x x x x x x x

Insecta Chironomidae x x x x x x x x x x x x

Total number of taxa 33 16 10 16 17 10 12 21 24 26 23 24 23

Table 2. List of all observed (presence indicated by ‘x’) species within each sampling year and exposure group, including total 
observed species richness

http://www.int-res.com/articles/suppl/m528p141_supp.pdf
http://www.int-res.com/articles/suppl/m528p141_supp.pdf
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ual but pronounced shift between the
late 1980s and 2000s in sheltered
assemblages (Fig. 4). The distances
within the sheltered year clusters of
1973 and 1989, and 2000 and 2013
remained alike, implying a degree of
species similarity in respective com-
munities. The relative ly large space
in-between those 2 yr clusters indi-
cates a noticeable shift in sheltered
communities. Sites in Ex po sed 1 gen-

erally followed the same direction, although not as
clearly as seen in sheltered sites, underlining the
importance of local environmental drivers for this
community. Similar patterns were observed in the
detailed NMDS with the resolution of individual sta-
tions with in the exposure groups, where sheltered
sites show ed a relatively large spread within each
year (Fig. S1 in the Supplement). Moreover, it ap -
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peared that all the studied time series became more
homogeneous in terms of species composition over
time, as the assemblages of all 3 exposure groups
were less different in 2013 (Fig. 4). This was also
observed with a 2-way SIMPER analysis, examining
year groups across all exposure levels, showing
higher similarities of assemblages towards 2013
(Table S2 in the Supplement).

Biomass progression patterns

The more shallow sheltered sites showed a gradu-
ally decreasing biomass trend over time, with lowest
average biomass values detected in 2013 (39.9 g m−2

wet wt, 0.5 mm sieve), less than half compared to the

1973 averaged values (92.5 g m−2 wet wt, 1.0 mm
sieve) (Fig. 5). Even with a potential overestimation
of biomass due to finer mesh size in 2013 compared
to earlier years, biomasses still showed a declining
trend (Fig. 5), which was continuous over the sam-
pled years although not statistically significant (re -
peated measures ANOVA, p > 0.1). The sites in Ex -
posed 1, on the other hand, showed a significant
change (F3,21 = 9.67, p = 0.0003) with values ranging
from ~150 to 210 g m−2 wet wt in the 2000s, compared
to the 1973 values of ~55 g m−2 wet wt. The sites in
Exposed 2 additionally underlined that biomasses of
exposed stations in general (Exposed 1 and 2) seem
to have stabilized at relatively high values (~150 g
m−2 wet wt) since the mid-1990s, approximately 3
times higher than the Exposed 1 sites in the 1970s.
Comparing the development of the exposure groups,
Sheltered and Exposed 1, within the time series from
1973 to 2013, through a 2-factor repeated measures
ANOVA design, we show that the benthic macro -
faunal biomass progression of sheltered and exposed
habitats differed over time (Exposure × Year: F3,42 =
4.93, p < 0.01; Exposure: F3,42 = 5.4, p < 0.05; Year:
F3,42 = 2.71, p = 0.057) (Fig. 5).

Possible environmental drivers behind biomass
progression pattern

The GAM analysis for revealing potential drivers
behind the biomass progression pattern, with gradu-
ally decreased zoobenthic biomass in Sheltered and
increased biomass in Exposed 1 sites, resulted in 3
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models being best in explaining observed develop-
ment (Fig. 6, Table 3). The ‘All areas’ model in cluded
the additive effect of 3 non-linear functions on bio-
mass in all exposure areas, with oxygen saturation
and organic content having positive effects, and sea
surface temperature (SST) having a negative effect
(Fig. 6). The model was highly significant (p < 0.001)
and explained 66.8% of deviance of the biomass pro-
gression over time (Table 3, All areas). The ‘Shel-
tered’ model included only oxygen saturation as a
significant variable (p < 0.001) with a linear effect on
biomass and explained 35.8% of the deviation within
the sheltered sites (Fig. 6, Table 3, Sheltered). The
model ‘Exposed’ explained 29.5% of the biomass
deviation with the additive effect of organic content
(p < 0.001) and SST (p < 0.05), being positive and
negative, respectively.

