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i 

A doctoral thesis at the Ernst Moritz Arndt University of Greifswald can be produced either as a 
monograph or, recently, as a collection of papers. In the latter case, the introductory part 
constitutes the formal thesis, which summarizes the accompanying papers. These have either 
been published or are manuscripts at various stages (in press, accepted, submitted). 
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Summary (Zusammenfassung) 

The objectives of the present work are to relate the spatial distribution of benthic macrofauna 

in the Baltic Sea to patterns in environmental variables describing near-bottom hydrographical 

conditions and sediment characteristics, analyzing the data for two various spatial extents. It is 

mainly based on the data included in the Benthos Databank of the IOW. Other data considered 

originated from various available database and historical data on distribution of macrobenthic 

species (such as data provided by the Institut für Angewandte Ökologie, HELCOM monitoring 

data, Baltic Sea Alien Species Database). The external sources of abiotic data used included 

the data from BSH, Baltic Sea bathymetry datasets, modelled hydrographical data, 

sedimentological database of the IOW, and seabed sediments map produced by the EU-

BALANCE project. 

The first case study is devoted to an exploratory statistical description of the prevailing 

ecological structure within the limited area attached to the region of the Mecklenburg Bight. By 

defining the study area, we aimed to lessen the dominance of near-bottom salinity and oxygen 

concentration (known to be the dominating factors defining the Baltic Sea biodiversity) in the 

analysis to illuminate the impact of others. Detection of the induced spatial dependencies, 

examination of the environmental framework and isolation of abiotic predictors of species 

distribution were executed by means of various statistical methods (e.g. rank correlation, 

hierarchical clustering, nMDS, BIOENV, CCA). Thus, key environmental descriptors of spatial 

distribution of macrofaunal communities were disclosed. Within the area of investigation, these 

were: water depth, regarded as a proxy for other environmental factors (it determines food 

quality, food availability, light penetration; partial correlation analysis for the considered abiotic 

variables revealed depth to be the primary descriptor for total organic content, salinity and 

median grain size) and total organic content. Distinct benthic assemblages that are 

discriminated by particular species (Hydrobia ulvae–Scoloplos armiger, Lagis koreni–Mysella 

bidentata and Capitella capitata–Halicryptus spinulosus) were defined. Each assemblage is 

related to different spatial subarea and is characterized by a certain variability of environmental 

factors. This study represented the basis for the predictive modelling of species distribution in 

the selected investigation area, which constituted the next part of the investigation. 

Species-specific models predicting the probability of occurrence relative to environmental and 

sedimentological characteristics were developed for 29 representative macrofaunal species 

using a logistic regression modelling approach. This way, for most species a good description 

of their occurrence along gradients of single environmental variables was obtained. Overall, 

the results showed moderate to high concordance (e.g., 64.1-93.5% for models considering 

the water depth as predictor, 57.4-94.3% for models predicting the probability of species 

occurrence relative to total organic content). Subsequently, the technique for a predictive 
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modelling of species distributions in response to abiotic parameters based on single-factor 

logistic regression models, utilizing Akaike’s information criterion (AIC) and Akaike weights for 

multimodel inference, was used. Thus, probabilities of occurrence for selected exemplary 

species (Arctica islandica, Hediste diversicolor, Pygospio elegans, Tubificoides benedii and 

Scoloplos armiger) were modelled and mapped. The very similar approach was used to model 

the benthic species’ response of their physical environment in the Pomeranian Bay (southern 

Baltic Sea). In the scheme of the dominance of strong salinity gradient over the brackish 

system, consistently small patches of comparatively higher or lower benthic diversity (the 

Shannon–Wiener diversity index ranges in various areas of the Pomeranian Bay 

approximately from 1 to 3.9) do emerge in areas where either environmental or anthropogenic 

impacts on the benthic habitat change drastically over short spatial distances. Hence, spatial 

diversity of ecological factors creates diversity among benthic colonization and community 

structures. The possibility to predict thereby induced benthic colonization areas and 

community structures inside the broad scheme of a brackish water habitat is shown through a 

logistic modelling approach. The study represents one of the first applications of this technique 

to benthic habitats of the Baltic Sea. 

Finally, the investigation proceeded on a large spatial scale. The discriminating ability of such 

factors as salinity, bathymetry (as indirect variable replacing a combination of different 

recourses and direct gradients - a primary descriptor for other abiotic factors) and sediment 

characteristics (considered only generally due to the lack of more detailed data) to explain the 

occurrence of typical macrozoobenthic species on the Baltic Sea-wide extend was tested. Full 

coverage macrofauna distribution maps, though being increasingly demanded, are generally 

lacking, with information being merely restricted to point observations. In contrast to spatial 

interpolation, periled by presence of short distance changes in community structure and 

dependence of the result on density of the samples, predictive habitat suitability modelling 

allows to objectively produce distribution maps at a level of detail limited only by the availability 

and resolution of the environmental data. Various literature sources and available databases 

were analyzed in respect to the information on macrozoobenthos distribution in the Baltic Sea, 

resulting in the compilation of an extensive list of taxa and an inventory dataset on species 

distribution for the whole Baltic Sea.  

The study demonstrates the need to analyze species’ relationships in gradient systems such 

as the Baltic Sea and provides a basis for a tool to predict natural and anthropogenic forced 

changes in species distribution. 
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1 Introduction 

Analysis of species–environment relationship has always been a central issue in ecology, 

starting with the works of von Humboldt and Bonpland (1807) and de Candolle (1855) that 

recognized the importance of climate to explain animal and plant distribution (Guisan and 

Zimmermann, 2000). The climate in combination with other environmental factors has been 

much used to explain the distribution patterns of vegetation around the world in the course of 

the twentieth century. According to Guisan and Zimmermann (2000) the quantification of 

species–environment relationships represents the core of predictive geographical modelling in 

ecology, which is generally based on various hypotheses of how environmental factors control 

the species and communities distribution. These models have prime importance as a research 

tool in autecology, but besides that they recently gained importance as an instrument of land 

use impact assessment, biogeographic hypotheses test, mapping or conservation priorities set 

up. Most of the examples of statistical models currently in use to simulate the spatial 

distribution are developed for terrestrial plant species and vegetation units, some what less is 

done in the field for terrestrial animals, and the number of researches for aquatic system is 

hitherto considerably lower, but recently this field gains significance and increases rapidly (e.g. 

Franklin, 1995; Guisan and Zimmermann, 2000; Scott et al., 2002). 

The Baltic Sea is among the world’s largest seas isolated from the major oceans and therefore 

contains unique communities of marine lifeforms, including benthic invertebrates (Leppäkoski 

et al., 2009; Zettler et al., 2008).  

As consumers at intermediate trophic levels, macroinvertebrates are influenced by both 

bottom-up and top-down forces in the water system and serve as the conduits by which these 

effects are propagated. Benthic macrofauna can have an important influence on nutrient 

cycles, primary productivity, decomposition, and translocation of materials. Interactions among 

macroinvertebrates and their food resources vary among functional groups, macroinvertebrate 

species themselves constitute an important source of food for numerous fish. Macrobenthic 

communities also serve as important indicators of environmental status of the ecosystem, 

since composition of benthic communities integrates environmental conditions over longer 

periods of time owning to relative longevity of these organisms (year to decades). Thus, the 

many roles performed by macroinvertebrates underscore the importance of their study and 

conservation (Wallace and Webster, 1996; HELCOM, 2009). 
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1.1 Objectives and aims of the thesis 

The objectives of the present work are to relate the spatial distribution of benthic macrofauna 

to patterns in environmental variables describing near-bottom hydrographical conditions and 

sediment characteristics, analyzing the data for two various spatial extents.  

Regional scale study is focused on the area in the western Baltic Sea between 11.55° and 

12.55° E. Depending on the scale and region, salinity together with near-bottom oxygen 

concentration is often regarded among the major factors affecting the species richness and 

composition of macrozoobenthic communities (e.g. Olenin, 1997; Zettler et al. 2000; Laine, 

2003). By defining the study area, we aimed to lessen the dominance of these two factors in 

the analysis to illuminate the impact of others. The study area is attached to the region of 

Mecklenburg Bight close to the very beginning of the Baltic salinity gradient and that is why it is 

richer in macrofaunal species (with significant presence of both marine and brackish water 

species at the same time) than the inner, less saline, parts of the Baltic Sea. Geographically 

this investigation area is bounded by the eastern part of the Mecklenburg Bay and the 

southwestern Darss Sill area.  

Paper I is devoted to an exploratory statistical description of the prevailing ecological structure 

within the region. Detection of the induced spatial dependencies, examination of the 

environmental framework and isolation of abiotic predictors of species distribution were 

executed by means of various statistical methods (e.g. rank correlation, hierarchical clustering, 

nMDS, BIOENV, CCA). Thus, key environmental descriptors of spatial distribution of 

macrofaunal communities were disclosed. Within the area of investigation, these were: water 

depth, regarded as a proxy for other environmental factors, and total organic content. Distinct 

benthic assemblages that are discriminated by particular species (Hydrobia ulvae–Scoloplos 

armiger, Lagis koreni–Mysella bidentata and Capitella capitata–Halicryptus spinulosus) were 

defined. Each assemblage is related to different spatial subarea and is characterised by a 

certain variability of environmental factors. This study represented the basis for the predictive 

modelling of species distribution in the selected investigation area. 

Predictive estimates of species distribution for the whole investigation area required additional 

data sets to compile the grids of each abiotic descriptor. Paper I confirmed that bathymetry 

represents one of the most important proxies for spatial distribution of benthic species. Among 

numerous possible applications of high resolution digital elevation model (DEM), it is also a 

necessary input component for modelling the coastline changes scenarios. Paper II is focused 

on the modelling of the coastline changes of the Darss–Zingst Peninsula, with basic data used 

for the modelling constituted by the recent DEM, a map of sediment distribution, measured 

wave time series and a modelled eustatic scenario. Methodological details of DEM generation 
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are also included in this publication. In Paper III the extended version of the same DEM design 

was used.  

In Paper III species-specific models predicting the probability of occurrence relative to 

environmental and sedimentological characteristics were developed for 29 representative 

macrofaunal species using a logistic regression modelling approach. This way, a good 

description of the occurrence of species along gradients of single environmental variables was 

obtained. Subsequently, the technique for a predictive modelling of species distributions in 

response to abiotic parameters based on single-factor logistic regression models, utilizing AIC 

and Akaike weights for multimodel inference, was used. Thus, probabilities of occurrence for 

selected exemplary species (Arctica islandica, Hediste diversicolor, Pygospio elegans, 

Tubificoides benedii and Scoloplos armiger) were modelled and mapped. 

In Paper IV the very similar approach was used to model the benthic species’ response of their 

physical environment in the Pomeranian Bay (southern Baltic Sea). In the scheme of the 

dominance of strong salinity gradient over the brackish system, consistently small patches of 

comparatively higher or lower benthic diversity do emerge in areas where either environmental 

or anthropogenic impacts on the benthic habitat change drastically over short spatial 

distances. Hence, spatial diversity of ecological factors creates diversity among benthic 

colonization and community structures. Paper IV shows through a logistic modelling approach 

the possibility to predict thereby induced benthic colonization areas and community structures 

inside the broad scheme of a brackish water habitat. This study bases upon quantitative 

macrozoobenthic abundance data collected over a period of 4 years. It demonstrates the need 

to analyze species’ relationships in gradient systems such as the Baltic Sea and proposes a 

tool to predict natural and anthropogenic forced changes in species distribution. 

In the next working step the investigation proceeded on a large spatial scale (Paper V). The 

discriminating ability of such factors as salinity, bathymetry (as indirect variable replacing a 

combination of different recourses and direct gradients - a primary descriptor for other abiotic 

factors) and sediment characteristics (considered only generally due to the lack of more 

detailed data) to explain the occurrence of typical macrozoobenthic species on the Baltic Sea-

wide extend was tested. Full coverage macrofauna distribution maps, though being 

increasingly demanded, are generally lacking, with information being merely restricted to point 

observations. In contrast to spatial interpolation, periled by presence of short distance changes 

in community structure and dependence of the result on density of the samples, predictive 

habitat suitability modelling allows to objectively produce distribution maps at a level of detail 

limited only by the availability and resolution of the environmental data. In continuation to 

regional case study, this part aimed to contribute to such essential ecological issue as 

estimations of potential response of biota to habitat changes (natural or anthropogenic) and 
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generation of full coverage maps predicting the distribution of macrobenthic species within the 

whole Baltic Sea. Thus, its goals included the compilation of an extensive list of taxa and an 

inventory dataset on species distribution for the whole Baltic Sea; extraction of species 

distribution patterns regarding selected, that is to say available, environmental parameters; 

modelling and mapping the distribution of exemplary species in response to those factors, 

using logistic regression with model selection based on information theoretic approach and 

GIS tools.  

A part of the discussion of this thesis is devoted to the review of knowledge on the role of 

benthic organisms in the near-bed sediment transport processes and the possible employment 

of the results of predictions of macrofaunal species distribution for related estimates of critical 

shear stress velocity and bottom roughness parameters. Numerical expressions of 

dependencies of bottom roughness parameters on marine zoobenthos communities are 

required for estimation of transport processes and evaluation of extraction caused changes. 

This addresses the following questions: Which species influence the sediment roughness (e.g. 

Hydrobia ulvae, Lagis koreni, Pygospio elegans)? How does the occurrence of certain species 

influence the sediment roughness, how does the influence vary among regions? What is the 

magnitude of its potential influence on sediment transport? 

Outlining the aims of this thesis, they are: first of all - to examine the biotic/abiotic relations for 

the bottom habitats and to identify the crucial parameters for macrozoobenthos communities 

composition in the investigation areas. The next objective is to implement the released 

expressions of interrelations in the regionalization model for prediction of parameters of 

benthic macrofaunal assemblages and spatial distribution of macrobenthic species using 

sediment and environmental characteristics. The received consequences are to be reflected in 

the corresponding GIS model and used for the generation of habitat suitability maps for key 

species.  

1.2 Causes of changes in benthic habitats and communities 

Human disturbances which impact soft-sediment habitats act on various spatial and temporal 

scales (Fig. 1). For instance, bottom trawling has effect on spatial scales ranging from 

micrometers to many hundred kilometres (Gray and Elliott, 2009). Such marine activities as 

wind farms construction, stringing of pipelines and cables across the sea floor can be just as 

serious, and their spatial planning requires a warning signal for potential anthropogenic impact 

as well as baseline maps (Degraer et al., 2008).  

Wiens (1989) declared the concept of grain and extent that describe the lower and upper limits 

of the resolution of a study. The issue of scales is central in ecology and has been frequently 

discussed in literature (e.g. Levin, 1992; Legendre and Legendre, 1998). Wiens’s concept can 
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be applied to various types of scales presented in ecology – with respect to size, time and 

complexity, respectively (Karle, 2006). The constraints of grain and extent imply that no 

extrapolations can be made beyond the extent, and similarly no patterns can be detected 

below the grain. Yet for logistical reasons expanding the extent of a study usually leads to 

enlarging the grain, and an increased resolution of the grain leads to a lesser scale extent, that 

emphasizes the importance of determining the ultimate scale of interest beforehand. Kemp et 

al. (2001) distinguished between three types of context when determining the grain and extent 

of a data set: observational scale for data observed in nature, experimental scale for data 

collected through manipulative experimental setup, and the natural or characteristic scale for 

data measured as intrinsic characteristics of a natural system, e.g. water depth. 

 
Fig. 1: The left diagram shows spatial and temporal scales of human disturbances which impact soft-

sediment habitats (Zajac et al., 1998). On the right relative importance of factors influencing 
succession over spatial extents (modified after Zajac et al., 1998; Gray and Elliott, 2009) is 
visualized. 

 

It was reported that relative importance of factors influencing succession in soft-sediment 

infaunal communities varies over spatial extents. While biotic interactions are most important 

on the meter scope, environmental conditions dominate on a more global scale (Zajac et al., 

1998). The abiotic factors usually named as controlling for benthos distribution are food 

supply, water salinity, oxygen concentrations, currents, temperature, turbidity, substrate 

composition, sedimentation rates and bathymetry (e.g. Bromley, 1996; Olenin, 1997; Coleman 

et al., 2007). Since only very few species have been studied in detail in terms of their dynamic 

responses to environmental change, static distribution modelling often remains the only 

approach for studying the possible consequences (Woodward and Cramer, 1996). Statistical 

models are able to relate ecological features to environmental factors and, through validation 

and modification, to reveal the underlying mechanisms responsible for the structure and 
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organization of communities (Austin, 1987; Glockzin and Zettler, 2008). Depending on the 

scale, different processes determine the spatial structure; therefore, inferences derived for one 

spatial scale cannot be extrapolated to another scale and studies on various spatial extends 

are important (Legendre and Legendre, 1998). 

1.3 Successive steps of predictive geographical modelling 

Consequently, there is a growing need to predict ecological responses to habitat changes. 

Guisan and Zimmermann (2000) summarized the successive steps of the model building 

process (Fig. 2). This conceptual scheme implies that particular establishments regarding the 

dynamics and structure of biotic/environmental interactions are required to evaluate natural 

and anthropogenic influences and effects on ecological systems (Glockzin and Zettler, 2008; 

Pavlikakis and Tsihrintzis, 2000). An exploratory statistical description of the prevailing 

ecological structure based on observations is always the indispensible first step (Bourget and 

Fortin, 1995).  

 
Fig. 2: Overview of the successive steps (1–5) of the model building process, when two data sets, one 

for fitting and one for evaluating the model, are available. Model evaluation can be made on the 
independent evaluation data set, by comparing predicted to observed values using preferentially 
a threshold-independent measure, such as the ROC-plot approach for presence/absence 
models (reproduced from Guisan and Zimmermann, 2000). 

 

1.4 Exploring the prevailing ecological structure 

Many studies have shown on varying scales that substrate characteristics and environmental 

factors determine the structure and composition of benthic communities (eg. Sanders, 1968; 

Rhoads, 1974; Gray, 1981; Fortin et al., 2005; O’Brien et al., 2003; Perus et al. 2004). Ekman 
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(1953) used the water temperature to define biogeographic partition of the continental shelf 

benthos (on warm-water, temperate, boreal, polar fauna); the second level partition was 

derived from coastal topography. Longhurst (2006) mentions Petersen’s dictum in his classical 

1918 paper: it is the nature of the physical biotope that determines the nature of the benthic 

biocoenosis. He points out and exploits the concept of regional benthic fauna characteristics to 

be largely dictated by the nature of the sediments, leading to the suggestion that structurally 

alike and recognizable assemblages of benthic macroorganisms are associated with each 

characteristic type of sediment on continental shelfs around the world at all latitudes. 

Continuing with this Thorson (1957) erects the structure of parallel benthic isocommunities 

(genera communities associated with deposits of certain geological grade and organic content: 

he recognizes Baltic as Venus – deeper shelly sands, Danish Baltic coast as Macoma – 

inshore soft, muddy deposits). Many examples are covered by Clarke and Warwick (2001) in 

their manual to the widely used PRIMER software package. 

Only a few works were carried out establishing the assumed biotic/abiotic link particularly for 

Baltic Sea. For instance, Andersin et al. (1976) showed the decrease of Shannon index from 

the beginning of the Baltic Sea salinity gradient to the northern regions, a community study in 

the southern Baltic Sea was carried out by Warzocha (1995), and a large-scale investigation of 

soft-bottom macrofauna distribution related to environmental variability accomplished by Laine 

(2003). Glockzin and Zettler (2008) performed a most comprehensive study to identify 

potential environmental “key factors” causing spatial distribution of macrofaunal assemblages 

as a case study in the Pomeranian Bay (southern Baltic Sea). The observed distribution of 

selected species followed a strong gradient of depth and was explained best by the sediment 

parameters total organic carbon, median grain size and sorting. 

The importance of spatial extent can be confirmed, for instance, considering the work of Zettler 

and Bick (1996) who concluded biologic interactions to be the critical factors for the fine-scale 

(ca. 5 by 5 m) variations in distribution of a polychaeta. Works of Olenin (1997), Laine (2003), 

Bonsdorff (2006), Zettler et al. (2008), Ojaver et al (in press), performed on a more global 

scale stressed that salinity together with oxygen concentrations define Baltic Sea diversity and 

best explained the patterns in community distribution. To illustrate the structuring function of 

salinity for benthic diversity of the Baltic Sea the salinity gradient was compared with the 

species richness in macrobenthos plotted for the sub-regions of the Baltic Sea (Fig. 3). While 

the number of marine species decreases rapidly from more saline southern areas to the 

brackish waters in the North, the fraction of freshwater species increases evidently. This is 

particularly notable for nearly freshwater inshore lagoons and very shallow offshore regions in 

the Northeastern part, where a large number of mostly freshwater insects, but also of 

oligochaetes and molluscs, is recorded. 
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Fig. 3: Change of species richness in the macrozoobenthos across the Baltic Sea environmental 

gradient (left: marine species, right: freshwater species). Projection: ERTS89_LAEA CRS 
(Lambert Azimuthal Equal Area projection, ETRS89 datum), from Ojaveer et al., in press.  

 

1.5 Quantifying species response  

Recently, a number of studies have succeeded in the development of effective statistical 

models of benthic distribution. Ysebaert et al. (2002) successfully applied logistic regression to 

derive response surfaces of distributions for 20 common macrobenthic species found in the 

Netherland estuary related to salinity, depth, current velocity, and sediment characteristics. 

They concluded logistic regression modelling approach to be capable of predicting 

macrobenthic species distributions with a relatively high degree of success where patterns of 

distribution are strongly and directly coupled to physiochemical processes. Thrush et al. (2003) 

developed species-specific models for 13 benthic species of New Zealand estuaries that 

predicted probability of occurrence as well as maximum abundance relative to sediment mud 

content using logistic regression for distribution modelling and “factor ceiling” method (based 

on phenomenon described by Thomson et al., 1996) for maximum density modelling. The work 

highlighted the importance of heuristic approach in statistical modelling of marine ecosystems 

aiming to extend of our predictive ability for habitat change effects, and pointed out the need to 

test and iteratively develop the models across a range of spatial scales as well as to support 

them by the improved mechanistic understanding. Ellis et al. (2006) modelled the distribution 

of 13 representative macrobenthic species in New Zealand estuarine gradients using logistic 
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regression and classification system based on ‘controlling factors’ with sediment 

characteristics, elevation, tidal currents, and wind-wave disturbance employed as predictors. 

They faced complications to fully test the latter approach due to differences in scales of 

collected benthic data and of higher level physical variables. Meissner et al. (2008) developed 

habitat models for Nephtys species in the German Bight (North Sea) with a median grain size, 

mud content, depth, and salinity as explanatory variables by application of multivariate 

adaptive regression splines techniques (MARS). Many researches indicated difficulties due to 

the complexity of identification of the underlying causal mechanisms controlling species 

distribution, further extended by the fact that animals modify their physical environment, and 

many physical parameters co-vary (Ellis et al., 2006). 

Application of logistic regression methods in modelling species distribution is not new. This 

method was widely used in plant ecology (e.g. Guisan et al. 1999) and also in aquatic ecology, 

but to a lesser extend. Thrush et al. (2003) concentrated their investigation on a single 

environmental factor – sediment mud content, Ysebaert et al. (2002) performed a 

comprehensive study, using salinity, depth, flow parameters, median grain size and mud 

content as predictors. The present study represents one of the first applications of this 

technique to benthic habitats of the Baltic Sea. 

1.6 Interactions between hydrography, sediments and benthic fauna 

Benthic environments are at the receiving end of the accumulation and burial of organic 

material, healthy benthic communities play an important role in benthic-pelagic coupling and 

mineralization of organic matter settling on the seafloor (HELCOM, 2009). Hydrodynamics 

over mobile beds involves feedbacks between the sea floor and the overlying flows. The near 

bed flows as well as the bed forms can be affected by moving sediment and depend further on 

the properties of benthic communities (Fig. 4; Kuhrts et al., 2004). In an oxygenated 

environment, benthic animals populate the sediment. Their activity reduces the cohesive 

forces in the sediment and injects sedimentary material into the water column and, hence, 

contributes to re-suspension (Neumann and Schernewski, 2008). 

The bottom roughness parameters are also dependent on marine zoobenthos communities. 

Numerical expressions of those dependencies as well as estimates of spatial distribution of 

macrobenthos are required for estimation of transport processes and evaluation of extraction 

caused changes. The roughness of the sea floor, used in calculations of bottom shear stress 

or friction velocities, varies over several orders of magnitude, from the diameter of a sediment 

grain to the size of large sand waves. The length scale, associated with the biogenic 

roughness, is difficult to predict, but it often dominates in muddy environments (Harris and 

Wiberg, 1997; Wheatcroft, 1994).  
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Fig. 4: Summary of sediment transport mechanisms in coastal seas (the upper box is modified after 

Nittrouer and Wright, 1994; Bobertz et al., 2009). The lower box is a sketch showing some 
exemplary the species responsible for biogenic structures in the western Baltic Sea - Mytilus 
edulis, Littorina littorea, Lagis koreni, Mya arenaria, Arenicola marina, Pygospio elegans and 
Arctica islandica (modified after Friedrichs, 2004). 
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2 Materials and methods 

2.1 Study area 

The morphological development of the Baltic Sea from its initial state as a freshwater lake, that 

formed after the retreat of the Pleistocene ice sheet, to its present state started about 10 000 

years ago. It resulted in the formation of the semi-enclosed intracontinental marginal sea (see 

Fig. 3, Fig.5), one of the world’s largest brackish water basins, that resembles a large estuary 

with steep horizontal and vertical environmental gradients (Bobertz and Harff, 2004; Bonsdorff 

and Pearson, 1999). Barotropic pressure gradients, river runoff and meteorological forces 

control the hydrodynamical system of the Baltic Sea (Fennel, 1995). It features salinity ranging 

from 25-30 psu in the Danish Sounds region to 1-3 psu or even lower in the northern Gulfs of 

Bothnia and the inshore lagoons. Persistent pycnocline in the Baltic basin causes stagnation of 

bottom waters for long periods, with periodic hypoxia/anoxia as a consequence, over an area 

covering up to 100 000 km2 (Bonsdorff and Pearson, 1999). Sea floor here is embedded by 

organic-reach silt-size sediments. Wave action and thus vertical mixing of the water body 

takes place in the shallower areas. Sands with coarse-grained lag sediments, formed by 

erosion in areas of outcropping glacial till moraines, cover the shallower regions. Intense 

salinity stratification and convective mixing during the cooling period is restricted to the upper 

70 m. Large seasonal temperature variation at the surface in combination with the low surface 

salinity result in regular ice formation. Below 70 m the temperature is rather stable and can be 

approximated by 5.5°C found throughout the year in the deep basins (Tomczak and Godfrey, 

2003).  

The highest over all Baltic Sea diversity and number of benthic macroscopic species can be 

found in the south-western region, that is most influenced by marine conditions (Zettler et al. 

2008). Climatic variation from boreal to subarctic causes additional stress on the ecosystem. 

Generally, the number of species declines to the north resulting in the low-diversity 

communities, for example, in the Gulf of Bothnia (Ojaver et al. in press). The entire basin of the 

Baltic Sea is vulnerable to human influence due to densely inhabited drainage area compared 

to the water area of only about 412 000 km2 and slow water exchange with residence time 

about 20 years. In recent decades, eutrophication and pollution have significantly affected the 

biota of the Baltic Sea. The entire soft bottom infauna is defined as poor in terms of species 

composition, and functional complexity is considered to be low (Andersin et al, 1978; Laine, 

2003; Bonsdorff and Pearson, 1999).  

More comprehensive details on the morphological development and hydrological conditions of 

the whole Baltic Sea can be found in the book “State and evolution of the Baltic Sea” (recently 

published by Feistel et al., 2008). 



 

12 

The regional case study (Paper I, III) is focused on the limited area attached to the region of 

Mecklenburg Bight (Fig. 5) close to the very beginning of the Baltic salinity gradient. As was 

mentioned above, depending on the scale and region, salinity together with near-bottom 

oxygen concentration are often regarded among the major factors affecting the species 

richness and composition of macrozoobenthic communities. To lessen the dominance of those 

two factors and illuminate the effects of others, the area with reduced variability of both factors 

in distinct depth-zones, but other factors represented in wide ranges, was restricted. Whereas 

the range of near-bottom salinity in the whole area is relatively high (99.5% of sampling points 

lie within a salinity range of 8.3-21.8 psu), the variability in distinct depth-zones is lower (i.e. 

salinity varied from 9 to 16 PSU at approximately 75% of stations shallower than 18 m; and 

ranged from 15 to 22 PSU at the same percentage of stations below 18 m). The hypoxic 

events, connected with absence of oxygen-rich saline water inflows and formation of steady 

hydrographical stratification in the water column, run differently in various locations of the 

region and irregularly take place in the late summer – autumn period, e.g. in deepest parts of 

Mecklenburg Bight. However, they are not as frequent and their effect is not as dramatic (at 

least within the investigation time) and long-lasting as it is known for the deep basins of the 

Baltic Proper. 

 
Fig. 5: Investigation area is bordered by the thick red line, distribution of 208 sampling stations is 

presented; dots are stations covered with quantitative data; filled dots indicate 72 stations with 
a full set of data available for all eight abiotic variables. Thin line is the 18 m isobath. 
Geographical data ESRI (2003); projection UTM on WGS84. 
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The study site ranges in the northwards direction approximately from 45 to 75 km and about 

63 km in the eastwards direction. Within these boundaries the area amounts to about 4000 

km2. With an average depth of 16 m (depth at sampling points ranges from 7.5 to 29.9 m) its 

water volume approximates 46 km3 (data origin: this study). The sea floor is characterised 

mainly by postglacial sand and gravel deposits, with organic-rich silt-size sediments observed 

in the deepest parts of Mecklenburg Bight (Bobertz and Harff, 2004). 

The occurrence of brackish species in the area is, in particular, due to the desalinating effect of 

the Warnow-river that provides the most significant fresh water supply in the investigation 

area. With basin area of about 3.200 km² and length equal 148 km, its average water 

discharge in the site of Mühlendammwehr Rostock, before entering the brackish 

Unterwarmow, is 18,20 m³/s, and the high water discharge is 74,50 m³/s (StAUN, 2008). That 

is a rather small runoff volume of 0.57 km³/year. The average total river runoff to the Baltic Sea 

is 450 km³/year (data origin - SMHI, Norrköping, Sweden – provided by T. Seifert, personal 

conversation). 

2.2 Data acquisition 

For the regional case study in the Mecklenburg Bight, initially data for 217 stations in the 

investigation area was available. Station with no quantitative macrobenthic observations (e.g. 

only dredge sampling) have been eliminated from the analysis. Therefore, the core of data 

represents 208 stations, sampled simultaneously for benthic macrofauna and associated 

sediment and near-bottom environmental characteristics, in the depth range from 7.5 to 30 m, 

all collected from the millennium until the end of year 2007. Most of it is provided from the 

Benthos Databank of the IOW. 36 stations have the Institut für Angewandte Ökologie (IfAÖ) 

Database as a source, including only those stations from this data array located in the area, 

that were sampled with more then one sampling hole per station, with all the abiotc parameters 

measured parallel to macrozoobenthic sampling.  

A noticeable part of samples (for 18 stations) were collected during the cruise of RV Prof. 

Albrecht Penck in May-June 2007 (in the Kadetrinne region) and were then fully analyzed 

particularly by the author (3 stations were sampled during the later survey due to technical 

problems, but sample analysis was performed as a set). A total of 208 sites (Fig. 5) include 72 

stations with all considered near-bottom parameters (those are bathymetry, salinity, oxygen 

content, median grain size, total organic content, as well as calculated grain size distribution 

curve parameters sorting and skewness, and permeability). Most sampling locations (86%) 

were sampled once, few locations were measured 2 to 5 times during the sampling period 

considered. Some sampling sites are regular monitoring stations of the IOW, representing the 

offshore-water habitats of the Baltic Sea (Zettler et al. 2008). The highest density of distribution 
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of sites with (as without) the whole set of parameters measured is observed in two areas, one 

near the Kühlungsborn and the other assigned to Kadetrinne region.  

For the German part of the Pomeranian Bay (Paper IV) the core of the data was the 

environmental and quantitative macrozoobenthic abundance data collected at 191 stations 

over a period of 4 years (2003-2006). 

Generally, there is a lack of data sets that would simultaneously fulfill the two important 

demands of rigorous assessment and analysis of the of Baltic Sea’s macrozoobenthic 

biodiversity: the sufficiency of spatial cover and density of sampling points and its interior 

comparability, or at least homogeneity of taxonomic nomenclature. For the study focused on 

the whole Baltic Sea a compatible dataset covering the whole Baltic was required to fulfill the 

aims. To compile it, various literature sources, including the historical data from Knipowitsch 

(1909) and Hessle (1924), the data on distribution of species in the south-western Baltic Sea 

combined in Gerlach (2000) and Zettler and Röhner (2004), as well as available databases, 

including “Autecological Atlas” of the IfAÖ (2007), HELCOM monitoring data collected in the 

ICES-Database (ICES EcoSystemData), Baltic Sea Alien Species Database (Olenin et al., 

2009), data obtained by the IOW monitoring and various research programmes, were analysed 

in respect to information on macrozoobenthos distribution in the Baltic Sea. The nomenclature 

for macrofauna species, identified to the lowest taxonomic level possible, was checked and 

revised following the World Register of Marine Species (SMEBD, 2009), and the BioLib 

taxonomic data (Zicha, 1999-2009) for the freshwater species. In this way an inventory list of 

about 11 hundred macrozoobenthic taxa grounded on valid taxonomy and synonymy was 

formed. It was published in Ojaver et al. (in press), and served as a base for developing the 

HELCOM Red List of the Baltic Sea macrofaunal species. The revised data on species 

occurrence within the defined Baltic Sea sub-regions was compiled together in GIS (software 

ArcGIS 9.1, ESRI, USA) including over 160 thousand entries (12200 stations, i.e. sampling 

events; see Paper V), sampled from 1839 to 2009. 

2.2.1 Sampling macrofauna 

For macrofauna, 2 to 3 replicate samples per site were taken with a Van Veen grab (0.1 m2, 

10-15 cm penetration depth, Fig. 6) and sieved on a 1.0-mm screen. Samples were preserved 

in 4% buffered formaldehyde-seawater solution. In the laboratory, the formalin was washed out 

of the samples prior to sorting. The organisms were sorted, identified to the lowest possible 

taxon, and counted. Sampling and preparation were conducted in accordance with 

institutional, national and international guidelines concerning the use of animals in research 

(HELCOM, 2008). 
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Fig. 6: Steps of macrobenthic sampling and laboratory analysis. 

 

 

2.2.2 Sampling sediments, analysis and calculation of sediment parameters 

With regard to the sediment characteristics measurements (completed fully for 72 out of 208 

stations), an additional grab sample was taken to extract the upper surface sediment layer 

(�5cm) for the analyses. Grain size distribution was analysed using approximately 50 g of dried 

sediment, dry sieved on a RETSCH sieving machine (sieve set: 63 μm, 75 μm, 90 μm, 106 

μm, 125 μm, 150 μm, 180 μm, 212 μm, 250 μm, 400 μm, 630 μm, 2000 μm) and laser sizing 

(CILAS 1180 Laser Particle Analyser). Total organic content was measured as loss on ignition 

(3 h at 500°C) of water-free material. In Penck cruise, sediment sample was extracted directly 

from the grab sample used for macrofauna analysis, and the extracted surface was subtracted 

from the further computations. On one hand, it reduced the amount of material used in 

quantitative macrozoobenthic analysis, on the other hand, this provided the sediment data 

directly corresponding with benthos observation (provides the availability to quantitative 

analysis of spatial variance). Parameters describing cumulative grain size distribution as 

median grain size, sorting, and skewness were then calculated by using a skewed s-shape 

function, fitted to the cumulative grain size data with the least sum of squares method, 

applying a special fitting algorithm (the description is given in Bobertz, 2000; Bobertz and 

Harff, 2004). 
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where x  is the grain size at the phi-scale; med  is the median; so  is the sorting, ( so >0); sk  is 

the skewness. med  and so  are generally comparable to the associated Folk and Ward (1957) 

parameters and in the following context approximate the d50 and �, median grain size on phi-

scale and the standard deviation of the frequency distribution. In general, skewness values 

stand for coarse-tailed distributions, characteristic for lag sediments. Negative values indicate 

a fine-tailed distribution, typical for the fine deposit sediments. Absolute values less than 0.1 

should be considered as symmetrical (Bobertz and Harff, 2004). 

Permeability, k, is the resistance of the bulk sediment to flow induced by pressure gradient, the 

notion proposed by Darcy (1856). A common permeability unit is the darcy (D) or m2 (1 darcy 

�10�12 m2). The equation to compute the related permeability using the data of grain size 

distribution (kKM) is derived by Krumbein and Monk (1942): 

�31.1
50

4105.7kKM ���� ed          (2) 

This relation is robust for sorting values less or equal 0.7, equivalent to moderately well sorted 

or better. Our data exceed this limit. However, the lack of porosity data did not allow the use of 

more unconfined Carman-Kozeny-relation (Carman, 1937; Forster at al. 2003). Foster et al. 

(2003) defined the critical threshold for k, a value of 2.5 �  10-12 m2, below which the 

biochemical effects are negligible or could not be detected. In the analyzed data values below 

this limit roughly corresponds to those above the valid sorting magnitude. As there is no other 

alternative for deriving the permeability with the data available, but assumptions for sorting can 

not be fullfilled thoroughly, we consider the derived “permeability” as a sort of artificial variable. 

Parameters of sediments, estimated from the grain size - sorting, skewness and permeability - 

can be assumed as more indirect, and, as is always the case, should be treated (e.g. in results 

interpretation) with response to the reliability of calculation methods. 

2.2.3 Hydrographic measurements 

For most data points hydrographic characteristics were measured simultaneously with 

macrozoobenthic sampling. At each station a water sample was taken by shipboard CTD (0.5 

m above the sea floor). Oxygen content was determined by immediate potentiometric titration, 
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near-bottom salinity was estimated by CTD as well and the depth at each station was 

measured and logged via shipboard sonar system.  

All abiotic parameters considered in the regional case studies (Paper I, III, IV) are listed in 

Table 1, with the defined measurement and determination techniques.  

Table 1: List of environmental parameters considered. Sampling, measurement and 
determination techniques are given 

Parameter Units Method 
Water depth m Determined and logged with shipboard sonar 
Near-bottom oxygen ml/l Sampling by shipboard CTD system 0.5 m above the sea bottom, oxygen 

content determined by immediate potentiometric titration 
Near-bottom salinity PSU Salinity estimated by shipboard CTD system 0.5 m above the sea bottom 
Median grain size �m Sieving, laser sizing 
Total organic content % The total organic content was measured as loss on ignition (3 h at 500°C) 

of water-free material 
Sorting phi Derived from grain size distribution curve as described in (Bobertz and 

Harff, 2004) 
Skewness phi Derived from grain size distribution curve as described in (Bobertz and 

Harff, 2004) 
Permeability darcy Determined according to Krumbein and Monk (1942) using the data from 

median grain size analysis (see above) 

 

2.2.4 Environmental data 

Additional data sets where required to compile the grids of each abiotic descriptor, needed for 

predictive estimates of species distribution (probability of occurrence) for the whole 

investigation area. The distribution surfaces obtained for each of the environmental variables 

considered are presented in the corresponding papers. 

For the regional scale digital elevation model with high resolution was designed using 

measurement data of BSH, and a regional grid dataset from Seifert et al. (2001) covering the 

Belt Sea region (Paper I-III). Grid datasets for near bottom oxygen content and salinity were 

based on the modelled hydrographical data, averaged for years 1960-2005 with the resolution 

3x3 nm (Neumann and Schernewski, 2008).  

Grids for sedimentological factors median grain size, sorting, skewnees and permeability are 

based on the sedimentological database of the IOW (Bobertz and Harff, 2004), integrating the 

data from about five decades of marine investigations, with average distance between 

adjacent sample sites less than 1 nm.  

The external limited data on total organic content was also available from the sedimentological 

database of the IOW. This forced the merge of this data with the observed data used for model 

estimation. Nevertheless, only the part of the investigation area could be covered with the 

compiled grid of this parameter. Parameters were interpolated using ordinary kriging with 
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spherical fitted models of semivariograms into a grid with the resolution of about 0.005 decimal 

degrees (approximately 0.5 km with respect to longitude). 

Ysebaert et al. (2002) favoured the usage of modelled estimates of environmental variables 

over the data measured directly and simultaneously with benthic sampling, highliting its 

advantages of the available high spatial resolution and a sort of smoothing caused by 

simulation, e.g. elimination of outfits. However, taking into account the complexity of the 

functioning of ecosystems, the uncertainty of simulations may increase the complexity of the 

interpretation of derived empirical relationships. The preliminary explicit exploratory analysis of 

environmental framework should exclusively be based on direct in situ measurements. 

Therefore, to enable the investigation of autecological relationships the model calibration for 

the regional case study relied on directly observed data to the highest extent possible, 

applying minimum transformations to lessen the reduction of information contained in the data. 

Yet, the prediction was based partly on modelled data of sufficient resolution available for the 

study area, thus, allowing some sort of validation of modelling success. Utilisation of simulated 

data for the model estimation is forced merely by the necessity and absence of alternatives. 

This refers to the large scale case study, as only for the minor part of the inventory data set the 

in situ measured abiotic data was available. To maximize the applicability of the habitat 

suitability model, only widely available environmental variables were offered in the modelling 

exercise. Again bathymetry represented an indirect variable replacing a combination of 

different recourses and direct gradients - a primary descriptor for other abiotic factors (e.g. 

food quality and food availability, light penetration). The bathymetry dataset form Seifert et al. 

(2001) covering the whole sea was used to compile the DEM. The modelled near-bottom 

salinity averaged for 45 years to smoothen the variance was provided by Neumann and 

Schernewski (2008). The only available data on seabed sediments covering the whole Baltic 

Sea region was produced by the EU-BALANCE project (Al-Hamdani and Reker, 2007). It is the 

categorical data represented by 5 classes, with resolution of 200 m. The other environmental 

variables were subject to interpolation using nearest neighbor procedure in order not to lose 

the coarse, but valuable information on sediment class. Thus, values of 3 environmental 

variables, assumed to generally controlled species distribution, were obtained for each of the 

grid cells. 

2.3 Statistical methods and data treatment 

2.3.1 General basics 

A co-called proxy-target concept is the procedure used to predict the parameters of interest 

from other parameters, either measured or modelled. It has been introduced in Harff et al. 
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(1992) and also described e.g. in Bobertz et al. (2005). Formally, it can be expressed as 

follows: 

investigation area (or space)  R 
area with proxy known  RP � R 
area with target known  RT � R       (3) 
proxy     XP(r)  r�RP 
target     XT(r)  r�RP 
relation     XT=ƒ(XP) 

Generally, one can distinguish between a multidimentional proxy variable XP for which the data 

are available in the whole investigation area and a target variable XT to be predicted. A relation 

ƒ between the proxy and the target variable can be given as a deterministic dependence 

(based on theoretical assumptions) or as regression function (based on the empirical data in 

case of a statistic dependency) and serve as the base for prediction.  

Depending on the context, the proxy is also known as an "independent variable," "predictor 

variable," "regressor," "controlled variable," "manipulated variable," "explanatory variable," 

"exposure variable," or "input variable"; a target, dependent variable, can be referred to as 

"response variable," "regressand," "measured variable," "observed variable," "responding 

variable," "explained variable," "outcome variable," "experimental variable," or "output 

variable". 

A variety of statistical techniques – ordination, GLM, GAM, etc. – have been proposed and 

used for statistic modelling of species distribution related to environment (Guisan et al. 1999). 