SST had a significant but marginal effect in the
models where it was included. Excluding SST re -
sulted in models with the same remaining drivers in
sheltered and exposed areas combined and respec-
tively, underlining the significance of oxygen satura-
tion as driver of the sheltered areas and organic con-
tent as driver in exposed areas (Fig. S2, Table S3 in
the Supplement).

Climate scenario projections

Projecting how hydrographic conditions may
change in the future provides a certain insight into
possible environmentally driven developments of
coastal communities. We analyzed the ensemble
mean changes in annual SST, sea surface salinity
(SSS), bottom oxygen concentration during the sum-
mer months (June to August) and surface phyto-
plankton concentrations during the spring months
(March to May), serving as proxy for the aggregation
of organic content (food availability), between the
last 30 yr of this century (‘future climate’) and the
conditions between 1978 and 2007 (‘present cli-
mate’). The observational zoobenthos data series for
the period 1973 to 2013 fell mainly within the defined
30 yr period of present climate, which therefore
made the effects of drivers that we revealed during
this time frame representative to compare to pro-
jected future changes. As the hydrography has a
high level of natural variability, the climate signal in
the Baltic Sea average temperature and salinity does
not become significantly different from the present
climate before mid-century (Meier et al. 2011a).
There fore, we have chosen this rather long-term
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All areas       Parametric coefficients; exposure                                                                                 
                      Response                                                           Estimate                       SE                    t                        p

                      Sheltered                                                           2.8765                          0.2015              14.272              <0.0001***
                      Exposed                                                            2.0167                          0.2347              8.593                <0.0001***

                      Approximate significance of smooth terms                                         
                      Response                                                           Predictor                     edf                    F                       p

                      log(total biomass + 1)                                       s([O2 sat.]3)                   2.872                2.936                0.03919*
                                                                                                 s(C org.)                       1.749                5.745                0.00424**
                                                                                                 s(SST)                           2.798                2.997                0.03671*
                                                                                                                                      R2(adj) = 0.629
                                                                                                                                      Deviance explained = 66.8%

Sheltered      Approximate significance of smooth terms                                         
                      Response                                                           Predictor                     edf                    F                       p

                      log(total biomass + 1)                                       s([O2 sat.]3)                   1                       18.39                0.00013***
                                                                                                                                      R2(adj) = 0.338
                                                                                                                                      Deviance explained = 35.8%

Exposed        Approximate significance of smooth terms                                         
                      Response                                                           Predictor                     edf                    F                       p

                      log(total biomass + 1)                                       s(C org.)                       1.241                13.966              0.00011***
                                                                                                 s(SST)                           2.978                2.951                0.03997*
                                                                                                                                      R2(adj) = 0.247
                                                                                                                                      Deviance explained = 29.5%

Table 3. Statistics of parametric coefficients with SE and smooth terms of selected generalized additive models (GAMs; ‘All
areas’, ‘Sheltered’, and ‘Exposed’) on total zoobenthic biomass with estimated degrees of freedom (edf) for the model terms. 

Sat.: saturation; C org.: organic content; SST: sea surface temperature. *p < 0.01, **p < 0.001, ***p < 0.0001
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comparison (ca. 100 yr) of hydrographic conditions,
as the signal-to-noise ratio of the modeled environ-
mental variables becomes larger over time.