Widely applied in investigations of e.g. plant species distribution, their employment in benthic 

studies also gained importance in resent years. Application on the use of distinct approaches 

is best provided in review books (e.g. Legendre and Legedre, 1998). Good overview can be 

found, for example, in Clarke and Warwick (2001). In the latter work 4 stages of analyses are 

discussed each focusing on: graphical representation of communities, notions of response 

variables and predictors, collinearity of predictors, effect of various scales on results 

interpretation. Clustering and ordination techniques are able to generalize data variability and 

present it in format, convenient for further interpretation. Ordination is used, when gradients 

are sought, and clustering, when one is looking for a partitioning into subsets. Main objectives 

of the interpretation are discrimination of the structure of one or more descriptors, using 

descriptors at the origin of the structure, or others, potentially explaining it; forecasting one or 

more descriptors (response or dependant variables), using the number of other descriptors 

(explanatory or independent variables); prediction of one or more descriptors, using 

descriptors that exhibit natural variation or can be experimentally manipulated (e.g. Legendre 

and Legedre, 1998). Different possible tests setups and transformations accompany the 

analyses. When using the superimposition of clustering onto an ordination, as rooting highly 

recommended for marine ecological data sets, Legendre and Legedre (1998) advise single 
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linkage clustering, voting for its fine relationships between closely similar objects. Clarke and 

Warwick (2001), in turn, suggest clustering with unweighted group average linking on sample 

similarities (e.g. Bray-Cuiris), appropriate for delineating groups of site of different species 

abundance composition. Modelling species responses to changes of abiotic factors using 

logistic regression approach on the binary (presence/absence) data seemed appropriate in 

terms of validity when the abundance density data can not be considered as homogeneous. 

The GLM tool served as workhorse in many studies aiming to predict macrobenthic response 

to environmental conditions (e.g. Ysebaert et al. 2002, Thrush et al., 2003, Ellis et al. 2006). 

2.3.2 Steps of the causal analysis 

Since spatial distribution patterns of species are often to a great extend influenced by spatially 

structured environment of biological processes, they can be spatially autocorrelated – the 

location of sampling points in space influences the values of random variables (Legendre, 

1993). We have started with the calculation of spatial autocorrelation for 72 stations of abiotic 

parameters and 208 sampling sites of species abundance data via Morans’s I index. A build-in 

tool of ArcGIS (ESRI) was used, that calculates the Moran's I statistic value and both a Z score 

and p-value evaluating the significance of that index (Index value near +1.0 indicates 

clustering, near -1.0 – dispersion). Generally, when the p-value is small and the absolute value 

of the Z score is large enough that it falls outside of the desired confidence level, the null 

hypothsis ("there is no spatial clustering of the values associated with the geographic features 

in the study area") can be rejected. The Morans’s I statistic is given as follows:  
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where iz  is the deviation of an attribute for the feature i from its mean (xi - X ), ji,�  is the 

spatial weight between feature i and j, n is equal to the total number of features, and So is the 

aggregate of all the spatial weights. 

Continuing with univariate statistics, Spearman’s rank correlation between abundance data 

and corresponding environmental data was the next examination. To analyze the coherencies 

among environmental variables normal and partial correlation (using Pearson correlation 

coefficients) were computed (SPSS Inc.). The primary environmental descriptors were 

disclosed and its effect on species distribution was analysed by means of testing cumulative 

frequency distributions of the primary predictor versus species abundances using the 
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Kolmogorov-Smirnov test of significance (Perry and Smith, 1994; Simpson and Walsh, 2004; 

Glockzin and Zettler, 2008). 

For mapping purposes, methods of gradient analysis were complemented by numerical 

classification that allows to cut the continuum even if there are no distinctive boundaries (Leps 

and Smilauer, 2003). Ordination contributes to the detection of systematic patterns and can 

disclose transitional zones. Therefore, multivariate analysis was carried out by superimposing 

the results of group averaged hierarchical clustering based on Bray-Curtis similarities of 4th–

root transformed abundance data on a non-metric multidimensional scaling (nMDS) surface. 

This way, distinct benthic communities were defined. The covariance-based principal 

component analysis (PCA) confirmed the results. Species responsible for classification were 

determined applying SIMPER exploratory analysis (disaggregates the average Bray-Cutis 

similarities between all pairs of inter-group samples by breaking it down into the separate 

contribution from each species) and visual re-examination of the modified data matrix 

whereupon benthic communities have been determined and described (PRIMER; Clarke and 

Warwick, 2001). To draw a boarder between the communities (Paper I) based on the dataset 

of (208) irregularly distributed points each assigned to one of 3 classes according to 

hierarchical clustering of 29 species abundance accomplished with non-metric MDS, the 

problem of interpolating the nominal data had to be faced. To solve it the posterior probabilities 

of each class membership were derived using discriminant analysis algorithms (options: a 

priori probabilities from sample and separate covariance matrix for each group) of the SPSS. 

Then they were subject to interpolation using kriging and the class of each node of a grid was 

defined as the one having the max probability (this method is common to the combined 

hierarchical and supervised classification, employed e.g. in Bobertz et al., 2004; Bobertz, 

personal communication). 

Correlations between biological and environmental variables were examined via BIOENV 

procedure of PRIMER software (Clarke and Warwick, 2001; Clarke and Gorley, 2006) and 

canonical correspondence analysis (CCA) via CANOCO (ter Braak, 1986; ter Braak and 

Šmilauer, 2002), applying the necessary data transformations (Davis, 2002; Legendre and 

Gallagher, 2001). The first algorithm (BIOENV) selects environmental variables, or species 

"best explaining" community pattern, by maximizing a rank correlation between their respective 

resemblance matrices, trying all permutations of the trial variables. CCA is a method of 

ordination of community data matrix constrained by a multiple regression on its relationships to 

environmental variables (a so-called "direct gradient analysis", as opposed to those that 

perform an ordination on just the community data, and then secondarily relate the ordination to 

the environmental variables). 



 

22 

2.3.3 Steps of the regional-scale predictive modelling 

Univariate logistic regression: The logistic regression model relates the probability of observing 

the species p to one or more predictor variables x (in our study separately to each of the 

environmental factors) using the logistic link function. The regression model can be written as 

)1/()( zz eexp ��           (5) 

where z is the function of the explanatory variable(s). When this is a first-order polynomial, the 

response is a logistic, S-shaped function. In the special case of Gaussian logistic model when 

z is a second-order polynomial, the response will approximate a bell-shaped function. For this 

particular case Eq. (5) can be written as  

)1/()( )()( 2
210

2
210 xbxbbxbxbb eexp ���� ��         (6) 

where b0, b1, b2 are the regression parameters. They are estimated by maximum likelihood, 

assuming a binomially distributed error term (Legendre and Legendre, 1998; Ysebaert et al. 

2002; Wisz and Guisan, 2009). When the estimation of z term parameters is based on log 

transformed data this can be interpreted as a further extension of the method, aiming to 

produce an ecologically more plausible response for certain species. This idea was adopted 

from Thrush et al. (2003) and Thrush et al. (2005) who found such a transformation to produce 

the most realistic response to changes in sediment mud content for the occurrence of some of 

investigated species. Thus, for each factor and taxon combination, different functions were 

used (linear, Gaussian, polynomial), based on either raw or log transformed data. The Wald 

statistic was used to estimate the model’s significance, with a significance level defined at 

0.05. The final single-factor model used for each species was the function (of the particular 

factor) that explained the most variability. The evaluation of the model fit was performed by 

means of visual control of half-normal plots of residuals and plots of residuals versus predicted 

values and by considering the percentage of concordant pairs. 

Information-theoretic approach and utilization of the Akaike weights: To combine the results of 

single-factor models and to draw the multimodel inference we considered the information-

theoretic philosophy described in Burnham and Anderson (2004). It relies on the calculation of 

the Akaike’s information criterion (AIC) as a model selection tool. AIC is a measure of the 

relative Kullback-Leibler information loss when the candidate model i is used to approximate 

the truth j. Generally appropriate small-sample version (designed for n/K > 40) of criterion AICc 

is calculated as 

AICc = – 2ln(L) + 2K(K + 1)/(n – K – 1)       (7) 
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where L is a value of the maximised log-likelihood over the estimated parameters given the 

data and the model, K – number of parameters in model i, and n is the sample sizes. AIC (or 

AICc) are calculated for each of the candidate models, then these values are rescaled to 

calculate delta AIC (�i) so that the model possessing the lowest AIC value has a �i value of 0: 

�i = AICi – AICmin          (8) 

where AICmin is the smallest AIC value in the model set. The model with the lowest AIC value 

is considered to be the best approximating model in the candidate set. The larger the value of 

�i the less plausible the fitted model i is. Burnham and Anderson (2004) suggest a simple rule 

of thumb in assessing relative merits of models in a set: models with �i � 2 have strong 

support, models with �i values between 2 and 10 have considerable support and those with �i  

> 10 have essentially no support. Akaike weights (�i) are now calculated for each of the r 

candidate models: 
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The �i are scaled between 0 and 1, and all Akaike weights sum to one – �i values represent 

the proportion of evidence for a particular model i in the total evidence supporting all of the 

models (Wisz and Guisan, 2009). A model that possesses the largest �i value is the most 

parsimonious and has most support among the specified candidate models given the data. 

When more then one model is supported by the data it is possible to calculate a global model 

that is a weighted average of all the candidate models in the a priori defined set. New 

parameter estimates for each term in the global model can be computed by weighting them by 

the Akaike weights 
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i
ii

1

ˆˆ ���            (10) 

Where �̂ is the model averaged parameter estimate based on all R models, i�̂  is the 

parameter estimate for a term in a candidate model i with the Akaike weight �i. For terms that 

do not feature in a candidate model but are present in the global model the parameter estimate 

is taken to be zero. Thus, if the goal is the prediction, the point inference can be based on the 

entire set of models using Akaike weights within the overlapping of single-factor models as 

weight factors to generally estimate the probability of species occurrence.  

Habitat suitability mapping was carried out based on estimates derived for exemplary species. 

They were implemented in a geographical information system. As the grid data for total 
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organic content was only available for a limited part of the investigation area (see section 

2.2.4), two model sets were considered for the final prediction: one with and one without the 

model of species occurrence probability as function of total organic content included. The final 

value assumed for the overlapping areas of two model sets was the value from the model set 

with all parameters considered; the rest of the area was filled out with the results based on the 

model set lacking the total organic content factor. Concordance was calculated to provide the 

estimate of modelling success. 

2.3.4 Technique used for the large-scale modelling 

For deriving the habitat suitability models for the Baltic Sea-wide scale the biotic data was also 

reduced to presence/absence. We assumed that our data contains reliable “true absences” 

sensu Wisz and Guisan (2009), as species we are considering can be considered as 

discriminatory, common and relatively well known for the Baltic Sea. The latter promotes its 

presence in the sample if the animal is present on the site as well as its correct identification. 

In order to be able to evaluate the model performance, data was randomly separated into the 

calibration and the evaluation datasets (each containing about a half of initial sites). This 

solution is suggested, for example by Guisan and Zimmermann (2000). 

Binary logistic regression was also chosen as an appropriate technique here. This branch of 

GLM is classical for binary response. It makes no assumptions about the data distributions, 

including the possibility to use categorical predictors, and allows predicting the probability of 

observing the species (rather than predicting binary presence-absence). 

The form of the preliminary model can be given as follows: p(x)= b� /(1+ b� ), where 

)( 48372615
2

43
2

210 SedbSedbSedbSedbDbDbSbSbb
b e ���������� . Thus it included simple polynomial response for 

(S) salinity, (D) water depth and sediment classes (Sed) coded as 4-level categorical variable; 

bi  are the regression parameters. They were estimated by maximum likelihood, assuming a 

binomially distributed error term. Various combinations of predictors and the functional forms 

of the relationships (i.e. special cases of the linear predictor, specified above) were tested. The 

optimal model selection was based on information theoretic approach after (Burnham and 

Anderson, 2004) relying on the calculation of the Akaike Information Criteria. Models with the 

lowest AIC value within a set strike best the balance between bias and variance of model 

prediction and provide the least information loss when approximating the truth. 

Models’ discriminatory power was tested using calculations of the Area Under the ROC Curve 

(a so-called AUC) of a Receiver Operating Characteristic Plot on the evaluation data not used 

for models building. AUC is an appropriate metric for evaluating classification accuracy 

because it estimates the percentage of locations where the species is observed to be present 
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that are expected to have a higher predicted probability of occurrence than places where the 

species is absent (Fielding and Bell, 1997). Moreover, it is a threshold independent metric, 

which means it assesses classification accuracy across the entire range of predicted 

probabilities, and not just for a specified probability threshold. Hosmer and Lemeshov (2000) 

suggest the following interpretation of AUC values when evaluating the model’s discriminatory 

ability: AUC>0.9 outstanding, 0.8<AUC<0.9 excellent, 0.7<AUC<0.8 acceptable, AUC�0.5 no 

discrimination. Assigning a threshold value for dichotomising the occurrence probabilities to 

presence/absence predictions is conditional to prior information about species prevalence (e.g. 

Strauss and Biedermann, 2007). The threshold-dependent metrics used to additionally assess 

model discrimination were sensitivity (true positive rate), specificity (true negative rate) and 

correct classification rate, evaluated for the test data (not used for model building), given for 

the defined threshold. 

Using the defined method, probabilities of species occurrence were modelled and mapped. All 

analysis were carried out using SPSS (SPSS, Inc.), Statistica (StatSoft Inc., 2007), PRIMER 

(PRIMER-E, Plymouth Marine Laboratory; Clarke and Warwick, 2001), MATLAB and ArcMap 

(ESRI Inc., Redlands, USA). 
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3 Results 

As the results for each part of the present research are presented in the corresponding paper, 

here the emphasis will be mainly given to some aspects that were not included in the 

corresponding manuscript (e.g. in terms of brevity). 

3.1 Causal analysis 

First, data reduction was necessary to allow the employment of various statistical methods. 

This meant the exclusion of all the uncountable species, remaining only endobenthic species, 

removal of species with high patchiness that causes unreliable sampling (this was the reason 

in our case for excluding Mytilus edulis), and finally, extraction of all species with a frequency 

of less than 6 % at all stations and species which account for small (we defined less than 0.3) 

% of total abundance over all stations. Using those criteria together with general knowledge of 

species habitats preferences and habits 20 most dominating species were extracted 

separately for each of two depth subarea of our region (bordered by the 18 m isobath). This 

formed a list of 29 species under interest (Fig. 7). The including of polychaeta Bylgides sarsi in 

the list represented a stumbling block. This marine species is characterized by relatively high 

mobility, indistinct substrate preferences and various feeding abilities (carnivore, detritus 

feeder, predator) (IfÄO, 2007). Its frequency is 58% at the shallower, and 97% at the deeper 

stations. Account of this taxon proved to bias the results of statistical analysis greatly 

(especially the ordination). A matrix of biotic data with abundance of those 29 species at 208 

stations, and full abiotic data of 8 environmental parameters for 72 stations were created. 

Benthic sampling was carried out all around the year, 38% each were taken in spring (March, 

April, May) and summer (June, August), 11% and 13% in autumn (September, October) and 

winter (January, February) correspondingly. But as we are interested in general all-seasonal 

distribution patterns, no seasonal harmonization was done. 

Next step was the detection of the induced spatial dependencies. There is a potential of strong 

gradients to monopolize much of a statistical analysis, which suggests their removal before the 

analysis unless it is the state aim to explore the influence of this particular gradient. We have 

tested the autocorrelation beforehand via Moran’s Index and considered its possible bias in 

further investigation. We have attempted to reduce the effect of salinity gradient, characteristic 

for the Baltic Sea by limiting the study area. Smooth depth gradient is also present. 

The partial correlation coefficient measures the intensity of this linear association of two 

variables while taking to the account their relationships with other variables. Correlation does 

not imply cause and effect. Path analysis may be used to assess the correspondence between 

the data and causal models, when causal ordering of the descriptors is stated by the prior 
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information of ecological hypotheses. Pearson correlation coefficients were calculated for the 

z-transformed abiotic matrix using SPSS Inc. software (Tables 2, 3). Then path analysis was 

applied. All possible and meaningful three-variable combinations derived from zero-order 

correlation matrix and the matrix of partial correlation coefficients were considered and tested. 

Fig. 8 shows as an example the single correlation matrix for total organic content, median 

grain size and permeability, and the causal model supported by data. Schematically, all tested 

causal relations are illustrated by Fig. 9. Depth was proven to be the primary descriptor for 

total organic content, salinity and median grain size. Salinity shows weak positive association 

with organic content, even though its ranges are quite restricted in the particular data. Organic 

content directly controls median grain size, sorting, permeability (via interstice-blocking) and, 

to a smaller degree near-bottom oxygen concentrations. Sorting (been the second moment of 

the grain size distribution function and permeability (functionally derived from values of median 

grain size and sorting) are directly controlled by median grain size. 

 

 
Fig. 7: The division of stations into depth subareas (left) and the formed list of 29 species under 

interest (right; those marked with yellow dominating the shallower subarea, blue - dominant in 
deeper subarea, and green - typical for the whole region; in bold font are those species 
influencing the bottom roughness). 

 

 

Apparently, sorting also affects permeability, whereas it is eliminated by the correlation matrix, 

for the relationship is not linear. Skewness, been the third statistical moment of the grain size 

distribution function, is defined by such a complex composition of physical processes, that its 

direct association with other environmental parameters considered is undisclosed. 
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Table 2: Pearson correlation coefficient calculated for the full set of z-transformed environmental 
data at 208 stations, coefficient values corresponding to p<0.01 (2-tailed) are in the bold 
font, n-values are given in brackets. The notation of environmental factor is as follows: Org 
– total organic content, Kg - median grain size, O2 – oxygen, S – salinity, d – depth, so – 
sorting, sk – skewness, kKM – permeability. 

 Zsc(Org) Zsc(KG) Zsc(O2) Zsc(S) Zsc(d) Zsc(so) Zsc(sk) Zsc(kKM) 
               

                
Zsc(Org) 

(109)               
-.363              

p<0.01               
Zsc(KG) 

(109) (110)             
-0.187 .262            
p=0.05 p<0.01             

Zsc(O2) 

(109) (110) (181)           
.544 -.338 -0.082          

p<0.01 p<0.01 p=0.27           
Zsc(S) 

(109) (110) (180) (185)         
.670 -.354 -0.130 .597        

p<0.01 p<0.01 p=0.08 p<0.01         
Zsc(d) 

(109) (110) (181) (185) (208)       
.701 -.509 -.269 .500 .608      

p<0.01 p<0.01 p=0.02 p<0.01 p<0.01       
Zsc(so) 

(72) (72) (72) (72) (72) (72)     
-0.227 .439 .257 -0.226 -.319 -.460    
p=0.05 p<0.01 p=0.03 p=0.06 p<0.01 p<0.01     

Zsc(sk) 

(72) (72) (72) (72) (72) (72) (72)   
-.549 .923 .305 -.574 -.747 -.521 .487  

p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01   
Zsc(kKM)  

(72) (72) (72) (72) (72) (72) (72) (72) 
Factor unit % �m ml/l PSU m phi phi darcy 
Factor range 0-28.44 7-1149 0.5-13 8.3-27.1 7.5-29.9 0.29-2.97 -1.46-0.37 0-49 
 

Table 3: Pearson correlation coefficient separately calculated for z-transformed environmental data for 
two subareas: shallower (above the diagonal) and deeper (below) then the 18 m isobath, 
accounting only the station covered by full set of 8 abiotic parameters. The notation is as in 
Table 2. 

 Zsc(Org) Zsc(KG) Zsc(O2) Zsc(S) Zsc(d) Zsc(so) Zsc(sk) Zsc(kKM) 
Zsc(Org)  -.357 .025 .233 .001 -.220 -.341 -.283 
   p=0.11 p=0.91 p=0.31 p=0.99 p=0.34 p=0.13 p=0.21 
   21 21 21 21 21 21 21 
Zsc(KG) -.747  .149 -.012 -.384 .607 .745 .927 
  p<0.01  p=0.52 p=0.96 p=0.09 p<0.01 p<0.01 p<0.01 
  51  21 21 21 21 21 21 
Zsc(O2) -.452 .478  .528 .154 -.046 .513 .107 
  p<0.01 p<0.01  p=0.01 p=0.50 p=0.84 p=0.02 p=0.64 
  51 51  21 21 21 21 21 
Zsc(S) .574 -.576 -.194  .214 -.218 .252 -.008 
  p<0.01 p<0.01 p=0.17  p=0.35 p=0.34 p=0.27 p=0.97 
  51 51 51  21 21 21 21 
Zsc(d) .601 -.577 -.338 .262  -.297 .089 -.456 
  p<0.01 p<0.01 p=0.01 p=0.06  p=0.19 p=0.70 p=0.04 
  51 51 51 51  21 21 21 
Zsc(so) .620 -.432 -.197 .364 .507  .320 .322 
  p<0.01 p<0.01 p=0.17 p<0.01 p<0.01  p=0.16 p=0.15 
  51 51 51 51 51  21 21 
Zsc(sk) -.031 .155 .164 .021 .013 -.353  .649 
  p=0.83 p=0.28 p=0.25 p=0.88 p=0.93 p=0.01  p<0.01 
  51 51 51 51 51 51  21 
Zsc(kKM) -.649 .846 .433 -.544 -.596 -.649 .319  
  p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p<0.01 p=0.02  
  51 51 51 51 51 51 51  
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Fig. 8: Left: Pearson zero-order (above the diagonal) and partial (below) correlations among three 
variables: total organic content (1), median grain size (2) and permeability(3). Test of 
significance: **: 0.001<p<0.01; ***: p<0.001. Right: Causal model supported by data. 
Triangular model represents the combination of double effect, with (1) been the primary 
descriptor causing both (2) and (3), and intervening sequence, with secondary descriptor (2) 
intervening between (1) and (3). 

 

 
 

Fig. 9: Schema of causal relationships between environmental parameters, observed in the south 
western Baltic Sea, in accordance with tested ecological hypotheses. Linearity of the 
association is reflected by the shape of connectors, its straight is presented by the thickness of 
the line. 

 

The complexity of abiotic interactions, reflected by the results of correlation analysis (Tables 3 

and 4; Figs. 8, 9) is dominated by depth, whereas most species indicate strong response to it 

(see Paper I). This does not allow the complete removal of either gradient without the loss of 

essential information. The solution was fount in considering depth-detrended abiotic data as 
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well as the initial environmental data in further analyses, suggested by previous work of 

Glockzin and Zettler (2008). 

 
Fig. 10: Generalized structure of the communities revealed in Paper I. The pie graphs illustrate the 

average species composition of the ‘classes’, pie diameter is relative to the average total 
abundance species. Only species from the selected 29 taxa forming more then 1 % of total 
abundance are included. 

 

Prior to the identification of environmental factors responsible for benthic macrofauna 

distribution, the patterns contained in data set of species abundance are analyzed in order to 

detect differences in community structure. The valid zonation was received by means of 

hierarchal clustering combined with non-metric MDS technique and confirmed by other 

statistical methods (PCA, SIMPER, see Paper I). Three distinct benthic communities were 

defined, each related to different spatial subarea and characterized by certain variability of 

environmental parameters (Fig. 10; Table 4 in PaperI): Hydrobia ulvae – Scoloplos armiger (A) 

community inhabits the area of the shallow sandy bottom along the coast. Other species 

numerically dominating in the community are Pygospio elegans, Macoma balthica, Mya 

arenaria, Diastylis rathkei. Lagis koreni – Mysella bidentata (B) community with highest 

biodeversity occupy the intermediate-deep area stretched from south-west to north-east 

(middle of the Kadetrinne and the Darss Sill), including southern and northern parts of the 

Mecklenburg Bight. It is characterized by moderately sorted sediments of medium silt to fine 

sand and increased salinity. In terms of both occurrence and abundance the cumacean 

Diastylis rathkei and bivalve Abra alba are also characteristic for this community. Capitella 

capitata – Halicryptus spinulosus (C) community inhabits the deepest area in the Mecklenburg 

Bight, characterized by high organic content, fine to coarse poorly sorted silt sediments with 
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low permeability. This community is characterized by low number of taxa. In terms of 

occurrence polychaeta Bylgides sarsi dominates in the community, but high frequency of this 

taxa is typical for the whole investigation area. 

To draw a boarder between the communities (Paper I) the problem of interpolating the nominal 

data had to be faced. To solve it the posterior probabilities of each class membership were 

derived using discriminant analysis. Class distribution revealed two problems: the area is wide 

stretched - this has an influence on the maximum lag for semivariogram calculation, and there 

is one class (Capitella capitata – Halicryptus spinulosus community) clustered in the small 

south western area, that will result in small region with 1.0 probabilities and the large area with 

0.0 (bad thing for calculating the semivariogram). The solution was found in a directional 

semivariogram, which implies, that the true semivariogram exsists in the direction. The 

contrary, that all other directions have a trend, must not be true. In fact, if there is a trend-free 

situation the omnidirectional semivariogram should be identical to each directional 

semivariogram. So, the directional semivariogram can be used instead of the omnidirectional 

one. As for the community concentrated in one limited area (Capitella capitata – Halicryptus 

spinulosus) the omnidirectional semivariogram was calculated for the data limited in the 

longitudinal direction (resulting in a small area with better distribution), that was then used for 

the entire area (Fig. 11). Then probabilities of each class membership were subject to 

interpolation using ordinary kriging based on derived semivariograms and the class of each 

node of a grid was defined as the one having the max probability. The method has its limits 

because one interpolates onto a grid and does a (re)classification of the grid nodes based on 

the interpolated probabilities - so the stations are not involved anymore; moreover, there can 

be stations with varying sampling time and conditions at close locations, leading to some miss 

assignmets (i.e. 5.8 % or 12 stations out of 207 obtain the max probabilities for the class they 

do not belong to). 

The final step of exploratory analysis was the isolation of abiotic predictors of species 

distribution. Canonical correspondence analyses (Paper I, section 3.9) approximated and 

ranked the optima of individual species in multidimensional environmental space. Monte-Carlo 

permutation tests were preformed to test the effects of each environmental factor considered. 

The comparison of results for detrended and undetrended environmental data disclosed the 

predictors of benthic macrofauna composition. The influence of depth on all other factors was 

evidenced. Without the depth trend total organic content causes the best similarity between 

the abiotic and biotic data, followed by sorting and permeability. They differ in their rank in the 

results of BIOENV and CCA, but obviously remain dominating in the explanation of benthic 

variance.  
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Fig. 11: Empirical directional semivariograms (for classes a and b, left and middle) and onmi- 
directional (for class c, right); fitted exponential models for the probabilities of class-
membership. 

 

3.2 Regional scale predictive modelling 

The detailed analysis of patterns of benthic community distribution related to the selected 

environmental parameters provided basis for the predictive modelling of species distribution. 

Using the methodology defined in Section 2.3.3 the curves that approximate the response of 

species to changes of particular environmental factor were estimated using logistic regression 

with biotic data reduced to presence/absence. Such species-specific response curves were 

estimated for each factor-species combination using various mathematical functions. The final 

model was the function of the factor that explained most variability. Evaluation of model fit was 

preformed by means of visual control of half-normal plots of residuals and by considering the 

percentage of concordance. Thus – a set of single-factor models was compiled for each of the 

exemplary species. Logistic regression models predicting the probabilities of occurrence for 29 

selected macrobenthic species relative to depth and total organic content are presented in 

Paper III, species response curves for median grain size and sorting are given in Fig. 12 and 

Fig. 13, respectively. Some species indicate strong response to the particular factor over the 

whole parameter range, whereas others do not seem to depend on the factor.  

The multimodel inference serves to predict the distribution of species within the common limits 

of combined environmental factors. The information-theoretic approach is used to deal with 

model selection uncertainty, using derived Akaike weights (for each model of a set) within the 

overlapping of single-factor models as weight factors to receive the general estimate of 

probability of species occurrence. As total organic content data was limited: two model sets 

were considered for the final prediction - one with and one without the model of species 

occurrence probability as function of total organic content included. 
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Fig. 12: Logistic regression models predicting the probabilities of occurrence for 29 selected 
macrobenthic species relative to median grain size. Species abbreviation: Abralb, Arcisl, 
Astbor, Bylsar, Capcap, Cergla, Corgib, Diarat, Dipqua, Gasspi, Halspi, Heddiv, Hetfil, 
Hydulv, Lagkor, Macbal, Myaare, Mysbid, Parova, Polcil, Pygele, Scoarm, Spigon, Terstr, 
Trafor, Tromul, Tubben stand for Abra alba, Ampharete baltica, Arctica islandica, Astarte 
borealis, Bylgides sarsi, Capitella capitata, Cerastoderma glaucum, Corbula gibba, Diastylis 
rathkei, Dipolydora quadrilobata, Gastrosaccus spinifer, Halicryptus spinulosus, Hediste 
diversicolor, Heterochaeta costata, Heteromastus filiformis, Hydrobia ulvae, Lagis koreni, 
Macoma balthica, Mya arenaria, Mysella bidentata, Parvicardium ovale, Polydora ciliata, 
Pygospio elegans, Scoloplos armiger, Spio goniocephala, Terebellides stroemi, Travisia 
forbesii, Trochochaeta multisetosa, and Tubificoides benedii, correspondingly. 

 

Using the defined method, probabilities of occurrence for selected representative species 

(Arctica islandica, Hediste diversicolor, Pygospio elegans, Tubificoides benedii and Scoloplos 

armiger) within the investigation area are modelled and mapped (Paper III). The response 

surfaces obtained indicate relatively high degree of success. Water depth that represents a 

type of integral parameter remains the key player determining the species distribution among 

the parameters considered within the study scale, particularly for species that find their optima 

habitat here, such as A. islandica, but also for those as H. diversicolor that occur only locally 

and at comparatively low densities. In the results obtained for T. benedii and S. armiger total 
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organic content, sorting and permeability also contribute significantly in defining the suitable 

habitat for the latter two. 

 

 

Fig. 13: Logistic regression models predicting the probabilities of occurrence for 29 selected 
macrobenthic species relative to sorting. Species abbreviation as in Fig. 12. 

 

To gain more insight predicted probability of occurrence and measured abundance vs. abiotic 

factors for five selected species are plotted in Appendix A 

3.3 Large scale predictive modelling 

For this exercise 19 species from various functional groups representative for both marine and 

limnic communities, relatively abundant and well represented by the data were chosen. The 

frequency of occurrence for selected species ranged from 6 to 30 % within the dataset (Paper 

V). The observed distribution of the exemplary species along the ranges of considered 

environmental factors were investigated. Differences between species were observed in 

regard to their relative frequency of occurrence and density (Appendix B, Paper V). For 

instance, Pontoporeia affinis, Pontoporeia femorata and Saduria entomon are the species that 
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are most tolerant to the increase of water depth, with their highest frequencies and associated 

densities observed between 40 and 60 m. Oppositely, distribution of B. pilosa and C. volutator 

and, especially, H. ventrosa is most strongly constrained by the factor, with highest densities 

observed in regions shallower then 10 m and animals hardly ever present in samples from 

below 30 m isobaths (15 m for H. ventrosa). Interestingly, the bivalve A. islandica shows a very 

clear bi-modal response to depth changes, with its highest densities found between 15 and 27 

m depth, nearly entire absence of occurrence events at the interval of 30 to 40 m depth, and 

the appearance of the second essentially smaller peak of species abundance around the 

depth of 43-47 m. This latter sudden occurrence of species along the depth gradient 

corresponds to the deeper region of the Arkona Sea, the eastern frontier of species spread 

area. It can presumably be explained by the coupling effect of depth and salinity, and perhaps 

by the transport of larvae with the hydrodynamic flow, both some what sheltered conditions 

coinciding with the intermediate depth and distance to the shore, and still relatively high values 

of salinity.  

In terms of near-bottom salinity, P. affinis was the most evident limnic species, with highest 

densities observed between 5 and 9 psu, and only rear events of its occurrence at stations 

with salinity values above 10 psu. C. volutator and S. entomon also favour the common salinity 

range with highest abundances recorded at this part of the gradient; however, their occurrence 

at higher values of salinity is not unlikely. Species as Terebellides stroemi and Diastylis 

rathkei, indicate the opposite behavior with wide range of suitable salinities (approximately 10 

to 30 psu) and are most abundant in the most saline regions. Other species as M. balthica and 

H. spinulosus, though also recorded at station with salinity values from ca. 4 to 27 psu, show 

the peaks of abundance density near the lower end of this range. 

Using the method defined in Section 2.3.4, probabilities of species occurrence were modelled 

and mapped. The resulting maps with the observed species abundance and modelled 

probability of occurrence as function of considered environmental variables are presented in 

Paper V and in Appendix C. AUC value, estimated on the data assumed to be independent, 

that is not used for model calibration, generally indicated higher classification accuracy for 

specialist rather then for species with high tolerance to environmental gardients. For instance, 

for glacial liminic relict amphipoda Pontoporeia affinis, AUC value indicated very high degree 

of success. For bivalve M. balthica found almost allover the Baltic Sea and known to be very 

tolerant in response to environmental gradients, AUC value indicates the predictive power that 

can be regarded as only fair. Nevertheless, the consistency with data observations can be 

seen for this species as well. The considered environmental predictors are significant, but 

noticeable part of variance of species distribution is explained by some other factors not 

included in the analysis. For Halicryptus spinulosus model AUC values was relatively low. 
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Whereas, the combination of the factors considered seems to be suitable in the area north to 

the Aland Sea, the observational data evidences the barrier of modelling here, and the 

existence of some other limiting factor preventing the species from inhabiting the territory. This 

can supposedly be variations in ice cover, temperature or nutrient supply. The probability of 

occurrence modelled for A. islandica known to prefer polyhaline environment corresponds with 

the observations very well. For this species it was also seen that areas with higher predicted 

values match with the locations of higher observed abundance densities.  

Thus, habitat suitability maps predict the specific ecological potential of a habitat rather that a 

realized ecological structure, with limitations defined by the data analyzed. 
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4 Disscussion 

Generally, this thesis contains studies on observational spatial scale that can be described as 

fine-grained (referring to the individual data units of grab samples), whereas spatial extend 

covered ranges from regional (Paper I-IV) to large (Paper V), though the subjectivity exists in 

the definition of the scale magnitude. As for temporal scales, they are not as simple to 

describe. As was pointed out by Praca et al. (2009) the use of temporally heterogeneous data 

confounds the effect of interannual variations in species occurrence and environmental 

conditions. The long-term distribution patterns were reflected in Paper V. However, our 

objectives were to attempt a general description of species habitats and to investigate the 

predictive abilities of the modelling techniques at the selected spatial scales. Models 

determining the distribution of exemplary macrofaunal species common for the particular 

regions and the whole Baltic Sea from changing environmental variables, such as depth, 

salinity and sediment characteristics, have been successfully developed. Those models are 

considered to be reasonably general, i.e. they are able to resolve the distribution of species 

over a comparatively large spatial scale as opposed to a metre-by-metre basis. 

The static, comparative, models (those the presented thesis is mainly focused on) are 

opposed to more mechanistic models of ecosystem processes (Lischke et al., 1998). The use 

of and theoretical limitations of static models compared with dynamic approaches have been 

described e.g. in Lischke et al. (1998), who suggested that they do not provide a specific 

answer to the question of how change would affect future species' distributions, but rather 

attempt to explore the possible ranges of change and thus offer a basis for discussion about, 

for example, species' potential to reach new habitats. Moreover, they constitute the basic 

layers for future spatiotemporal distribution models. 

Thus, the present study represents the first steps towards a benthic – abiotic interaction model 

using the data sets of varying complexity, based on recent investigations (Papers I-IV) and 

utilizing the historical data (Paper V) for the Baltic Sea regions. Such models allow making 

predictions on how and to what extent natural or anthropogenic influences affect benthic 

community assemblages. They can be a useful tool in marine ecosystem management and 

environment conservation planning (Pavlikakis and Tsihrintzis, 2000). However, the extraction 

of patterns of benthic community distributions and exploratory statistical description of the 

prevailing ecological structure based on in-situ observations (Paper I) is always an 

indispensible first step (Bourget and Fortin, 1995). Also, to assess the correctness of the 

calculated biotic – abiotic dependencies indispensably implies not only the geographical and 

ecological discrimination, but also the in-depth knowledge of autecology of the species. This 

expert knowledge (descended from study, utilization of physiological experiments on species, 
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observation, habitat monitoring as well as experience) is the initial requirement that cannot be 

simply deduced from statistics (Sachs 1997). This is especially important since top-down 

correlations between the macrobenthos and the environmental variables represented by 

response models do not always reflect direct cause and effect relationships, since many 

environmental variables co-vary (van der Wal et al., 2008). Thus only based on the prior 

knowledge statistically modelled descriptions of species distribution patterns can be explained 

by causality as per ecological behavior of species.  

It is essential to differentiate between the questions that the two types of model solutions 

presented serve to answer. Each single-factor model alone is able to answer the question of 

how certain species respond to changes of this separate factor, e.g. describe it as euryoecious 

or stenoecious organism. Thrush et al. (2005) acknowledge that simple models may fit well the 

purposes of response management, for instance by defining the sufficiently consistent general 

pattern of which species prefer muddy, intermediate or sandy sediment types across scales, 

so that a rank order of species can be developed. Such classification can be used to interpret 

changes in the distribution and abundance of monitored species or incorporated with other 

predictions of habitat change, and used in environmental risk assessment. The multimodel 

inference serve to predict the distribution of species within the common limits of combined 

environmental factors, e.g. to fill out the lack of information in the locations, where no 

observational data is available. 

Thus, the results of statistical modelling of species distribution can be useful for: testing the 

hypotheses about the ranges of species distribution along environmental gradients and benthic 

stress impacts (for instance, the Pearson and Rosenberg (1978) model that reported a gradual 

loss of species as the degree of stress increased over space and/or time driven by the 

replacement pattern defined by different tolerance of species to stress); generation of habitat 

suitability maps that predict the specific ecological potential of a habitat (with limitations 

defined by the data analyzed) which can be considered in marine spatial planning and 

conservation management (Degraer et al., 2008); and predicting the possible consequences of 

habitat changes (either natural or antropogenic). Moreover, when accompanied by other 

relevant developments and investigations, the coupling of species ecological functions 

(filtration rates, bioturbation modes, etc.) with the results of such modelling exercises via 

biochemical or sediment transport models may help to assess the ecosystem functioning (e.g. 

Bobertz et al., 2009). Within this context, the two particular approaches, the biological trait 

analysis (BTA) and the studies of impact of presence of macroinvertebrates on near-bed 

fluxes, are discussed in more details below. 

Without taking into account the distribution of common benthic invertebrates regarding the 

background environment and limiting variables in aquatic ecosystems, it is impossible to build 
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a rigorous, predictive concept of conserving and restoring damaged ecosystems, to meet the 

challenge of answering such questions as why do species occur in or avoid the particular 

region; why are they frequent or rare; which species are responsible for particular ecosystem 

functions across environmental gradients; how can the consequences of changing habitats be 

qualitatively and quantitatively assessed, and whether these consequences will be alike in 

various environments (Mermillod-Blondin and Rosenberg, 2006; Crain and Bertness, 2006). 

4.1 Ecosystem engineers, BTA 

The presence or activities of invertebrate species in aquatic ecosystem often alters the 

physical surrounding or the flow of recourses, thereby creating or modifying habitats, which 

then influence all other organisms in the community. This determines these organisms as 

ecosystem engineers. Crain and Bertness (2006) argued that most natural communities are 

hierarchically structured with habitat modifying ecosystem engineers providing the physical 

template of communities. Which engineers are important for maintaining the ecosystem 

functions of interest is dictated by the background environment and the limiting variables. In 

more benign environments engineers will tend to increase species coexistence and 

biodiversity or retain specific ecosystem functions, whereas in stressful environments (like 

most parts of the Baltic Sea), physical modifications can effectively create new habitat and 

enable establishment by organisms that would otherwise be unable to persist. In latter case, 

engineers are of critical importance as they are essential to any population of the habitat. Crain 

and Bertness (2006) therefore conclude, that across environmental stress gradients, most 

critical engineer species that retain community and ecosystem integrity and function can be 

identified and considered as a primary conservation target. 

In their overview article Mermillod-Blondin and Rosenberg (2006) have linked invertebrate 

diversity to ecosystem functioning comparing functional groups of bioturbators (based on their 

mechanistic effects in reworking the sediments), and stressed the importance of accounting for 

physical habitat features (e.g. distinguish between diffusion-dominated benthic system with 

fine-grained sediments and advection-dominated system with coarse sediments) within a wider 

conceptual framework of functional approach. They highlighted that the impact of bioturbation 

on microbial activities in sediments decreases with increasing physically-induced interstitial 

flow rates within the system, supporting the statement that importance of ecosystem 

engineering is strongest when the engineered habitat provides a resource that is not available 

in the unengineered environment. One good example for that are the mussel shells that 

provide a substratum for the attachment of invertebrates and algae in soft-bottomed 

sediments, whereas it is not the case in rocky habitats where the structure of the unengineered 

environment provides habitats for the attachment of the organisms. 
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Alternatively, the ability of an ecological community to withstand disturbances (resilience) can 

be regarded as a function of functional (rather then species) diversity. The relevant questions 

stated by management and conservation of ecosystem functioning and resilience are then: 

what are the ecological commodities and services the system yields; which trophic levels are 

involved; what is the level of functional redundancy; is the system intrinsically prone to 

environmental extremes or subject to intense variability; to what extent is the system already 

(anthropogenically) disturbed (Ieno et al., 2006)?  

The functional group-approach (BTA) to the analysis of benthic assemblages promises to 

provide more insights on ecosystem processes and ecosystem functioning as a whole and to 

enable the adaptation of a predictive approach with regard to assumed ecological 

disturbances, rather than a momentary snapshot of the benthic ecosystem quality (Bremner et 

al., 2006). The many effects on physico-chemical settings of the environment caused e.g. by 

dredging and construction have high potential amount of confounding factors, thus requiring a 

large number of rigorous analysis of effects in highly controlled environments (i.e. laboratory or 

mesocosm experiments) to enable any rigorous statements regarding species effects. 

According to Loreau (2002) the “functional groups” can be defined as sets of species that 

show either similar responses to the environment or similar effects on ecosystem processes. 

Ieno et al. (2006) states that in naturally occurring communities, the individual contribution of 

species effects to overall ecosystem functioning is a collective product of diversity effect (niche 

complementarily), species identity and species density, with differences in relative contribution 

of these components pronounced over the space and time. The fact that the effect of one 

species can masks other species effects supports the idea that functional diversity may be 

equally, or even more important in securing or delivering ecosystem processes. BTA uses a 

coded/scored information on series of life history, morphological and behavioural 

characteristics (trophic relations, dispersal methods, sensitivity etc.), as well as ecosystem 

engineering effects (potentially important traits can be defined subject to the ecosystem 

function(s) of interest) of species present in assemblages to indicate aspects of their ecological 

functioning (Padilla and Allen, 2000; Bremner, 2008). Changes in the patterns of trait 

expression within or between the assemblages, in terms of changes in the relative 

abundance/biomass of taxa exhibiting the traits, can be used to indicate the effects of human 

impacts on ecological functioning and compare the functioning of communities over large 

geographical ranges (as biological traits can be shared by organisms of different taxonomic 

identity). 

The discriminating ability of the BTA rises with the number of traits analysed, which causes the 

potential problem related to the time and information required for preparing large trait 

databases to carry out the analysis, aggravated by the fact that information for each taxa of a 
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pool might not be available and the trait information itself is not static. Thus Bremner (2008) 

notes, that especially systems with a relatively low species diversity and where there is a good 

knowledge of the environmental gradients, like the Baltic Sea, are deemed good areas to 

develop models of traits analysis.  

4.2 Influence of benthic organisms on transport of sedimentary material 

Sediment distribution patterns and its genesis are mainly driven by transport, erosion and 

accumulation of sedimentary material and refined insight into the corresponding processes is 

required by the decision-making authorities to evaluate impacts of dumping of dredged matter, 

ecological effects of submarine mining, and the transport of associated contaminants (Gray 

and Elliot, 2009; Harff et al., 2009). The effects of planned anthropogenic activities can be best 

estimated by investigating scenarios of the process under debate using numerical simulations 

and its results (Harff et al., 2009). Quantifying the effects of interactions between organisms, 

the sediments, and the flow field on the sediment transport is the subject of much current 

research. Organisms alter the flow field via the bottom roughness, modify sediment 

characteristics by breaking up aggregates or coating sediments with organic matter, or change 

the structure of the sediments during burrowing activities (e.g. Rhoads, 1974). Discussing in 

details the parameterization of sediment transport exceeds the framework of this study, thus, 

only the very general information will be included here in order to identify the link between 

sediment dynamics and the distribution of macroinvertebrate communities. 