Towards the end of this century the projected mean
annual SST increases are ∼2.4 to 2.8°C due to in -
creased air temperatures (Fig. 7a). Changes are
largest in the Bothnian Sea and slightly less pro-
nounced in the archipelago area between the Åland
Islands and mainland Finland. In response to increas-
ing river runoff, the annual SSS is projected to
decrease by 1.5 to 2 g kg−1 by the end of the century
(Fig. 7b). The most pronounced changes are likely in
the archipelago region and in the generally slightly
more saline waters of the Gulf of Finland and the
Northern Baltic Proper. The decreasing salinity sug-
gests more spatially uniform salinity conditions of
surface waters. The projections for bottom water oxy-
gen concentration were analyzed for 3 different
nutrient load scenarios. The central finding was that
all scenarios, optimistic or pessimistic, always show a
negative trend in oxygen concentrations in the more
shallow coastal and archipelago zones, which is
mainly driven by increasing temperature. The REF
scenario shows an overall negative trend in oxygen
concentrations throughout the entire modeled area
and for all depths (Fig. 7c). At greater depths, for
instance west of Åland (200 to 250 m) and at the
northern edge of the Baltic Proper (>100 m), oxygen
concentrations are likely to decrease most due to
increased oxygen consumption, in particular for the
BAU scenario with up to double the amount of
decreasing oxygen concentrations compared to the
REF scenario (Fig. 7c). The optimistic scenario, fol-
lowing the BSAP, shows the potential for increasing
oxygen concentrations in deeper waters and is the
only projection with positive trends in oxygen con-
centrations (Fig. 7c). Phytoplankton concentrations,
serving as proxy for organic content in the sediment,
closely followed the intensity of nutrient load scenar-
ios and showed increasing trends of 1 to 4 mg chl m−3,
under the BAU scenario (Fig. 7d). The projected pat-
terns of changing concentrations in the studied
region imply a northwest to southeast gradient and
place the Åland Islands in the transition between less
nutrient-rich waters (Bothnian Sea) and those strong -
ly affected by eutrophication (Baltic Proper/Gulf of
Finland). Average spring phytoplankton blooms
(March to May) in the northern Baltic Proper and the
Gulf of Finland are ∼9 and 12 mg chl m−3, respec-
tively (Fleming & Kaitala 2006). Hence, chan ges in
phytoplankton spring blooms are projected to be 10
to 40% higher compared to present conditions. With
the implementation of the BSAP, phytoplankton con-

centrations are projected to decrease evenly by
∼1 mg chl m−3 in all areas (Fig. 7d).

DISCUSSION

In this study we show the development of coastal
zoobenthic communities in terms of species composi-
tion, diversity and biomass, over a 40 yr time period
(1973 to 2013). We reveal the potential environmen-
tal drivers behind contrasting trends in biomass pro-
gression of sheltered and exposed areas, respec-
tively. According to our results, oxygen saturation
best explained the trend in continuously decreasing
biomass in sheltered areas, while the combination of
organic content and SST were the main drivers in
exposed areas. We further relate our results into a
future perspective by applying modeled climate pro-
jections to the studied region for the end of the 21st
century (2070 to 2099). The projections were created
from a combination of climate change and nutrient
load scenarios and generally indicate a continuation
of negative trends in bottom oxygen concentration
and positive trends in SST and primary production.
This points to a risk of future continuous negative
trends in zoobenthic biomass in the coastal zone.

Change in zoobenthic community

The addition of the invasive polychaete Maren -
zelleria spp. to the coastal system of the Åland Is -
lands is undoubtedly one of the largest structural
changes we observed during the past few decades.
Bick & Burck hardt (1989) recorded its first appear-
ance in the southern Baltic Sea in 1984, where it most
likely was introduced through ballast water of ships
coming from North America (Essink & Kleef 1988).
With in only a few years, it successfully invaded most
parts of the Baltic Sea (Maximov 2011) and has
become the most abundant species in exposed sites
of the Åland Islands since it was detected for the first
time in Finnish waters in 1990 (Norkko et al. 1993).
The fact that we observed Marenzelleria spp. first in
the sheltered areas could also be explained by intro-
duction by ships in ballast water, because harbours
are situated in the vicinity. Furthermore, 3 Marenzel-
leria species (M. arctica, M. neglecta and M. viridis)
have been identified in the Baltic Sea, which are dif-
ficult to distinguish using only morphological charac-
teristics (Blank et al. 2008) and hence we call them
Marenzelleria spp. in our data. Each Marenzelleria
species has a slightly different preferred niche along
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depth gradients and sediment types (A. Norkko pers.
comm.). The observed pattern might therefore be
due to the varying success of Marenzelleria species
in different habitats and its potentially broad disper-
sal range and high mobility (Törnroos & Bonsdorff
2012), making the exposed sites accessible later.

It has been suggested that Marenzelleria spp. may
act as an ecosystem engineer in coastal zones, with
the potential to alter seasonal hypoxic conditions to
normoxic ones over long-term bioirrigation (Norkko
et al. 2012). However, the role, impact and implica-
tions of Marenzelleria spp. with regard to ecosystem
functioning, food web dynamics and competition
with native species in the Baltic Sea are still under
debate. Al though it has been shown that a 3-fold
increase in Marenzelleria spp. in the early 2000s
coincided with a significant decrease in Monoporeia
affinis populations in the northern Baltic Sea, it
seems that the invasive polychaete did not cause this
decrease, but rather took advantage of the gap in
density (Eriksson Wiklund & Andersson 2014). One
explanation for this is that the Baltic Sea is in an
ongoing post-glacial succession with many ecologi-
cal niches still remaining open for settlement (Bons-
dorff 2006).