There can be distinguished the “physical roughness" (kb) and the “hydrodynamic roughness", 

or roughness length, z0. Both have units of length (m, cm, etc.). The “physical roughness" is a 

physically meaningful quantity - such as sediment grain size, ripple dimension, etc. 

Hydrodynamic roughness, z0, is related to physical roughness, and to the flow structure, but it 

is really a mathematical construct. It is the height, z, at which a velocity profile, u(z), would go 

to zero if it were extrapolated towards the boundary. Abiotic as well as biotic factors should be 

taken into account within parameterization of bed roughness. Often, the biological effects are 

neglected (Kuhrts et al., 2004), in other cases the passive influence of marine benthic fauna 

are considered, without taking into account the influence of marine flora (Bobertz et al., 2009; 

Seifert et al., 2009). Usually, what effects and processes are considered in the modelling is the 

matter of questions addressed, knowledge on peculiarities of the investigation area, the 

appropriate parameterization defined and the data available. As was mentioned in the 

introduction, generally the processes involved in the sediment transport mechanisms can be 

summarized by the conceptual scheme (Fig. 4) from Nittrouer and Wright (1994).  

Rhoads (1974) have published the pioneered systematic work devoted to the biological effects 

on the seafloor roughness and stability, where he defined the edges for both sedimentologists 
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and ecologists, showing how organisms could control or otherwise modify the geological and 

geochemical properties of the sea floor, such as grain-size, water content, porosity, 

compaction, shear strength, biodeposition, bioadvection (bioturbation), and the critical 

threshold velocity for erosion. According to Jumars and Nowell (1984) benthic organisms can 

affect sediment transport via alteration of (1) fluid momentum impinging on the bed, e.g. 

caused by animal tubes in a flow, (2) particle exposure to the flow induced e.g. by burrowing 

invertebrates moving within the sediments, (3) adhesion between particles, e.g. in a conical 

mound of fecal pellets produced by burrowing bivalve and (4) particle momentum, e.g. via 

ejection of fecal pellets from the feeding pit by deposit feeding polychaete. They also 

concluded that consistent grouping of organisms as stabilizers vs. destabilizers, respectively 

decreasing or enhancing erodibility, is not possible. Back then the net effects of species or 

even individual on erosion and deposition thresholds seemed in general unpredictable. 

Authors highlighted the dependence of those effects upon the context of flow conditions, bed 

configuration, and community composition and claimed that separation of organism effects into 

the listed above four categories permits the specification of parameters for stochastic sediment 

dynamic models to enhance predictability of natural organisms-influenced marine settings. 

Unfortunately, even the present level of information hardly allows the robust definition of 

functional traits for most taxa of marine benthic communities (authors’ own judgment, see the 

section on BTA), however a significant step forward was achieved supported by the results 

from a number of conducted experimental setups (e.g. Friedrichs, 2004; Peine, 2005; 

Rietschel, 2005; Schmid, 2009; Friedrichs et al. 2009). The conclusions of Jumars and Nowell 

(1984) suggested that if major sediment transport occurs during the infrequent large-

magnitude events organism effects can be ignored, whereas benthic activity and bed forms 

gain significance in sediment transport only during low turbulence and at low velocity values 

and should only be considered if the variable of primary concern is not the total amount of 

sediment transported but rather the frequency of transport events or the spatial pattern of 

erosion and deposition. 

In Dade et al. (2001) recent studies have been summarized of how biota influences the 

turbulence and velocity field near the sea floor. In general, biota greatly increases the physical 

roughness of the sea floor (kb), and thereby the hydrodynamic roughness (z0) compared to the 

roughness of a flat bed. The increased roughness comes from (1) pelletization of sediment into 

coarser aggregates by benthic organisms, (2) the presence of biogenic mounds or tracks, (3) 

protrusion of the organisms into the flow (worm tubes, grasses). Biological alterations of 

sediment properties or particle fluxes include both complex interactions and contradictory 

effects: for instance, bioturbation is assumed to facilitate erosion, whereas macrofauna mucus 

will consolidate the sediment; results of feeding tactics such as excretion or active particle 
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expulsion by deposit feeders, or capture and biodeposition of suspended matter and refiltration 

of water by filter feeders (Orvain et al., 2004; Widdows et al., 2004; Peine, 2005) also can 

have a direct influence on sediment dynamics. 

In 2000-2005 western part of the Baltic Sea served as an investigation area of the national 

German project on the dynamics of natural and anthropogenic sedimentation (DYNAS; Harff et 

al., 2009) that was based on multidisciplinary cooperation between sedimentologists, benthos- 

and microbiologists, sediment physicists and physical oceanographers. The project aimed to 

contribute to a profound understanding of sedimentation processes and to predict sediment 

transport in the region by means of numerical modelling.  

Within the framework of the project Kuhrts et al. (2004) developed the numerical simulation 

tool linking the Baltic Sea Oceanographic Model (BOM; Fennel and Seifert, 1995; Schmidt et 

al., 1998) based on the Princeton Modular Ocean Model 3 (MOM-3; Pacanowski and Griffies, 

2000) with a wave model, a bottom boundary and a sediment transport model, that was further 

improved in Seifert et al. (2009). The transport of sedimentary material in suspension was 

based on the co-called tracer equation �  �  �  ,sin cvwc
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Here and rq  is the erosion rate, and #
cru  is the critical shear velocity of considered sediment 

material which identifies the threshold, the point of incipient motion of the sediment particles. 

The latter can be approximated as function of mean grain size, density of sediment particles 

and water density, gravitational constant and water viscosity (e.g. Shields, 1936; Soulsby and 

Whitehouse, 1997 – for cohesive sediments; Hjulström, 1935; Zanke, 1977 – for cohesionless 

seiments). A brief summary on the widely used threshold approach can, for instance, be found 

in Bohling (2009) and Bobertz et al. (2009), though critics exist, e.g. due to the fact that no flow 

stage exists at which particles are suddenly placed in motion in a massive amount (e.g. Grass, 

1970; Unsöld and Walger, 1987; Lavelle and Mofjeld, 1987). In the bottom boundary layer 

model developed by Kuhrts et al. (2004) and Seifert et al. (2009) the particle dynamics at the 
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sea bottom are influenced by the shear stress velocity, in turn determined by waves and 

currents energy (meteorological forcing) and by the roughness of the sea floor. According to 

Bobertz et al. (2009) the roughness length, in the case of absence of macrozoobenthos and 

their structures, can be parameterized based on grain size too, employing Soulsby (1997), 

Nielsen (1983) and Yallin (1977). No equivalent simple parameterization for biological caused 

bed roughness exists. With some assumptions, findings of Friedrichs (2004) and results of the 

DYNAS project were employed to derive the roughness length from the abundance 

measurements of four selected key species (Arenicola marina, Lagis koreni, Mytilus edulis, 

Pygospio elegans). This was done using the estimated relationship between the roughness 

length and the roughness density, RD, which is the percent of the sediment surface covered 

by the population. In Bobertz et al. (2009) the proxy-target concept was used to extrapolated 

the roughness length (an input parameter for the modelling setup in Seifert et al., 2009) into 

the larger investigation area (bathymetry, median grain size, salinity and oxygen served as 

proxy variables); a combined hierarchical and supervised classification was applied. The basic 

assumption is that similar milieu conditions result in similar roughness densities. For this work, 

the macrozoobenthic data was the basis to derive the roughness density. Authors note that the 

appearance of macrozoobenthos may not be explained by the environmental parameters 

considered completely, thus stressing the importance of investigations of species-

environmental relationships. The employment of methods developed in the present study 

(Papers III-V) can serve as a good supplement, aiming at utilization of more realistic 

distribution surfaces for the most important species. In order to include the results of flume 

experiment in the large-scale numerical simulation model for sediment transport the population 

density-dependant net sediment fluxes have to be coupled with faunal distribution data 

(Friedrichs et al., 2009). The results of data inventory can thus present a valuable contribution 

(Paper V). Peine et al. (2005) have visualized in ArcGIS the effect of the biogenic structures 

generated by blue mussel clumps (Mytilus edulis) on the roughness length (zo). The GIS data 

base compiled in the present study can serve the common purposes.  

Quantitative corroboration of effects of small-scale biological processes on the large-scale 

sediment transport and deposition was done in Borsje et al. (2008). Biological effects on 

cohesive sediment transport in the tidal Western Wadden Sea were quantitatively incorporated 

into the sediment transport module. The transport of fine suspended sediments was based on 

the advection-diffusion equation, with the source/sink terms that described the vertical fluxes 

between the bed and the water column as a result of erosion and deposition. The biological 

influence was parameterized through the empirical stabilizing and destabilizing factors (as 

functions of the chlorophyll-a concentrations and grazers biomass, respectively) for the critical 

bed shear for erosion and the erosion coefficient. For the modelling the grazers biomass found 
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at two measurement sites was assigned to the whole study area based on classification of 

three different depth zones. One year setup was performed to capture the seasonal changes. 

Based on modelling results Borsje et al. (2008) concluded that seasonal variation in the 

sediment concentration is caused by the combining effect of the suspended sediments 

concentrations, wind and biological activity, with organisms assumed to be stabilizing (in this 

case diatoms) mainly responsible for seasonal variations in concentrations of suspended 

sediments, while the destabilizing ones (here the snail Hydrobia ulvae and the clam Macoma 

balthica) are mainly important for the spatial variation in the fine sediment on the bed. 

Subsequently, Borsje et al. (2009) have published the results of modelling of bio-

geomorphological influences for offshore sandwaves, focusing on the effects of three benthic 

species characteristic for the North Sea: the sea urchin Echinocardium cordatum, the tube 

building worm Lanice conchilega, and the clam Tellina fabula. Mathematical inclusions to 

account for biological activity in idealized models suggested that biota is able to influence the 

wavelength of sandwave significantly, compared to the case of their absence. More 

importantly, the models indicated that biota is able to induce bed patterns while the physical 

parameters suggest a stable flat bed and vice versa. Authors stressed that future research 

should focus on improving the parameterization of biological activity influence on sediment 

dynamics and thereby on seabed patterns, but moreover, on gathering the site specific field 

data both on physical parameters and biological activity indispensable for model validation. 

If the relationships between sediment fluxes and population densities are available, the data 

describing the distribution of macrofaunal population densities is required to integrate them 

into a numerical sediment transport model. Since one important feature of benthic 

assemblages is their intrinsic patchy distribution, the distribution of possible biogenic effects on 

sediment dynamics is also patchy. Works of Borsje et al. (2008), Bobertz et al. (2009), Seifert 

et al. (2009), Friedrichs et al. (2009) deal with this in their recent papers, although there were 

criticisms and skepticisms of technical nature (Seifert, Forster, pers. comm.). Nevertheless, the 

superimposition of biota-mediated sedimentation/erosion processes on the spatial extent 

should be feasible and should provide us with predictive information (of biotic effects) on 

sediment properties.  

To complete the circle, in turn these sediment properties can then be used to make predictions 

on the ecological functioning and suitability of the sediment as a habitat (Diaz et al. 2004). 

Habitat suitability based on known gradients can serve as a forcing function for the modelling 

of population dynamics. Yet in turn, the result of the hydrodynamic and biogeochemical 

modelling can be translated in a potential for the existence of certain biological traits and used 

further for BTA. 
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5 Concluding remarks 

The distribution of macrofaunal species of the Baltic Sea in response to selected 

environmental factors was investigated on varying scales using the exploratory statistical 

analysis approach and the developed predictive modelling techniques. 

The first regional case study was focused on the limited area attached to the region of the 

Mecklenburg Bight. By defining the study area, we aimed to lessen the dominance of near-

bottom salinity and oxygen concentration (known to be the dominating factors defining the 

Baltic Sea biodiversity) in the analysis to illuminate the impact of other abiotic factors 

considered. The exploratory statistical description illuminated the prevailing ecological 

structure. Distinct benthic assemblages discriminated by particular species (Hydrobia ulvae–

Scoloplos armiger, Lagis koreni–Mysella bidentata and Capitella capitata–Halicryptus 

spinulosus) were related to different spatial subarea, characterised by a certain variability of 

environmental parameters. Water depth remained the key factor determining the species 

distribution among the parameters considered within the regional study scale in the region of 

the Mecklenburg Bight (Papers I-III). Total organic content and sorting also had noticeable 

effect. The method combining the parsimony of single-factor logistic regression models with an 

AIC solution of multimodel inference was applied to model and map the probabilities of 

occurrence for selected exemplary species (Arctica islandica, Hediste diversicolor, Pygospio 

elegans, Tubificoides benedii and Scoloplos armiger). It performed fairly well and can therefore 

be recommended on comparable spatial scales and environmental gradients. It is obvious, that 

only a fragment of control factors network responsible for macrozoobenthos distribution could 

be covered with the available data. The food web structure, complex predation interactions, 

flow energy and currents, temperature, turbidity, chemical substrate composition were not 

considered in this study. Additional variables need to be incorporated for more insightful 

analysis. 

The similar approach was used to model the response of benthic species to their physical 

environment in the Pomeranian Bay (southern Baltic Sea). In the scheme of the dominance of 

strong salinity gradient over the brackish system, consistently small patches of comparatively 

higher or lower benthic diversity do emerge in areas where either environmental or 

anthropogenic impacts on the benthic habitat change drastically over short spatial distances. 

For instance, according to Zettler et al. (2007) the Shannon–Wiener diversity index ranges in 

various areas of the Pomeranian Bay approximately from 1 to 3.9. Hence, spatial diversity of 

ecological factors creates diversity among benthic colonization and community structures. 

Considering the fact that all species examined in the Pomeranian Bay (Glockzin and Zettler, 

2008; Paper IV) are regarded as euryhaline and that in the central part of the region salinity 
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varies only moderately, the apparent influence of salinity as the main predictor on the benthic 

assemblage becomes insignificant under certain scale, and depth was evidenced as a “master 

factor” mainly responsible for the spatial zonation of benthic species. The study clearly 

demonstrates the possibility to model species’ relationships in gradient systems such as the 

Baltic Sea where their patterns of distribution are strongly and directly coupled to abiotic 

processes. 

Salinity, bathymetry and sediment type are all important in determining the distribution of most 

characteristic macrobenthic species on a large scale of the whole Baltic Sea. Simple empirical 

(logistic regression based) habitat suitability models allow to satisfactorily predict the 

distribution of macrofaunal species even based solely on modelled salinity, bathymetry and 

rough sediment class information (Paper V). Models performed comparatively well in the whole 

sea, however their applicability outside the Baltic should be considered at least questionable. 

They require farther development, calibration and validation, and adjustment to environmental 

patterns known for the region to be applied to, e.g. inclusion of other abiotic variables. The 

presented exercise is only a first step. Implementation of other variables (e.g. characterizing 

temperature fluctuations, total organic content, nutrient supply) would obviously increase the 

model applicability. These models are aiming to reveal only the general patters. In absence of 

major anthropogenic impacts habitat suitability and thus ecological potential are far more 

temporally stable compared to fluctuating macrobenthic community structure (Degraer et al. 

2008). Presented habitat suitability maps predict the specific ecological potential of a habitat 

(the background) rather that a realized ecological structure, with limitations defined by the 

predictors considered, their range, and the specified scale. 

On different spatial scales different factors most influence species distribution. The present 

thesis can be regarded as a baseline for creating a tool for predicting benthic community 

changes and its effects on the ecosystem functioning and last but not least for developing an 

instrument for conservation and management purposes. Bearing in mind the currently 

experienced impact of natural (e.g. via climate change) or anthropogenic forced changes (e.g. 

by pipeline building or dredge fishing) on the Baltic Sea ecosystem – never has the need for 

such a tool been more urgent than nowadays. 

6 Future challenges 

The presented study represents only the momentary state of benthic communities. But, for 

instance, temporal development of the south-western Baltic Sea has shown both high 

variability in species abundance and shifts in species composition (Andersin et al. 1978, Perus 

et al. 2004, Zettler et al. 2008), thus temporal aspects are to be incorporated in the future 

work.  
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Generally, model performance will benefit from inclusion of oxygen dynamics, sediment total 

organic content, nutrients etc. Until now only probability of occurrence based on 

presence/absence data was modelled, but abundance density of species is more informative 

(Thrush et al. 2003), and models describing it are required even more. Such methods as 

‘factor ceiling’ or quantile regressions can be the solution. 

Without accounting for distribution of common benthic invertebrates regarding the background 

variables in aquatic ecosystems, it is impossible to build a rigorous concept of conserving and 

restoring damaged ecosystems (Mermillod-Blondin and Rosenberg, 2006; Crain and Bertness, 

2006). BTA represents a promising approach to gain the desired insights on ecosystem 

functioning and biodiversity-mediated processes. The results of faunal distribution modelling 

can be useful to generate an input data (for corresponding biologically-induced parameters) in 

the sediment transport numerical simulation model (e.g. Borsje et al. 2008, Friedrichs et al. 

2009, Bobertz et al. 2009, Seifert et al. 2009) 
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In this study we relate patterns in the spatial distribution of macrofaunal communities to patterns in near-
bottom environmental parameters, analysing the data observed in a limited area in the western Baltic Sea.
The data used represents 208 stations, sampled during the years 2000 to 2007 simultaneously for benthic
macrofauna, associated sediment and near-bottom environmental characteristics, in a depth range from 7.5
to 30 m. Only one degree of longitude wide, the study area is geographically bounded by the eastern part of
the Mecklenburg Bight and the southwestern Darss Sill Area. Spatial distribution of benthic macrofauna is
related to near-bottom environmental patterns by means of various statistical methods (e.g. rank correlation,
hierarchical clustering, nMDS, BIO-ENV, CCA). Thus, key environmental descriptors were disclosed. Within
the area of investigation, these were: water depth, regarded as a proxy for other environmental factors, and
total organic content. Distinct benthic assemblages are defined and discriminated by particular species
(Hydrobia ulvae–Scoloplos armiger, Lagis koreni–Mysella bidentata and Capitella capitata–Halicryptus
spinulosus). Each assemblage is related to different spatial subarea and characterised by a certain variability
of environmental factors. This study represents a basis for the predictive modeling of species distribution in
the selected study area.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The relative roles of the environment, competition, predation and
chance in determining the composition of communities have been
largely debated in animal ecology (Austin, 1987). Some main factors
usually named as responsible for benthos distribution are: food
supply, water salinity, oxygen concentrations, current energy, tem-
perature, turbidity, substrate composition, sedimentation rates and
bathymetry (e.g. Wildish, 1977; Wilson, 1991; Bromley, 1996; Olenin,
1997; Laine, 2003; Coleman et al., 2007). It is important that a heu-
ristic approach is taken for both validation and iterative development
of ecological models across a range of spatial scales. An exploratory
statistical description of the prevailing ecological structure of the
observations made on site is always the indispensible first step
(Bourget and Fortin, 1995); it should also be supported by an improv-
ing mechanistic understanding (Thrush et al., 2003).

The following study can be referred to a comparatively fine spatial
scale. Depending on the scale, different processes determine the
spatial structure; therefore, inferences derived for one spatial scale
cannot be extrapolated to another scale (Legendre and Legendre,
1998). Our results comprise a detailed analysis of benthic community

composition regarding near-bottom habitat characteristics of the area
stretching through the Kadetrinne incision from the eastern Mecklen-
burg Bight to the southwestern Darss Sill area. The aim of the present
investigation was to analyse the causal relations between benthic
macrofauna and selected environment variables: water depth, near-
bottom salinity and oxygen concentrations, total organic content,
median grain size, as well as sorting, skewness, and permeability. An
appropriate technique for predictive modeling of species distribution
regarding the available abiotic data was defined and applied in Gogina
et al. (2009-this volume). Additionally, the modeling results for
selected species were mapped. Hence, the present work describes a
causal analysis — a basis and a necessary first step towards the design
of models able to predict species distribution.

2. Materials and methods

2.1. Study area

Depending on the scale and region, salinity together with near-
bottom oxygen concentration is often regarded among the major
factors affecting the species richness and composition of macro-
zoobenthic communities (e.g. Olenin, 1997; Zettler et al., 2000; Laine,
2003). By defining the study area, we aimed to lessen the dominance
of these two factors in the analysis to illuminate the impact of others.
The study area is attached to the region of Mecklenburg Bight (Fig. 1)
close to the very beginning of the Baltic salinity gradient and that is
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why it is richer in macrofaunal species (with significant presence of
both marine and brackish water species at the same time) than the
inner, less saline, parts of the Baltic Sea.

The study area is assigned to the transition zone between
the North Sea and the Baltic Sea. Barotropic and baroclinic gradients
and local winds force currents that are controlled here by the ba-
thymetry and stratification. Positive water balance caused by fresh-
water supply results in the outflow of brackish Baltic Sea water at
the sea surface. Sea level differences forced by large scale winds
drive the inflow of high saline Kattegat water into the transition
zone. Density differences, mainly due to salinity, dominate the
farther transport into the central parts of the Baltic. Local winds
and thereby generated waves are important for vertical mixing in
shallow waters. Particularly in summer, the thermal stratification
stabilizes the water column and supports the salinity stratification,
with halocline and thermocline occurring in the central part of the
investigation area at around 12–16 m (Siegel et al., 2009). Generally,
near-bottom salinity declines in the eastwards direction, dropping
down in areas near the coastline due to the freshwater river runoff
or the isolation from currents. Depending on the scale and region,
salinity together with near-bottom oxygen concentration is often
regarded among the major factors affecting the species richness
and composition of macrozoobenthic communities. To lessen the
dominance of those two factors and illuminate the effects of others

we restricted the area to reduce the variability of both factors in
distinct depth-zones, whereas other factors are represented in wide
ranges. Whereas the range of near-bottom salinity in the whole area
is relatively high (99.5% of sampling points lie within a salinity
range of 8.3–21.8 PSU), the variability in distinct depth-zones is
lower (i.e. salinity varied from 9 to 16 PSU at approximately 75% of
stations shallower than 18 m; and ranged from 15 to 22 PSU at the
same percentage of stations below 18 m). The hypoxic events,
connected with absence of oxygen-rich saline water inflows and
formation of steady hydrographical stratification in the water col-
umn, run differently in various locations of the region and irreg-
ularly take place in the late summer–autumn period, e.g. in deepest
parts of Mecklenburg Bight. However, they are not as frequent and
their effect is not as dramatic (at least within the investigation time)
and long-lasting as it is known for the deep basins of the Baltic
Proper.