While the present study highlights a gradual
change in community composition over time, the
magnitude of change seemed pronounced in times
coinciding with the suggested time frame of the late
Baltic Sea regime shift (Alheit et al. 2005) and sup-
ports its reported potential to impact all trophic levels
(Österblom et al. 2007, Möllmann et al. 2009, Casini
et al. 2011). So far, regime shifts in species composi-
tion and resulting altered trophic interactions have
mainly been described for pelagic food webs, spe -
cifically phytoplankton, zooplankton and fish (e.g.
Alheit et al. 2005, Österblom et al. 2007, Alheit 2009,
Möllmann et al. 2009) but rarely for benthic commu-
nities. However, Rousi et al. (2013) showed that this
shift was also evident at 2 long-term (1960s to 2000s)
benthic monitoring stations at the entrance of the
Gulf of Finland between the early and late 1990s. In
the present study, we were able to observe shifts in
community compositions best within the sheltered
stations (Fig. 4). This could be explained by the lower
buffer capacity of shallow coastal waters due to the
restricted water body and thus the more enhanced
effects there. Hence, warm years have a stronger
effect in heating shallow waters in the inner archi -
pelago, where salinities also tend to be lower and
nutrient values higher due to the proximity to land
(Hänninen et al. 2000). The observed species compo-
sition characteristics of sheltered compared to ex -

posed sites can be interpreted as an indication of
increasing water quality with distance from land, fol-
lowing established benthic quality indices for the
European Union Water Framework Directive, such as
the benthic quality index (BQI) (Rosenberg et al.
2004) or the brackish water benthic index (BBI)
(Perus et al. 2007). Particular abundance of certain
indicator species in either sheltered or exposed sta-
tions underlines the differing water qualities in res -
pective areas (Rosenberg et al. 2004, Perus et al.
2007). One example is the relatively high abun-
dances of taxa sensitive to polluted waters, such as
ostracods and Monoporeia affinis (Kotta et al. 2012),
which were mainly present in exposed but absent in
sheltered areas. Sheltered stations showed large
 proportions of chironomid larvae and oligochaetes,
taxa considered to be dominant over others in
 heavily eutrophic conditions (Kotta et al. 2012), with
markedly increasing proportions of the latter in 2000
and 2013 (Fig. 2). Further, the community similarities
within the exposure groups and across all years were
noticeably higher in both Exposed 1 and Exposed 2
compared to Sheltered (Table S1 in the Supplement).
This additionally suggests that the largest change in
species composition took place in sheltered coastal
zones.

Environmental drivers behind biomass progression

To disentangle and detect spatial patterns and
drivers behind zoobenthic progression in locations
unevenly affected by environmental change, it is
important to have an adequate number of stations
and samples across different environmental gradi-
ents within the whole study area. The relatively high
spatial resolution of the studied long-term data along
with comparable timing in sampling seasons were a
prerequisite for assuring that the results were not
blurred by short-term variability within the zoo -
benthic communities. With the results of the biomass
progression showing consistency over decades,
short- term variability played a minor role in the pres-
ent study.

We were able to show changing trends in biomass
progression patterns over time, demonstrating that
areas of different exposure reacted in contrasting
ways, with trends towards gradually decreasing and
increasing biomass in sheltered and exposed areas
(Exposed 1), respectively (Fig. 5). The environmental
driver analysis revealed that the additive effect of
bottom oxygen saturation, surface temperature and
the amount of organic content in the sediments
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(potential food for zoobenthic organisms) best
explained the different biomass progression patterns
of the entire coastal system. The exposure-specific
analysis show ed that over the past few decades, bot-
tom oxygen saturation was the main driver of the
sheltered areas. This finding is supported by other
recent studies showing that hypoxia in coastal areas
is becoming more frequent and is not only a deep-
water pheno menon (Long & Seitz 2009, Conley et
al. 2011, Lennartz et al. 2014, Caballero-Alfonso et
al. 2015). Exposed areas, on the other hand, were
mainly driven by organic content and the additive
effect of SST. However, the latter effect was not
clearly explic able, as one would expect higher pro-
duction with increasing temperatures. We had no
evidence in our data to show that higher SST led to
a pronounced stratification, which potentially could
inhibit mixing of the water column and thus indi-
rectly affect benthic communities through, for exam-
ple, further oxygen depletion (Jørgensen 1980). The
effect of SST in our analysis was marginal but still
improved the ‘All areas’ model by roughly 20%
(Table 3, Fig. 6, Table S3, Fig. S2 in the Supplement)
of the explained deviation, which indicates its impor-
tance as proxy for warm and cold years.