The study site ranges in the northwards direction approximately
from 45 to 75 km and about 63 km in the eastwards direction. Within
these boundaries the area amounts to about 4000 km2. With an
average depth of 16 m (depth at sampling points ranges from 7.5 to
29.9 m) its water volume approximates 46 km3 (data origin: this
study). The sea floor is characterised mainly by postglacial sand and
gravel deposits, with organic-rich silt-size sediments observed in the
deepest parts of Mecklenburg Bight (Bobertz and Harff, 2004).

Fig. 1. Investigation area is bordered by the thick line, distribution of 208 sampling stations is presented; dots are stations covered with quantitative (abundance of benthic species)
data; filled dots indicate 72 stations with a full set of data available for all eight abiotic variables. Thin line is the 18 m isobath which separates the two depth subareas of our region.
Geographical data ESRI (1998); projection UTM on WGS84. The colour version of this figure is available online. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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2.2. Macrobenthic sampling

Our data represents 208 stations, sampled over 8 years (2000–
2007) simultaneously for benthic macrofauna, associated sediment
and near-bottom environmental characteristics.

For 72 of the overall 208 stations a full set of abiotic variables
considered is available. For macrofauna, 2 to 3 replicate samples per
site were taken with a van Veen grab (0.1 m2, 10–15 cm penetration
depth) and sieved on a 1.0-mm screen. Samples were preserved in 4%
buffered formaldehyde–seawater solution. In the laboratory, the for-
malin was washed out of the samples prior to sorting. The organisms
were sorted, identified to the lowest possible taxon, and counted.
Sampling and preparation were conducted in accordance with in-
stitutional, national and international guidelines concerning the use
of animals in research (HELCOM, 2008).

2.3. Hydrographic measurements

Hydrographic characteristics were measured simultaneously with
macrozoobenthic sampling for most data points. At each station a
water sample was taken by shipboard CTD (0.5 m above the sea
floor). Oxygen content was determined by immediate potentiometric
titration, near-bottom salinity was estimated by CTD as well and the
depth at each station was measured and logged via shipboard sonar
system. All abiotic variables considered are listed in Table 1.

2.4. Estimation of sediment characteristics

With regard to the sediment characteristics measurements
(completed fully for 72 out of 208 stations), an additional grab sam-
ple was taken to extract the upper surface sediment layer (≤5 cm) for
the analyses. Grain size distribution was analysed using approxi-
mately 50 g of dried sediment, dry sieved on a RETSCH sieving
machine (sieve set: 63 μm, 75 μm, 90 μm, 106 μm, 125 μm, 150 μm,
180 μm, 212 μm, 250 μm, 400 μm, 630 μm, 2000 μm) and laser sizing
(CILAS 1180 Laser Particle Analyser). Total organic content was mea-
sured as loss on ignition (3 h at 500 °C) of water-free material.
Parameters describing cumulative grain size distribution as median
grain size, sorting, and skewness were then calculated by using a
skewed s-shape function, fitted to the cumulative grain size data with
the least sum of squares method, applying a special fitting algorithm
(the description is given in Bobertz and Harff, 2004). Permeability was
estimated using the data of grain size distribution employing the
relation derived by Krumbein and Monk (1942).

2.5. Statistical methods and data treatment

To focus the investigation on biotic/environmental interactions
rather than on other aspects (e.g. energetic criteria vs. species devel-
opment) only species abundance as a biotic variable was subjected to
statistical analyses (Young and Young, 1998).

Since spatial distribution patterns of species are influenced by
biological processes structured by physiography, they can be spatially
autocorrelated—the location of sampling points in space influences
the values of random variables (Legendre, 1993). We calculated the
amount of spatial autocorrelation for 72 stations (abiotic data) and
208 sampling sites (species abundance data) via Morans's I index
using ArcView 9.1 software (ESRI). To examine correlations between
species abundance and corresponding environmental data, Spear-
man's rank correlation coefficients were evaluated. To analyse the
structure of coherencies among environmental variables normal and
partial Pearson correlation factors were also computed (SPSS Inc.).
This disclosed a primary environmental descriptor. Its effect on
species distribution was analysed by means of testing cumulative
frequency distributions of the primary predictor versus species
abundances using the Kolmogorov–Smirnov test of significance
(Perry and Smith, 1994; Simpson and Walsh, 2004; Glockzin and
Zettler, 2008).

For mapping purposes, methods of gradient analysis were com-
plimented by numerical classification that allows to cut the con-
tinuum even if there are no distinctive boundaries (Leps and Smilauer,
2003). Ordination contributes to the detection of systematic patterns
and can disclose transitional zones. Therefore, multivariate analysis
was carried out by superimposing the results of group averaged
hierarchical clustering based on Bray–Curtis similarities of 4th–root
transformed abundance data for 208 stations on a non-metric mul-
tidimensional scaling (nMDS) surface. In this way, distinct benthic
communities could be defined. Species responsible for classification
were determined applying SIMPER exploratory analysis and visual re-
examination of the modified data matrix whereupon benthic com-
munities have been determined and described (PRIMER; Clarke and
Warwick, 2001). Correlations between biological and environmental
variables were examined via BIO-ENV procedure of PRIMER software
(Clarke and Ainsworth, 1993) and canonical correspondence analysis
(CCA) via CANOCO (ter Braak, 1986), applying the necessary data
transformations (Legendre and Gallagher, 2001; Davis, 2002).

3. Results

3.1. Data reduction

A total of 240 species were indentified at 217 sampling stations.
For 9 of the sites no quantitative community assemblage data was
available, reducing the number of analysed stations to 208. Poly-
chaetes ranked first with 71 species, followed by the mollusca (56),
crustacea (43), cnidaria (24), bryozoa (11), oligochaeta (9), nemertea
(5), porifera (5), chordata (4), pycnogonida (3), echinodermata (2),
kamptozoa (2), priapulida (2), arachnida (1), insecta (1), plathel-
minthes (1).

In order to employ various statistical methods, appropriate data
sets were formed by applying the following steps: exclusion of all
uncountable species, retention of strictly endobenthic species,
removal of species with high patchiness that causes unreliable sam-
pling (e.g. Mytilus edulis), and finally, extraction of all species with a
frequency of less than 6% at all stations and species which account
for less than 0.3% of total abundance over all stations (Legendre and
Gallagher, 2001; Lozán and Kausch, 2004). Using those criteria to-
gether with a general knowledge of species' habitat preferences and
habits, the most dominating species were extracted separately for
each of the two depth subareas of our region. In the southwestern
Baltic Sea at depths between 15 and 20 m, a transition zone with

Table 1
List of environmental parameters considered in the study.

Parameter Units N stations Method

Water depth m 208 Determined and logged with shipboard sonar
Near-bottom

oxygen
ml/l 181 Sampling by shipboard CTD system 0.5 m above

the sea bottom, oxygen content determined by
immediate potentiometric titration

Near-bottom
salinity

PSU 185 Salinity estimated by shipboard CTD system
0.5 m above the sea bottom

Median grain
size

μm 110 Sieving, laser sizing

Total organic
content

% 109 The total organic content was measured as loss
on ignition (3 h at 500 °C) of water-free material

Sorting phi 72 Derived from grain size distribution curve as
described in Bobertz and Harff (2004)

Skewness phi 72 Derived from grain size distribution curve as
described in Bobertz and Harff (2004)

Permeability darcy 72 Determined according to Krumbein and Monk
(1942) using the data from median grain size
analysis (see above)

Sampling, measurement and determination techniques and the number of stations
with each parameter observed are given.
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substantial shift in community composition from shallow- to deep-
water species occurs. There is no certain value defined as a boundary,
but we had to decide the fixed limit value to work with the data, so the
18 m isobath was assumed to separate two depth subareas of our
region in a proper way (Fig. 1). This formed a list of 29 species of
interest, cited in Table 2.

Matrices of biotic data with abundance values of 29 species at
208 stations and a full set of all available 8 environmental variables
for 72 stations were created.

Benthic sampling was carried out throughout the year, 38% of the
stations were sampled during spring (March, April, May) and summer
(June, August) periods, each, whereas 11% and 13% of samples were
taken during autumn (September, October) and winter (January,
February) periods, respectively. We were interested in general all-
seasonal distribution patterns; therefore no seasonal harmonisation
of data was carried out.

3.2. Spatial autocorrelation via Moran's I Index

For all abiotic variables defined at the 72 sampling stations (see
Fig. 1) a positive autocorrelation is assumed and the hypothesis of a
random distribution of stations should be rejected. The Index values
range between 0.06 and 0.4, with Z values by far exceeding the
confidence interval (2.78–14.8). The index values calculated for most
of the 29 species sampled at the 72 stations range from−0.04 to 0.04
with corresponding Z values between −1.14 and 2.15. Here, species
abundance data appears to have a generally random pattern. Data
point distribution of species Cerastoderma glaucum, Gastrosaccus
spinifer and Pygospio elegans exhibit a slightly clustered pattern
(index values 0.09 to 0.22) with Z scores slightly exceeding the
confidence interval (p=0.05); for some taxonomic units, the Z score
noticeably exceeds the confidence interval (e.g. for Abra alba, Arctica
islandica, Bylgides sarsi, Diastylis rathkei, Dipolydora quadrilobata, Ha-
licryptus spinulosus, Mya arenaria and Polydora ciliata). Moran's I

Index values calculated for the data set containing species abundance
data sampled at 208 stations indicate nearly the same patterns for
most species (−0.04 to 0.14) with Z values by far exceeding the
confidence interval (−3.01 to 12.77). For this data set a positive
autocorrelation is also assumed. However, the autocorrelation coef-
ficients have possessed no values near ±1.0, that would indicate
strong clustering or dispersion, for any variables of the datasets anal-
ysed. The obtained results rather indicate a slight tendency that has to
be considered in further analyses and results interpretation.

3.3. Spearman's rank correlation

To gain an insight on how the underlying processes of biotic/
abiotic interactions cause species distributions and benthic zoning,
Spearman's rank correlation factors were calculated for 29 species
along with 8 environmental variables (Fig. 2). Because of the formerly
described positive autocorrelation, no significance levels but descrip-
tions of weak or strong correlations are given here.

The strongest Spearman's rank correlations between species abun-
dance and environmental variables were found for water depth and
salinity. A particularly strong and positive correlation with depth was
indicated for B. sarsi, Trochochaeta multisetosa and A. alba. Beside
depth and salinity, total organic content ranged on third position
regarding the number of strong correlations calculated. The highest
positive correlations between species abundance and sedimentologi-
cal parameters median grain size, skewness and permeability were
found for Macoma balthica.

3.4. Multiple causality–correlation among environmental variables

Pearson's correlation coefficients are calculated considering all the
available abiotic data for 208 stations (Fig. 1). Prior to the analysis, the
data matrix was z-transformed to make the data dimensionless, thus
avoiding problems with the different measuring units used. Calcu-
lated values indicate a complex and relatively strong mutual asso-
ciation between environmental parameters prevailing in this region of
the Baltic Sea (Table 3).

After computing Pearson's correlation coefficients for the z-trans-
formed abiotic matrix, path analysis was applied in accordance with
the model analysis described in (Legendre and Legendre, 1998).
Therefore, all possible three-variable combinations derived from the
matrix of partial correlation coefficients were considered and tested
(not presented here for brevity). Path analysis revealed water depth
as a primary descriptor for all other environmental factors in our
study area.

3.5. Cumulative distribution curve analysis

To analyse the effect of water depth as the primary descriptor on
all other environmental factors and its consequential influence on the
spatial distribution of benthic species and communities, cumulative
frequency distributions of depth and species abundances were tested
versus each other (Fig. 3). Cumulative histograms represent 9 depth
classes in a range from 7.5 to 30 m with a bounding step of 2.5 m. As a
measure of dependency, the congruency between cumulative dis-
tribution curves of species and an environmental variable was used.
The sharp increase of deviation, for instance for A. islandica between
depth classes 4 and 5 (15 to 20 m), indicates the range of maximum
response of the species against depth. The depth-dependence
hypotheses can only be rejected for bivalve M. balthica with the
significance level assumed. Some other species, bivalves Mysella
bidentata, Astarte borealis, Corbula gibba and polychaeta Ampharete
baltica, can be considered as only slightly depth-dependant species.
Settling preferences are often reflected by the position of the species
curve against the depth curve: for those species favoring shallower
waters, the cumulative abundance curve lies above the depth curve.

Table 2
List of 29 species under interest.

N Group Species 6-letter code Dominating in

1 Bivalvia Abra alba Abralb Deeper waters (N18 m)
2 Polychaeta Ampharete baltica Ampbal Both depth regions
3 Bivalvia Arctica islandica Arcisl Deeper waters (N18 m)
4 Bivalvia Astarte borealis Astbor Deeper waters (N18 m)
5 Polychaeta Bylgides sarsi Bylsar Both depth regions
6 Polychaeta Capitella capitata Capcap Both depth regions
7 Bivalvia Cerastoderma glaucum Cergla Shallow waters (≤18 m)
8 Bivalvia Corbula gibba Corgib Both depth regions
9 Cumacea Diastylis rathkei Diarat Both depth regions
10 Polychaeta Dipolydora quadrilobata Dipqua Both depth regions
11 Mysidacea Gastrosaccus spinifer Gasspi Shallow waters (≤18 m)
12 Priapulida Halicryptus spinulosus Halspi Deeper waters (N18 m)
13 Polychaeta Hediste diversicolor Heddiv Shallow waters (≤18 m)
14 Oligochaeta Heterochaeta costata Hetcos Shallow waters (≤18 m)
15 Polychaeta Heteromastus filiformis Hetfil Deeper waters (N18 m)
16 Gastropoda Hydrobia ulvae Hydulv Both depth regions
17 Polychaeta Lagis koreni Lagkor Both depth regions
18 Bivalvia Macoma balthica Macbal Both depth regions
19 Bivalvia Mya arenaria Myaare Shallow waters (≤18 m)
20 Bivalvia Mysella bidentata Mysbid Both depth regions
21 Bivalvia Parvicardium ovale Parova Shallow waters (≤18 m)
22 Polychaeta Polydora ciliata Polcil Deeper waters (N18 m)
23 Polychaeta Pygospio elegans Pygele Both depth regions
24 Polychaeta Scoloplos armiger Scoarm Both depth regions
25 Polychaeta Spio goniocephala Spigon Shallow waters (≤18 m)
26 Polychaeta Terebellides stroemi Terstr Deeper waters (N18 m)
27 Polychaeta Travisia forbesii Trafor Shallow waters (≤18 m)
28 Polychaeta Trochochaeta multisetosa Tromul Deeper waters (N18 m)
29 Oligochaeta Tubificoides benedii Tubben Both depth regions

Group, species name, abbreviation used in further analysis, and depth regions where
species dominate are indicated.
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Fig. 2. Spearman's rank correlation factors calculated for 29 species along 8 environmental and sedimentological variables. Black and gray bars indicate significance levels of 0.01 and
0.05 (2-tailed), interpreted as strong and some correlation, correspondingly.
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The results described above fully correlate with the results of
Spearman's rank correlation analysis.

3.6. Macrobenthic communities and their discriminating species

Before computing the similarity matrices, the data for the selected
29 species at 208 stations was 4th-root transformed to reduce the
impact of the species with the highest abundances on the assessment
of the community similarities (Clarke and Warwick, 2001). Hierarch-
ical clustering analysis based on Bray–Curtis similarity and un-
weighted group average linking was then carried out to test the
similarity among the species.

At the 35% similarity level, a division into three groups of sampling
stations and one single site emerged. Results of hierarchal clustering
analysis were supplemented by the nMDS ordination (Fig. 4, left). The
inverse analysis with the grouping of species corresponding to a 15%
similarity level is presented in Fig. 4, right.

The SIMPER tool of the PRIMER software (Clarke and Corley, 2006)
combined with visual re-examination of the modified display of the
original data matrix (Clarke and Warwick, 2001) is able to identify the
species responsible for the defined clustering pattern. Thus, three
main benthic macrofaunal communities were distinguished and allo-
cated in the investigation area (Fig. 5).

Group a: Hydrobia ulvae–Scoloplos armiger community inhabited
the area of the shallow sandy bottom along the coast. The water depth
of the stations ranged from 7.5 to 18.9 m. Median grain size varied
from 108 to 527 μm, sorting and skewness ranged from 0.57 to 1.12
and from−0.31 to 0.33 phi respectively, organic contentwas low (0 to
1.2%withmean value (x̄) of 0.4%). Hydrological conditions in the areas
inhabited by this community were typical for shallow waters of the
region: relatively low salinity (8.3 to 17.9 PSU), high oxygen content
(3.0 to 12.9 ml/l, all values below5 ml/l are dated by the August 2000).
Other species numerically dominating in the community were the
polychaete P. elegans, the bivalves Macoma baltica and M. arenaria, and
the cumacean D. rathkei. The total number of species observed at the
stations in the boundary of the community reached 111.

Group b: Lagis koreni–M. bidentata community occupied a deeper
area, stretching from the south-west to the north-east (middle of the
Kadetrinne and the Darss Sill), including the southern and northern
parts of the Mecklenburg Bight. The shallowest stations were at 12 m,
deepest—at 29.5 m. Sediments were characterised by median grain
size of medium silt to fine sand, mainly moderately sorted, the
average organic content was 2.5%, ranging from 0.2 to 17.4%. Envi-
ronmental conditions were defined by higher salinity (9.9 to 27.1,
x̄=16.3 PSU) and variable oxygen conditions (0.5 to 13.0, x̄=6.5 ml/l).

In terms of both occurrence and abundance, the cumacean D. rathkei
and the bivalve A. alba were also characteristic for this community. In
total, 137 taxa were recorded.

Group c: Capitella capitata–H. spinulosus community. This com-
munity inhabited the deepest area in the Mecklenburg Bight (20.9 to
29.9, x ̄=24.7 m), characterised by high organic content (2.3–28.4,
x ̄=11.3%), and poorly sorted fine to coarse silt. All measurements at
stations assigned to the community were performed in February–
March 2006, the observed salinity ranged from 17.4 to 21.1 PSU,
oxygen varied from 4.6 to 7.0 ml/l. This community was characterised
by a low number of taxa (23). P. ciliatawas an additional characteristic
species here. In terms of occurrence, the polychaete B. sarsi dominated
in the community (high frequency of this taxon was typical for the
whole investigation area). Other species under interest found in
the community were the bivalves C. gibba, A. islandica, the cumacean
D. rathkei and the polychaete L. koreni.

3.7. Distribution of benthic communities along environmental factors

To relate macrobenthic assemblages to environmental factors on
the multivariate level, hierarchal clustering, Bray–Curtis similarity
together with unweighted group average linking was applied to the
4th-root transformed abundance data of 29 species for 72 sites with
the full set of abiotic variables observed and complemented by the
nMDS. At the 43% similarity level, three classes representing differ-
ent community structure and corresponding to different sea areas
or depth-zones emerged. They matched (with few exceptions) the
groups defined from the whole dataset of 208 stations (see
Section 3.6). We have not adduced here the dendrogram and nMDS
plots for this dataset, but abbreviated the groups distinguished based
on the 72-stations data matrix as groups A, B and C, overlapping with
groups (communities) a, b and c, respectively (see Fig. 5). Table 4
provides the average and standard deviation values of species abun-
dance and environmental factors in three groups.

3.8. Linking macrobenthic community structure to environmental
factors—BIO-ENV

The BIO-ENV procedure was employed on a species assemblage
similarity matrix adjusted for 72 sites (as in Section 3.7) and the
resemblance matrices generated using three various transformations
of primary environmental 72-by-8 matrix (overall z-transformed;
total organic content, median grain size, sorting and permeability are
log-transformed prior to the overall z-transformation; standardised
residuals of 7 environmental factors detrended from depth by

Table 3
Pearson correlation coefficients estimated for the full set of z-transformed environmental data sampled at 208 stations: sample size is indicated in brackets, coefficient values
corresponding to pb0.01 are in bold font.

Environmental factors Total organic content Median grain size Oxygen Salinity Depth Sorting Skewness Permeability

Total organic content 1
(109)

Median grain size −0.363 1
(109) (110)

Oxygen −0.187 0.262 1
(109) (110) (181)

Salinity 0.544 −0.338 −0.082 1
(109) (110) (180) (185)

Depth 0.670 −0.354 −0.130 0.597 1
(109) (110) (181) (185) (208)

Sorting 0.701 −0.509 − .269 0.500 0.608 1
(72) (72) (72) (72) (72) (72)

Skewness −0.227 0.439 .257 −0.226 −0.319 −0.460 1
(72) (72) (72) (72) (72) (72) (72)

Permeability −0.549 0.923 0.305 −0.574 −0.747 −0.521 0.487 1
(72) (72) (72) (72) (72) (72) (72) (72)

Factor unit % μm ml/l PSU m phi phi darcy
Factor range 0–28.44 7–1149 0.5–13 8.3–27.1 7.5–29.9 0.29–2.97 −1.46–0.37 0–49
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polynomial regression). The results are presented in Table 5. The
Spearman correlation coefficient (r) was chosen as a rank correlation
meaure. For the overall z-transformed environmental matrix, total

organic content revealed the best association with the observed
species distribution, (r=0.499). It was followed by water depth
(r=0.431). Those two factors were responsible for most of the

Fig. 3. Cumulative histograms of depth versus species abundances. Taxon names are abbreviated as in Table 2. Values of two-tailed two-sample Kolmogorov–Smirnov statistic
(D) are given in brackets, for sample size n=208 Dcritical=0.13. The repeated black continuous line represents water depth. If the calculated D is below Dcritical, the dependence can
be rejected under the correspondent significance level p=0.05 (Sachs, 1997), which is the case only for the bivalve Macoma balthica (result shown in bold). The color version of this
figure is available online.
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similarity between the biotic and abiotic matrices (total organic
content alone accounted for over 80% of total similarity).

In the case of the prior log-transformation of selected abiotic
variables, performed in order to reduce the heteroscedasticity of the
descriptors, the highest overall correlation (r=0.605) is found for a

combination of 5 factors: median grain size, salinity, water depth,
sorting and permeability.

For depth-detrended matrix of environmental descriptors, abso-
lute correlations relating them to the community structure are very
low for all possible combinations.

Fig. 4. Two-dimensional MDS-ordination of the 208 sampling sites regarding the Bray–Curtis dissimilarity based on 4th-root transformed abundance data for 29 selected species
(left: normal analysis, grouping of sites correspond to 0.35 similarity level; right: independent inverse species analysis, grouping of species corresponds to 0.15 similarity level;
dendrograms are not presented here for brevity). The color version of this figure is available online.

Fig. 5. Spatial distribution of macrobenthic coenoses. The zonation is based on the results of hierarchal clustering and nMDS analysis (class membership assignment of single stations
is indicated as a, b, c and d according to Fig. 4, left). The colour version of this figure is available online.
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3.9. The species' response to the environment—CCA

To support the results of BIO-ENV findings, the canonical
correspondence analysis (CCA) was performed using CANOCO soft-
ware (ter Braak and Šmilauer, 2002) on macrobenthic species
abundance data (29 species) and corresponding environmental
factors sampled at 72 stations. Two separate analyses were
performed: the first one with 4th-root transformed abundance data
and an untransformed matrix of 8 environmental factors and the
second one with 4th-root transformed abundance data and a matrix
of standardised depth-detrended residuals of abiotic factors. The
Monte-Carlo permutation tests accompanied both analyses to test the
effects of each environmental variable on the explanation of total
variance in species data. Ordination diagrams of canonical correspon-
dence analyses are shown in Fig. 6.

In the case of undetrended environmental data, the first two CCA
axes together account for approximately 79% of the relations between
species and environmental data (Fig. 6, left). With the matrix of

standardised residuals of abiotic factors detrended from depth, this
percentage is reduced to 70% (Fig. 6, right). Water depth reveals the
highest positive correlation with the first canonical axis in case of
undetrended environmental data followed by total organic content,
whereas median grain size and permeability indicate the strongest
negative correlation (Fig. 6, left). Sorting shows the highest corre-
spondence to the second canonical axis, with organic content being on
the second position. Near-bottom oxygen concentration shows the
least correspondence to both first and second axes.

In the results of the CCA accounting for the depth-detrended resi-
duals of environmental variables (Fig. 6, right), the highest positive
correlation with the first canonical axis is assigned to total organic
content, followed by sorting and salinity, while median grain size,
skewness and permeability indicate negative correlation. Permeabil-
ity and median grain size show strong negative correlation with the
second CCA axis.

Comparison of both ordination diagrams highlights the impor-
tance of the water depth.

4. Discussion

In general, the highest overall Baltic Sea diversity and number of
macrobenthic species can be found in the southwestern region that is
most strongly influenced by marine conditions (Zettler et al., 2008).
The number of species declines to the north resulting in the low-
diversity communities, for example, in the Gulf of Bothnia (Bonsdorff,
2006). The rank of dominance of polychaeta, mollusca, and crustacea
in the study area observed during the time period of this study is
identical to patterns of community structure in the southwest
Mecklenburg Bight between 1980 and 1994, described by Prena
et al. (1997). They characterise a general temporal variation in the
number of species observed by a slight increase from spring to sum-
mer whereas a decline in abundances towards autumn was most
evidently seen at stations deeper than 20 m, with slight or no decline
occurring in the shallower and outer zones. This is in agreement with
findings of Zettler et al. (2000). This assemblage was also char-
acterised in earlier papers (e.g. Schulz, 1969; Gosselck and Georgi,
1984). These works documented the retreat of populations of A.
islandica and Astarte species from the deep areas of the Bight affected
by irregular hypoxic events, followed by the alternate replacement of
the returning communities and populations of several species that
are able to survive the temporal oxygen deficiency or even colonize a
so-called “bottom deserts”. Oxygen-deficiency events, controlled by

Table 4
Average and standard deviation values of species abundance and environmental factors
in three cluster groups based on the results of hierarchical clustering and non-metric
MDS analysis for data set of 72 stations with all considered environmental data
available.

Group A B C

Number of sites 16 35 21
Polychaeta
Ampharete baltica 15±29 14±27
Bylgides sarsi 16±15 54±44 22±16
Capitella capitata 6±10 1±3 535±1403
Dipolydora quadrilobata 7±12 12±20
Hediste diversicolor 3±9
Heteromastus filiformis 2±9 4±8
Lagis koreni 256±482 521±1029 1±3
Polydora ciliata 11±21 2±5 44±125
Pygospio elegans 559±815 7±15
Scoloplos armiger 162±161 48±49 1±5
Spio goniocephala 20±27 5±12
Terebellides stroemi 29±130
Travisia forbesii 21±53
Trochochaeta multisetosa 1±3 29±88

Oligochaeta
Heterochaeta costata 12±40 0±2
Tubificoides benedii 72±77 8±20

Cumacea
Diastylis rathkei 114±192 1009±1258 14±14

Mysidacea
Gastrosaccus spinifer 18±23 2±4 1±4

Gastropoda
Hydrobia ulvae 2080±3162 100±397

Bivalvia
Abra alba 1±4 446±528
Arctica islandica 14±18 142±144 13±19
Astarte borealis 29±69 21±32
Cerastoderma glaucum 7±17
Corbula gibba 51±83 51±135 14±18
Macoma balthica 186±183 62±100 0±2
Mya arenaria 91±101 1±6
Mysella bidentata 197±283 362±551 2±5
Parvicardium ovale 31±48 16±63

Priapulida
Halicryptus spinulosus 1±3 2±5 33±37

Sum of average abundance
of 29 selected species

3984±3675 2947±1816 681±1536

Total abundance 7611±9158 3219±1837 736±1605
Environmental factors

Depth (m) 14.3±2.1 21.8±3.8 24.7±2.4
Salinity (PSU) 13.6±2.2 15.8±3.1 20.4±0.8
Total organic content (%) 0.6±0.4 3.5±3.8 11.3±5.8
Dissolved oxygen (ml/l) 6.9±0.7 6.2±1.2 6.1±0.7
Median grain size (μm) 295.4±131.5 128.2±77.5 41.2±73.5
Sorting (phi) 0.7±0.2 1±0.6 1.9±0.4
Skewness (phi) 0±0.2 −0.3±0.4 −0.5±0.4
Permeability (darcy) 26.9±16.6 6.8±6.4 0.8±3.2

Table 5
BIO-ENV procedure results.

K Factor/-s r (ρnormal) Factor/-s r (ρlog-transf_normal) Factor/-s r (ρdepth-detrended)

1 1 0.499 8 0.575 1 0.127
1 5 0.431 2 0.514 8 0.119
2 1,5 0.543 5,8 0.595 1,8 0.152
3 4–6 0.575 4,5,8 0.600 1,6,8 0.169
4 1,4–6 0.597 2,4,5,8 0.601 1,2,6,8 0.164
5 1,2,4–6 0.596 2,4–6,8 0.605 1,2,4,6,8 0.154
6 1,2,4–7 0.590 2,4–8 0.605 1,2,4,6–8 0.120
7 1,2,4–8 0.569 1,2,4–8 0.599 1–4,6–8 0.094
8 1–8 0.540 1–8 0.571

K indicated the number of abiotic factors considered at a time. The highest Spearman
rank correlation coefficients (ρ) evaluated between 4th-root transformed biotic
similarity matrix (abundance data of 29 species, Bray–Curtis similarity) and three
matrices of abiotic factor/-s (Euclidean distance) at 72 sampling sites are shown.
Abiotic matrix 1 (ρnormal): overall z-transformed; abiotic matrix 2 (ρlog-transf_normal): prior
log-transformation of total organic content, median grain size, sorting and permeability
and the following overall z-transformation; abiotic matrix 3 (ρdepth-detrended): detrended
from water depth component by means of polynomial regression of power 6 (calculated
using the MATLAB as a tool), standardised regression residuals of 7 abiotic factors. The
environmental factors associated to ρ are: 1 total organic content, 2 median grain size, 3
oxygen concentration, 4 salinity, 5 water depth, 6 sorting, 7 skewness, 8 permeability.

120 M. Gogina et al. / Journal of Marine Systems 79 (2010) 112–123



bathymetry and hydrographical stratification, run differently in
various locations of the region and usually take place in late sum-
mer–autumn, resulting in the retreat of species and low-diversity
communities recorded during this season. However, those regions of
poor bio-diversity or even deserted sea floor were always colonized
within a relatively short time, leading to the general outcome: long-
living species abandon the territory and are substituted by short life
span polychaeta species (Zettler et al., 2000). This corresponds with
the C. capitata–H. spinulosus community in our data, where A. islan-
dica was absent or found in low abundances, and A. borealis was not
observed at all. We deliberately avoided the analysis of temporal
(seasonal or interannual) variability in our work. We had in the
availability a relatively large dataset that covered both the distribu-
tion of macrobenthic species and simultaneously measured environ-
mental variables. Analysing the data we aimed to identify ranges of
abiotic parameters where certain species are in general likely to occur.
Together with prior autecological knowledge this allows to recognize
optimal, sub-optimal, or even pessimal conditions for them.

There is a potential of strong gradients to monopolize statistical
analyses. Therefore, such gradients should be removed before unless
it is the stated aim to explore the influence of these particular
gradients (Legendre and Legendre, 1998; Bourget et al., 2003). We
tried to reduce the effect of salinity gradient occurring in the Baltic Sea
by restricting the study area and reducing the variability of salinity in
distinct depth-zones. A smooth depth gradient could be allocated
along the North–South axis of the area investigated. To examine the
coherencies among environmental variables, Pearson's correlation
coefficient was computed. However, correlation between parameters
does not imply cause and effect. Path analysis may be used to assess
the correspondence between the data and causal models, when causal
ordering of the descriptors is stated by the prior information of
ecological hypotheses (Legendre and Legendre, 1998). The complex-
ity of abiotic interactions, reflected by the results of correlation
analysis, does not allow the complete removal of either gradient
without the loss of essential information. A solution was found in

depth-detrending of abiotic data for certain statistical analyses (see
also Glockzin and Zettler, 2008).

Three distinct benthic communities were defined, each related to
different spatial subareas, characterised by a certain variability in
environmental parameters (see Fig. 5). Previous studies explain the
division of benthic species or communities over depth classes by food
availability and/or certain food quality due to various sedimentation
and resulting accumulation rates of organic material (Elmgren, 1978;
Pearson and Rosenberg, 1978; Olenin, 1997; Laine, 2003).

The observed biotic structure was linked to environmental
variability by examining correlations between the two multivariate
patterns applying the BIO-ENV procedure (Clarke and Ainsworth,
1993; Clarke and Warwick, 2001; Lu, 2005). CCA was done to describe
the full community variation with respect to a particular complex
set of measured environmental variables. The attendant evaluating
numerical analyses (Monte-Carlo permutation tests) was important
to provide a fairly accurate picture (ter Braak, 1986; Legendre and
Gallagher, 2001; ter Braak and Šmilauer, 2002). The comparison of
results of both analyses accounting for detrended and undetrended
environmental data points out the predictors of benthic macrofauna
composition. The influence of depth on all other factors becomes clear.
Like altitude through its physical forcing on other environmental
factors plays an essential role in plant ecology (Guisan et al., 1999),
depth can be regarded as a master factor in marine benthology. A
tribute to the importance of this factor for benthic distribution is paid
by the analysis of estimated cumulative curves for depth classes
versus species abundances (Fig. 3). According to BIO-ENV analysis
calculated with the undetrended dataset using no prior log-transfor-
mation, the total organic content causes the best similarity between
abiotic and biotic data. The same implies to the results of the analysis
with depth-detrended abiotic dataset. This is also confirmed by the
Monte-Carlo simulation of the CCA performed on the same data. At
the same time, in BIO-ENV results for depth-detrended environmental
descriptors absolute correlations relating them to the community
structure are very low for all possible combinations. This can be

Fig. 6. Ordination diagrams of canonical correspondence analyses (CCA) of macrobenthic species abundance data (29 species) and corresponding environmental factors sampled at
72 stations (see Fig. 1). Left: CCA calculated for 4th-root transformed abundance data and untransformed abiotic matrix of 8 environmental factors. Right: CCA calculated for 4th-root
transformed abundance data and matrix of standardised residuals of abiotic factors detrended from depth. Species notation: a—H. ulvae, b—T. stroemi, c—A. baltica, d—M. bidentata,
e—L. koreni, others as in Table 2. Environmental factors notation: d—water depth, s—near-bottom salinity, org—total organic content, o2—ear-bottom oxygen concentration, kg—
median grain size, so—sorting, sk—skewness, kKM—permeability. The colour version of this figure is available online.
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interpreted as an evidence of depth being the driving factor for com-
munity composition in the region. Considering the strong correlation
between the total organic content and water depth, the first factor
mentioned is likely to change drastically over relatively short dis-
tances. The same implies to both sorting and permeability. They differ
in their rank in the results of BIO-ENV and CCA, but obviously remain
dominating in explaining the benthic variance. The difference may be
explained by the fact that BIO-ENV is based on similarity matrices, it
might work best with sharp and short gradients (McGarigal et al.,
2000) in contrast to CCA that most likely prefers distinct but uni-
formly continuous species response (Legendre and Legendre, 1998).

For T. forbesii and H. diversicolor, their habitat preferences seem to
differ in correlation analysis and depth-detrended CCA. Such diver-
gent results found for different statistical methods may account for
the fact that our limited set of environmental variables did not fully
reflect the complexity of natural species–environment relationships.
This again does not only underline the importance of prior in-depth
knowledge about species autecology for the interpretation of
statistical results (Sachs, 1997), but furthermore illustrates the impos-
sibility of deriving autecology from statistical results.

Our study defined dominating species and distinct benthic assem-
blages within the investigation area. It provides an insight on species
that identify the strongest response to various factors and highlights
environmental factors playing the major role for the distribution of
benthic macrofauna. Hitherto, this is the most detailed study focused
on benthic–abiotic interactions using a complex dataset of recent
investigations performed for this region of the Baltic Sea. To that
effect, it is an initial first step towards the design of models able to
predict macrofaunal distribution regarding autecological species–
environmental interactions (Glockzin and Zettler, 2008), that being
the content of the second part of this work (Gogina et al., 2009-this
volume).

It is obvious that only a fragment of the controlling factors net-
work, responsible for macrozoobenthos distribution, could be covered
with the available data. Additional factors, e.g. food web structure,
complex predation interactions, currents, temperature, turbidity,
chemical substrate composition etc., were not considered in this
study. Additional variables incorporatedwould deliver amore insightful
analysis (Guisan and Zimmermannm, 2000). On different scales various
factors take the leading stand in influencing species distribution. Biotic
factors are expected to be the dominating ones more on the local scale,
responsible for fluctuations of abundance within the community. On a
large scale, e.g. Baltic-wide, salinity is likely tobe theprimary or even the
only descriptor in species–environmental relationships (e.g. Laine,
2003; Bonsdorff, 2006). Moreover, the analysis of such short-term data
is able to represent only the momentary state of benthic communities,
whereas the temporal development of the southwestern Baltic Sea has
shown both high variability in species abundance and shifts in species
composition (e.g. Andersin et al., 1978; Perus and Bonsdorff, 2004;
Zettler et al., 2008).

However, for the area examined, we gained new insights into the
distribution and habitat selection of dominating benthic species and
analysed the impact of different environmental factors on the dis-
tribution of benthic communities. Discriminating species are found
responsible for distinct benthic assemblages, namely H. ulvae–S.
armiger; L. koreni–M. bidentata and C. capitata–H. spinulosus. It was
highlighted that depth, salinity and certain sediment characteristics,
above all total organic content, seem to determine the suitability of
habitats for various taxa. Our findings suggest the interpretation of
water depth as a complex factor, which integrates the effects of
several other parameters, such as annual temperature variation, nut-
rient supply etc. This factor also controls sedimentological parameters
such as organic content, sorting or permeability in the study area.
Numerous authors already assumed a depth dependency of environ-
mental factors and thereby caused macrobenthic invertebrates spatial
distribution (e.g. Wildish, 1977; Kube et al., 1996; O'Brien et al., 2003;

Perus and Bonsdorff, 2004; Kröncke et al., 2004; Bonsdorff, 2006;
Zettler et al., 2006; Glockzin and Zettler, 2008). Our results show a
significant response to change in water depth for 29 selected species
and thus seem to approve the aforementioned hypothesis.

5. Conclusion and outlook

Predictions of the climate change models assume changes in the
Baltic Sea ecosystem such as a drastic change in the food web struc-
ture, an increase of warm water species and growing benthic deserts
on the sea floor (Philippart et al., 2007). Predictivemodeling of species
distribution can become an important tool in ecosystem/habitat
management, supporting a sustainable development of the Baltic Sea
ecosystem.

The analysis of causality performed in this study provides an
essential basis and pre-work for the modeling of species distribution. In
the second part of this work (Gogina et al., 2009-this volume), species
response curves were estimated by means of logistic regression and
used to model the spatial distribution of selected species utilising the
Akaike's information criterion for multimodel inference (Ysebaert et al.,
2002; Thrush et al., 2003; Burnham and Anderson, 2004; Guisan et al.,
2006). On this basis, habitat suitabilitymaps, representing the predicted
probabilities of species occurrence, were created in GIS.
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Coastline development is a function of eustasy and isostasy. On a regional scale, the precision of
models based on these two components is sufficient for the investigation of coastline scenarios.
However, on a local scale sediment dynamic is responsible for the evolution of coastal
structures that alter the coastline in detail considerably. The Darss–Zingst Peninsula at the
southern coast of the Baltic Sea serves as a example for a case study of such a structure.
Longshore sediment transport driven by waves and responsible for the formation of this barrier
during the Holocene is simulated for the next 840 years with the sediment transport modelling
software package SEDSIM. The main objectives are to test if SEDSIM is a viable tool for the
modelling of such structures and if the available data basis is suitable for this task. Basic data
used for the modelling are a recent digital elevation model, measured wave time series, a map
of sediment distribution, and a modelled eustatic scenario. In result, SEDSIM proved to be a
stable and highly configurable program that can handle the requested simulations. Input data
have to be improved and must include event data like storm surges.
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1. Introduction

Coastline change is a function of endogenic and exogenic
processes. First, movements of the earth's crust have an
impact on morphology and therefore on coastline course.
Besides long-term acting tectonics, triggered by deep-crustal
processes, isostasy is a well investigated phenomenon (Watts,
2001). Especially in times of transitions between glacials and
interglacials the change of balance between continental ice
and marine water volume results in high magnitudes of
glacioisostasy (Miettinen, 2004). Secondly, variations of the
climate are also very important. Climate controls the eustatic
regime by regulating the balance of marine and continent
bound water masses, but also the marine water temperature.
Warming climate leads to higher water temperatures, causing
expansion and sea level rise (Cabanes et al., 2001). The
investigation of these processes is subject to many research
projects. Especially the anthropogenic influence to climate
change is discussed intensely (Metz et al., 2007). Naturally,

isostasy and eustasy are interacting. In order to quantify the
impact of the effective sea level change to coastal evolution,
records about palaeo sea level have to be combined with
surface elevation data. This method was discussed in detail by
Meyer and Harff (2005).

On a local scale, coastline change is also affected by
eustasy and isostasy. But, on a closer look, coastal morpho-
genesis cannot be explained by these two components alone.
Sediment dynamics like abrasion, transport, and accumula-
tion, forced by wind and waves, play an important role for the
evolution of coasts, too (Lehfeldt and Milbradt, 2000; Harff
et al. 2009). Approaches used within regional scale modelling
have to be downscaled and complemented by routines for
calculating the physical behaviour of coastal sediment. The
sediment transport modelling software package SEDSIM
(Tetzlaff and Harbaugh, 1989; Martinez and Harbaugh, 1993)
implements these components and can be applied for
geological timescales. On the example of the Darss–Zingst
peninsula, a structure, located at the southern Baltic Sea coast
and shaped by wave-driven longshore sediment transport,
the application will by verified based on a set of measured
primary data. This evaluation is an essential precondition for
palaeo-modelling on a millennial time scale based on
secondary data derived from proxy variables only.
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2. Area of investigation

The Baltic Sea area serves as a model region for investiga-
tions of coastal change processes, on regional and on local
scales as well. All primary coastal types defined by Harff et al.
(2001) are represented. In the northern part, the land rises
with rates up to 9 mm/year whereas the south reports sinking
values of about 1–2 mm/year (Rosentau et al., 2007). Today's
overall eustatic influence is approximated by Harff et al. (in
press)with about 1 mm/year sea level rise. Therefore it can be
stated, that the north is strongly isostatic dominated and in
the southern part eustasy and isostasy are competing for
predominance.

Since 8000 years BP, especially in the south the Littorina
transgression caused an enormous changes of the coastal
landscape (Lemke, 1998; Björck, 1995). In the beginning, up to
around 4000 years BP, the rapid sea level rise caused a simple
drowning of the relief. Former landscape was kept intact, and
besides the drowning only minor sediment relocations have
occurred. This phase is well documented by relative sea level
curves with a rapid sea level rise (Lampe et al., 2005). But after
this initial phase, during the last 4000 years numerous new
Holocene structures evolved along the southern Baltic Sea
because of the slow down of the sea level rise and an
increasing influence of sediment dynamics. Examples for such
structures are the Hel peninsula or the Vistula Spit. Large parts
of the German Baltic Sea coast were reshaped by sedimentary

longshore transport too, such as Hiddensee Island, Darss–
Zingst or Wustrow Peninsula (Fig. 1).

The Darss–Zingst Peninsula consists of Pleistocene cores
and Holocene spits (Janke and Lampe, 1998). Most prominent
features are the Fischland barrier in the West, Darsser Ort on
the northernmost mainland, and the Zingst lowlands on the
eastern side. Seaside, the coast is smoothed while towards the
land side, a couple of lagoons form a highly diversified inner
coast.

3. Methodology

3.1. Sedsim

SEDSIM is a three-dimensional stratigraphic forward mod-
elling software. Originally developed by Tetzlaff and Harbaugh
(1989), the version used here is maintained by The Predictive
Geoscience Group, CSIRO Petroleum Australia. The general goal
of the software package is to calculate changes in sediment
budgets over time as a function of the depositional environ-
ment. Hydrodynamic conditions are calculated as an approx-
imation of the Navier–Stokes equations (Chorin and Marsden,
2000). The program is written in Fortran and provides an
interface in terms of formatted text files. Results can be
presentedbya separate, graphic drivenmodule, called SedView.