The geography of the shallow and enclosed brack-
ish water body of the Baltic Sea and its large drai -
nage basin makes eutrophication one of the major
threats to its ecosystem (Pearson & Rosenberg 1978,
Cederwall & Elmgren 1980, 1990, HELCOM 2011).
With most of the nutrient load coming directly from
land, the coastal areas are heavily affected. At the
early stages, nutrient enrichment generally promotes
biomass production, with higher primary production
and therefore higher sedimentation rates of organic
matter, meaning food for zoobenthos (Cederwall &
Elmgren 1980); a relationship we, too, found in our
results (Fig. 6). This stage of enhanced production is,
however, followed by a reduction of species abun-
dance and biomass when nutrient levels stay high
and increasing respiration rates and aerobic degra-
dation processes favor oxygen depletion (Pearson &
Rosenberg 1978, Cederwall & Elmgren 1980).

The available oxygen concentration is undoubtedly
the main driver of community structure for aerobic
organisms (Karlson et al. 2002, Conley et al. 2009a,b,
Villnäs et al. 2012). In this study we exposed oxygen
as the single abiotic driver explaining over one third
of the biomass formation in sheltered coastal areas
(Fig. 6, Table 3). Similar trends of benthic biomass
being strongly linked to dissolved oxygen concentra-
tions have been shown in various coastal systems all
over the world (e.g. Dauer et al. 1992, Rabalais et al.

2001, Levin et al. 2009, Seitz et al. 2009). For the
Åland Islands, Karlson et al. (2002) showed that hy -
poxia and anoxia were seasonally occurring, espe-
cially in the inner archipelago areas, throughout the
late-1980s to mid-1990s. Our results suggest that
even with few detected real hypoxic events (defined
as <2.0 ml l−1 or <30% saturation), oxygen concentra-
tions still drive the biomass progression there. This
may be due to the fact that oxygen was not measured
in direct proximity to the water−sediment surface
interface but within the 1 m water column above,
which potentially overestimates the oxygen concen-
trations to which the benthic fauna is really exposed
(Rosenberg et al. 1991). Following this and taking
into consideration that gradients in oxygen satura-
tion can be very steep in the water overlaying the
sediment (Rosenberg & Loo 1988) it is likely that our
oxygen signal underestimates the number of ‘truly’
hypoxic stations.

Salinity controls species distribution limits and
community structure in the Baltic Sea, with its steep
vertical and horizontal gradients ranging from the
almost fully marine conditions (~25 g kg−1) of the
Danish Straights in the south, to the almost limnic
waters (<1 g kg−1) of the Gulf of Bothnia in the north
(Segerstråle 1957, Laine et al. 1997, Vuorinen et al.
2015). Nevertheless our results showed that salinity
did not contribute significantly in explaining the bio-
mass patterns of sheltered and exposed sites in
coastal zones on a local scale. The findings from, for
instance, Bonsdorff & Pearson (1999) and Laine
(2003) indicate that salinity is an important driver of
zoobenthos, especially when looking at larger spatial
scales and deeper areas. Interestingly, the taxonomic
composition, mainly driven by salinity, seems to be
less important when it comes to the functional prop-
erties of the coastal zoobenthos of the Baltic Sea
(Törnroos et al. 2014), further underlining the role of
oxygen in governing the zoobenthos.

Potential future climate conditions

Regardless of which nutrient load scenario (BAU or
BSAP) was chosen for projecting future bottom oxy-
gen concentrations, our study highlights decreasing
trends throughout the entire archipelago and coastal
zones of the modeled area until the end of the 21st
century (Fig. 7c). Hence, future oxygen concentra-
tions in shallow coastal waters seem to be affected
strongest by physical processes, since the negative
trends were of the same magnitude under different
nutrient load scenarios in those areas. The oxygen
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affinity of water is a function of temperature, as the
solubility of atmospheric oxygen decreases with
high er temperatures. The magnitude of temperature-
induced oxygen depletion in our results is supported
by the findings of Carstensen et al. (2014a). They
showed that the oxygen saturation of bottom waters
in the Baltic Sea has decreased by ~0.5 mg l−1 over
the past 115 yr, driven solely by the temperature
increase of ∼2°C in bottom waters. Moreover, higher
temperatures lead to higher primary production in
surface waters due to increased mineralization and
growth rates, causing a higher benthic accumulation
of organic matter. Respiration rates of aerobic organ-
isms, including microbial de gradation processes of
organic matter on the sea floor, are additionally
enhanced by the temperature-induced increased
metabolism. Results from a meta-analysis by Vaquer-
Sunyer & Duarte (2011) imply that warmer waters
also synergistically affect the vulnerability of macro-
zoobenthos to reduced oxygen concentrations by
reducing their survival time under hypoxia.

However, a reduction in nutrient concentrations in
rivers and atmospheric deposition, following the
BSAP, could outbalance the negative effects of high -
er temperatures in the deeper areas, leading to an
increase of up to 1 ml l−1 in bottom oxygen concentra-
tion. Hence, if fully applied, the BSAP could help
prevent further oxygen depletion in deeper waters
and has the potential to improve the oxygen condi-
tions, while also tempering the primary production
peaks during spring (Fig. 7c,d) Since more than
100 yr ago, continuously increasing nutrient inputs in
combination with a stronger temperature-induced
stratification and an upward-moving halocline have
led to a 10-fold increase of hypoxic areas in the Baltic
Sea (Carstensen, et al. 2014a,b), making it the largest
‘dead zone’ on the planet (Diaz & Rosenberg 2008).
This is leading to an elevation of the hypoxic depth in
the Baltic Sea (HELCOM 2013), shifting the available
habitat for aerobic organisms towards lower depths.
During the last 2 decades the Baltic Sea showed the
strongest increasing rates of SST on a global scale
(Belkin 2009), strengthening stratification and reduc-
ing vertical mixing. It is one of the most rapidly
changing large marine ecosystems in the world, in -
fluenced by high long-term variability and a steadily
changing climate (BACC Author Team 2008, BACC
II Author Team 2015).

Global climate change projections do not represent
the productive coastal areas due to a coarse spatial
resolution and the uncertainty behind regional and
local processes. By applying a relatively fine hori -
zontal resolution of the dynamically downscaled re -

gional climate model in the present study, we were
able to show regional projections for specific coastal
areas. Our results suggest that the developments of
hydrographic and environmental conditions at the
end of the 21st century are likely to have negative
effects for coastal zoobenthic communities.

CONCLUSIONS

We showed that zoobenthic communities have
undergone major changes in coastal regions during
the past 4 decades, with a shift in species composi-
tion and contrasting developments of biomasses in
sheltered (trend towards decreasing) and exposed
(increasing) sites. To a large extent, these changes
were driven by decreasing oxygen concentrations
and increasing SST and food availability (organic
matter). By applying regional, high-resolution cli-
mate change scenario projections, we suggest a fur-
ther decrease in benthic biomass by showing contin-
ued trends in reductions of oxygen concentrations (if
BSAP is not executed) and increasing SST. We spec-
ulate that this trend could lead to a long-term spread-
ing effect of biomass reduction from sheltered to ex -
posed areas by an intensification of unfavorable
conditions expanding seaward. The combination of
the ecotone point of the zoobenthic community being
pushed farther out and the observations of increasing
hypoxic volume in the Baltic Sea (reducing the depth
of aerobic habitats) may lead to a more frequent
and/or persistent disturbance forcing a reorgani -
zation of benthic communities. The previously ob -
served zoobenthic biomass development potentially
alters coastal trophodynamics, as the food availabil-
ity (benthic fauna) for demersal fish will likely con-
tinue to decrease under future projections. The great
majority (>95%) of coastal feeding fish in the studied
area are benthivores for at least some of their life
stages (Snickars et al. 2015), implying the signifi-
cance of zoobenthos for higher trophic levels in
coastal areas and the urge to evaluate its role for the
coastal food web under the increasing influence of
environmental stress. For this it will be important
also to consider the qualitative importance of zoo -
benthos for its predators, as well as the changing
functional aspects of the entire community in relation
to the quantitative (biomass) measure.
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