SEDSIM is able to perform model calculations from
geological (millions of years) down to decadal time scales.

Fig. 1. Area of investigation. The Darss–Zingst Peninsula is located at the southern Baltic Sea Coast. The shape is a result of accelerated straightening after the initial
phase of the Littorina transgression.
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The softwarewas used and verified by many investigations on
coastal morphogenesis (e.g. Li et al., 2003; Tetzlaff and
Schafmeister, 2007). The applied techniques and principles
proved to by valid and able to model coastal dynamics.
SEDSIM consists of required and optional modules. Here,
special focus has the WAVE module. It is responsible for the
calculations of sediment dynamics caused by waves and plays
the most important role for long-term long-shore transport
processes. Therefore, input parameter required are a digital
elevation model, information about geology, relative sea level
change, and data about heights and angles of waves.

3.2. Digital elevation model

In order to test the sensitivity of SEDSIM to the geological
situation in the area of investigation, plausibility tests on the
basis of the recent situation are required. For this, several
input parameters are necessary. First, a digital elevation
model (DEM) for the area of investigation was compiled.

The DEM represents both bathymetry and topography for
the area. Its bathymetric part is based on measurements of
water depths done by the Bundesamt für Seeschifffahrt und
Hydrographie (2006, furthermore BSH). The resolution of
these data is about +−30 cm in vertical and +−5 m in
horizontal scale (Glockzin, 2006). The Nearest Neighbour
Statistics (Davis, 2002) shows that the 75%-tile of the
distances between the data points is below 50 m. Their
spatial distribution is relatively homogeneous. The processing
of the BSH data with standard software packages for spatial
analysis was complicated because of the large amount of
available data points (over 5 million). Therefore, first these
data were separated into subsections 0.1° wide which overlap
by 0.05°. After this, a Delaunay triangulation with Linear
Interpolation was applied with Surfer (Golden Software,
2002) to each of these data portions. Then, the overlapping
areas used to prevent edge errors by the interpolation where

eliminated. Finally, the compilation of the resulting grid
stripes was carried out in ArcGIS (Environmental Systems
Research Institute, 2004).

The topographic part of the DEM was taken from the DGM
25 dataset (Amt für Geoinformation, Vermessungs- und
Katasterwesen im Landesamt für innere VerwaltungMecklen-
burg-Vorpommern, 2006). In addition, a regional dataset from
Seifert et al. (2001) covering the Belt Sea regionwas employed
tofill in the lack of data for a smallmarine section in the north-
western corner of the area of investigation. Table 1 lists all
used data sets with corresponding spatial resolutions.

Thefinal DEMcovers the area between12.11° to 13.17° E and
54.07° to 54.76° N with a spatial resolution of 50 m, referring to
the Gauss–Krüger coordinate system (Fig. 1).

3.3. Geological setting

The spatial distribution of surface sediments is displayed by
Fig. 3. The map is a compilation from terrestrial (Heck et al.,
1957) andmarine (Tauber and Lemke,1995; Tauber et al., 1999)
mapping results. It was adjusted to the spatial resolution given
by the digital elevation model. The reduction of the highly
diversified classification given by the primary maps to three
major sediment types is essential for the translation of the data
grid into a format applicable by SEDSIM.

Within SEDSIM, main sediment physical properties are
required as grain size and porosity. Table 2 shows the scheme
applied to describe the three most common sediment types
within the area of investigation: mud/very fine sand, sand,
and glacial till. Most of the data are taken fromHoffmann et al.
(2004) who described the Usedom peninsula, a geological
analogue to the area of investigation.

Sediment transport was calculated for the whole area de-
picted by Figs. 2 and 3. For this selection the sediment transport
boundary conditions were set to closed. Looking at the Darss–
Zingst peninsula, valid boundary values can be assumed here
because of the nesting.

As lower geological bound (basement) for the modelling
with SEDSIM the surface of Pleistocene sediments (in this case
glacial till resp. late Pleistocene basin sands) was used. In the
area of recent Darss–Zingst Peninsula these sediments are
partly situated on the surface (esp. Pleistocene core “Alt-
darss”)with heights up to 15 m NN but mostly they rest in the
subsurface. Maximum depths of Pleistocene till are reached in
the regions Darsser Ort (−12.4 m NN) and Commune Zingst
(−17.3 m NN).

Additional to geological surface maps 71 borehole data
were available for the estimation of geological basement. By
interpolation between these sediment cores and map data it
was possible to estimate the depth of the geological basement
in the investigation area. Ordinary Krigingwas used for spatial

Table 1
Description of datasets used for the compilation of the DEM

Dataset
name

Coordinate system reference Spatial resolution

BSH WGS 1984; in degrees, minutes, and
seconds

Mostly below 50 m
(point observations)

Seifert
et al., 2001

Reference to any special earth
ellipsoid is not defined; all data
used were considered to refer to
geographical longitudes and
latitudes in decimal degrees

Approx. 1 km (grid)

DGM 25 Spatial reference is assigned in linear
units (meters) referring to the Gauss–
Krüger coordinate system

25 m (grid)

Table 2
Generalized sediment classification for the area of investigation

Coarse [%]
Ø: 0.75 mm
ρ: 2650 kg/m3

Medium [%]
Ø: 0.375 mm
ρ: 2650 kg/m3

Fine [%]
Ø: 0.15 mm
ρ: 2650 kg/m3

Silt [%]
Ø: 0.03 mm
ρ: 2550 kg/m3

Porosity [%]
Ø: 0.75 mm
ρ: 2650 kg/m3

Mud/very fine sand 0 0 0 100 80
Sand 8 28 54 10 40
glacial till 12 22 35 31 20

Ø: diameter, ρ: density.
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Fig. 2. Digital elevation model (elevation scale in m).

Fig. 3. Geological surface model.
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interpolation. For the estimation a directional semivariogram
(direction 30°, apex angle 30°) nested by a combination of
Nugget, Spherical and Exponential models was applied to the
data.

According to recent investigations about isostasy, vertical
movements of the earth's crust within the area of investiga-
tion can be neglected. In Fig. 4 the map of the recent glacio-
isostatic adjustment is given (from Harff et al., in press).
Obviously, the area of investigation coincides with the
transition zone between uplift in the north and subsidence
in the south.

3.4. Wave regime

Sediment dynamics is a function of the depositional
environment. Within the SEDSIM modelling, waves are
considered the main driving force. For the area of investiga-
tion an experimental data set was provided by the GKSS-
Research Centre Geesthacht (pers. comm. R. Weisse). It covers
the time span between 1958 and 2002 and consists of wave
heights and wave directions at a single location. This gauging
station is located at 54.69° north, 12.69° east. Variations of
waves according to deflection and reflection along the coast
are calculated by the WAVE module of SEDSIM during the
simulation. Original temporal resolution of the wave data is
one hour, but this resulted in a very large amount of data. For
SEDSIM parameterization the resolution was averaged into
winter and summer season. The boundaries are defined by
the beginning of October and April. To cover the time span
between today and the next 840 years, the time span covered
by the eustatic scenario (Voß et al., 1997), a linear continua-
tion of the available 44 years function was applied.

The preferred directions of wave origin are aligned WSW
and ENE (Fig. 5). This can be explained by the shape of the

marine part of the area of investigation, that is more
elongated in these than in it's perpendicular directions (see
Fig. 1) providing a longer running way.

Wave heights differ depending on the season. During
summer, generally lowwaveheights around0.6mare common,
but duringwinter time, theymay reach 0.9m. It has to benoted,
that these values are averaged heights. The spectrum of the
originalwave heights, shown in Fig. 5, has amedian around60–
70 cm. Maximum height reaches 420 cm. Performing nonpara-
metric statistical tests (One-Sample Kolmogorov–Smirnov, Chi-
Square Test), as well as the analysis of simple descriptive
statistics and histogram, suggest that a hypothesis of a log-
normal distribution of the wave heights is not applicable.

3.5. Relative sea level change

It depends on the sea level height, what areas of sediment
surface will be accessible for sediment dynamic processes. But,
measuredprimary data of sea level change for the future are not
available. For predictive scenarios it is necessary to use
secondary data derived from climate modelling. An accepted
and widely used data set is available from Voß et al. (1997).
These data retrieved from by the ECHAM/LSG global atmo-
sphere-ocean circulation model and considers the effect of
global warming to the thermal expansion of ocean water and
resulting sea-level rise. Voß et al. (1997) have simulated global
sea-level rise for the next 800 years, based on IPCC-scenario A
for the rise of atmospheric CO2-concentration due to anthro-
pogenic impacts (Houghton et al., 1990). Because of the rough
spatial resolution of the data grid with 5.6°, information from
thewesternNorthAtlantic and theNorth Seawere averaged for
a regionalized sea level change function (Fig. 6). This function is
available for case studies with a different development of the
CO2-budget. Here, the concentration is assumed to increase

Fig. 4. Map of recent glacio-isostatic adjustment (from Harff et al., in press).
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linearly during the next 120 years to four times the present
concentration and remains constant thereafter. Interestingly,
the derived sea level is continuously rising even after the CO2-
level has reached its constant level. This phenomenon is due to
the time lag of heat transfer from the atmosphere to the ocean
by the global circulation system.

4. Results and discussion

According to the available data sets, the time span to be
investigated was defined by the years 2000 (recent time) and

2800. The initial distribution of land and see is shown in Fig. 7a.
Already 20 years after starting the SEDSIM modelling with
parameters described in the chapter before, changes are visible
(Fig. 7b). Especially along the part of the peninsula aligned
toward the mainland, sediment seems to be eroded from the
coast and deposited in the inner basin. This filling continues at
least for the next 100 years (Fig. 7c and d). During this time, the
offshore coast is affected very slightly only. At the top of the
Darsser Ort a small amount of sediment seems to be
transported to the north-eastern direction. Later on, in Fig. 7e
and f the seaside coastline has changed dramatically, mostly

Fig. 6. Relative sea level change model.

Fig. 5. Semi-diurnal distribution of wave heights and directions for a dataset 1958–2002. Wave direction is defined by origin.
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because of the sea level rise. Fischland is broken into a small
island chain. To the north, the lowlands forming a protective
barrier for the inner lagoons, are gone hence exposing the
former inner coast to the marine environment.

Still, the morphology itself doesn't have changed remark-
ably. This indicates two results. First, the sediment itself has
not been moved in an considerable amount by the model. And
secondly, sea level rise is also for this high resolution model-
ling of major significance. Especially the rapid sea level rise
proposed by the IPCC scenario superimposes the sediment
transport component by far. Longshore sediment transport is
not able to keep the coastal pattern intact but rising water
leads to a breakup into small islands. In order to confirm the
outcome of this experiment, events like storm surges should
by included into the list of original data. They may alter the
results significantly, but are not considered in the modelling
here.

5. Summary

On a regional scale, coastline change is controlled mainly
by eustasy and isostasy. But, the southern coast of the Baltic

Sea today is also a result of longshore sediment transport.
Therefore, especially for modelling of coastal morphogenesis
on a local scale sediment dynamics has to be taken into
account. The Darss–Zingst Peninsula serves as a case study for
a modelling of these processes. The main target, the model-
ling of the evolution of the coastline on a millennial time
scale, requires a validation of the sediment transport model
that is to be applied. In a first approach, SEDSIMwas chosen in
order to model near future coastline scenarios for the Darss–
Zingst area. The calculations are based on a recent digital
elevation model, measured wave time series, a detailed map
of sediment distribution, and a eustatic sea level curve pro-
posed by IPCC. The time span covered ends in 2840 AD.

Results show a major impact of eustasy on the coastline
change for the next centuries, but only a subordinated in-
fluence of sediment dynamic. However, the input parameters
used within these case scenarios does not include event data.
The effect of events like storm surges may vary the results
significantly. But, the implementation of such processes is
difficult because of their unpredictability. This has to be ac-
complished as a next step in order to improve the reliability of
model results.

Fig. 7. Modelling results.
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The detailed analysis of patterns of benthic community distribution related to selected environmental
parameters provides a basis for predictive modelling of species distribution. Species-specific models
predicting the probability of occurrence relative to environmental and sedimentological characteristics were
developed in this study for 29 macrofaunal species common for our study area using a logistic regression
modelling approach. This way, a good description of the occurrence of species along gradients of single
environmental variables was obtained. Subsequently, we used a technique for a predictive modelling of
species distributions in response to abiotic parameters based on single-factor logistic regression models,
utilizing AIC and Akaike weights for multimodel inference. Thus, probabilities of occurrence for selected
exemplary species (Arctica islandica, Hediste diversicolor, Pygospio elegans, Tubificoides benedii and Scoloplos
armiger) were modelled and mapped. For all species the use of this newly available combination of methods
provided fairly accurate results of a distribution prediction. Water depth that represents a type of integral
parameter remained the key factor determining the species distribution among the parameters considered
within the study scale. This is particularly relevant for species that find their optima habitat here, but also for
those as H. diversicolor that occur only locally and in comparatively low densities. Total organic content,
sorting and, for S. armiger, salinity also had noticeable effect in the determination of suitable habitats for
benthic macrofauna. The employed technique proved to be appropriate for modelling of the benthic species
habitat suitability, at least within comparable spatial scales and variability of environmental factors.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Climate change models assume a drastic change in the food web
structure, a shift in species composition towards warm water species
and growing benthic deserts on the sea floor as up-coming changes
for the Baltic Sea ecosystem (Philippart et al., 2007). Predictive
modelling of species distribution can be a valuable tool in manage-
ment directed towards the sustainable development of the Baltic Sea.
Studies on various scales are required to extend our knowledge of
habitat change effects.

Response of macrofaunal assemblages to substrate composition,
hydrographic parameters and their variation is declared by many
different studies (e.g. Sanders, 1968; Rhoads, 1974; O'Brien et al., 2003;
Laine, 2003; Perus and Bonsdorff, 2004; Ellis et al., 2006). Particular
establishments regarding the dynamics and structure of biotic/environ-
mental interactions are required to evaluate natural and anthropogenic
influences and effects on the ecological systems (Pavlikakis and

Tsihrintzis, 2000; Glockzin and Zettler, 2008a). An exploratory statistical
description of the prevailing ecological structure based on observations
is always the indispensible first step (Bourget and Fortin, 1995).

Recently, a number of studies have succeeded in the development of
effective statisticalmodels of benthic distribution. Ysebaert et al. (2002)
successfully applied logistic regression to derive response surfaces of
distributions for 20 commonmacrobenthic species found in the Schelde
estuary in the Netherlands related to salinity, depth, current velocity,
and sediment characteristics. Thrush et al. (2003) developed species-
specific models for 13 benthic species of New Zealand estuaries that
predicted probability of occurrence as well as maximum abundance
relative to sediment mud content using logistic regression for
distribution modelling and ‘factor ceiling’ method (Blackburn et al.,
1992) for maximum density modelling. Ellis et al. (2006) modelled the
distribution of 13 representative macrobenthic species in New Zealand
estuarine gradients using logistic regression and classification system
based on ‘controlling factors’ with sediment characteristics, elevation,
tidal currents, and wind-wave disturbance employed as predictors.
They faced complications to fully test the latter approach due to
differences in scales of collectedbenthic data andof higher level physical
variables. Meissner et al. (2008) developed habitat models for Nephtys
species in the German Bight (North Sea) with median grain size, mud
content, depth, and salinity as explanatory variables by application of
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multivariate adaptive regression spline techniques (MARS). Many
researches indicated difficulties due to the complexity of identification
of the underlying causal mechanisms controlling species distribution,
further extended by the fact that animals modify their physical
environment, and many physical parameters co-vary (Ellis et al., 2006).

The present study contributes to the development of statistical
models that are able to predict the distribution of benthicmacrofaunal
species as a function of environmental variables. Models that forecast
the behaviour of species distribution versus changes in environmental
factors (sensu Legendre and Legendre, 1998) provide an insight into
chronic habitat change (regarding these parameters), though they do
not provide insight into the acute effects associated with disturbance
events (Thrush et al., 2003; Ellis et al., 2006). Model estimations based
on a data set consisting of the response variables (e.g. species
occurrence or abundance) and on a set of predictor variables (e.g.
environmental parameters) can be used to predict the spatial
distribution of species in a habitat with known or defined environ-
mental settings (Ysebaert et al., 2002; Ellis et al., 2006; Meissner et al.,
2008). Statistical models are able to relate ecological features to
environmental factors and, through validation and modification, are
able to reveal details in the underlying mechanisms responsible for
structure and organization of communities (Austin, 1987; Glockzin
and Zettler, 2008a).

Our investigation is focused on a limited area in the south-western
Baltic Sea. The pre-work of an exploratory statistical description of the
prevailing ecological structure is an essential first step towards
modelling, and it was completed for the area of interest beforehand
(Gogina et al., 2009—this volume). The identified distinct benthic
assemblages have proved to associate with certain spatial regions
and specific limits of environmental parameters. The reduction of
macrozoobenthic data to presence/absence is forced by the absence of
temporal homogeneity and is used here to eliminate the influence of
patchiness in spatial distribution that macrofauna exhibits (McArdle
and Blackwell, 1989; Legendre et al., 1997; Thrush et al., 2003).

2. Materials and methods

2.1. Study area

The study area is located in the south-western Baltic Sea, between
11.55° to 12.55° E and 54.09° to 54.96° N (Fig. 1). It is bounded by the
eastern part of the Mecklenburg Bight and the western region of the
Kadetrinne,with its northern and southern limits defined byDanish and
German land boundaries. Some geographical details about the area,
which is characterised by a relativelyhighbiodiversity of both saline and
brackish water species, as well as the analysis of benthic community
structure, can be found in Gogina et al. (2009—this volume).

2.2. Data used for model estimation

The study is based upon the data of benthic macrofauna and
associated sediment and near-bottom environmental characteristics,
sampled at 208 stations (Fig. 1a). For 72 of these stations a full set of
the abiotic parameters considered is available. For modelling purposes
the species abundance data was reduced to presence/absence.

The description of methods for benthic macrofauna sampling and
abiotic factor determination, as well as the selection process for
extraction of 29 representative macrobenthic species modelled here,
can be found in Gogina et al. (2009—this volume).

2.3. Additional environmental data for predictive modelling

Additional data sets were required to compile the grids of each
abiotic descriptor, needed for predictive estimates of species distribu-
tion (probability of occurrence) for the whole investigation area. The

distribution surfaces obtained for each of the environmental variables
considered are presented in Fig. 1.

For the bathymetry a high-resolution digital elevation model (DEM)
was created usingmeasured data provided by the FederalMaritime and
Hydrographic Agency (BSH) and a regional grid data set from Seifert
et al. (2001), covering the Belt Sea region. For more details see the
description of DEMdesign inMeyer et al. (2008). Grid data sets for near-
bottom oxygen content and salinity were based on the modelled
hydrographical data, averaged for years 1960–2005 with the resolution
of 3 nautical miles (Neumann and Schernewski, 2008), covering the
whole western Baltic sea area. Grids for sediment parameters like
median grain size, sorting, skewness and permeability are derived from
the internal database of the Leibniz Institute for Baltic Sea Research
Warnemuende (IOW; Bobertz and Harff, 2004), integrating the data of
about five decades of marine investigations. The average distance
betweenadjacent sample sites is less than1nauticalmile. From the IOW
database external data on total organic content was also available,
however, only for a limited area. Hence, this data was agglomerated
together with the observed data used for model estimation to increase
the area covered and thedensity of data points.Nevertheless, only a part
of the investigation area could be coveredwith the compiled grid of this
parameter (Fig. 1d). Parameters were interpolated using ordinary
kriging with spherical fitted models of semivariograms into a grid with
the resolution of about 0.005 decimal degrees (approximately 0.5 km
with respect to longitude).

Ysebaert et al. (2002) favoured the usage of modelled estimates of
environmental variables over the data measured directly and
simultaneously with benthic sampling. The argumentation included
the available high spatial resolution and a sort of smoothing caused by
simulation, e.g. elimination of outfits. However, taking into account
the complexity of the functioning of ecosystems, the uncertainty of
simulations may increase the complexity of the interpretation of
derived empirical relationships. Utilization of simulated data for the
model estimation is forced merely by the necessity and absence of
alternatives. The preliminary explicit exploratory analysis of environ-
mental framework should exclusively be based on direct in situ
measurements. Therefore, to enable the investigation of autecological
relationships we rely our model calibration on directly observed data
to the highest extent possible, applying minimum transformations to
lessen the reduction of information contained in the data (Gogina
et al. 2009—this volume). Yet, the prediction is based partly on
modelled data of sufficient resolution available for the study area,
thus, allowing the validation of modelling success.

2.4. Statistical analysis and data treatment

2.4.1. Univariate logistic regression
Logistic regression of biotic data reduced to presence/absence was

employed to model the probability of occurrence of 29 discriminating
species, using the considered environmental factors (water depth,
salinity, oxygen concentrations, total organic content, median grain
size, sorting, skewness and permeability of sediments) as explanatory
variables. These factors are generally assumed to have direct or
indirect impact on distribution of macrobenthic species. The logit
function in a logistic regression is the special case of a link in a
generalised linear model, known as canonical for the binomial
distribution. Application of logistic regression methods in modelling
species distribution is not new. This method was widely used in plant
ecology (e.g. Guisan et al. 1999) and also in aquatic ecology, but to a
lesser extent. Thrush et al. (2003) concentrated their investigation on
a single environmental factor—sediment mud content, Ysebaert et al.
(2002) performed a comprehensive study, using salinity, depth, flow
parameters, median grain size and mud content as predictors. The
present study represents one of the first applications of this technique
to benthic habitats of the Baltic Sea.
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Fig. 1. Distribution surfaces covering the study area (limited by the thick line) generated for each of the environmental variables considered using ordinary kriging. Dots indicate
stations sampled for macrofauna. Geographical data ESRI (2003); projection UTM on WGS84.
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The logistic regression model relates the probability of observing
the species p to one or more predictor variables x (in our study
separately to each of the environmental factors) using the logistic link
function. The regression model can be written as

pðxÞ = ez = ð1 + ezÞ ð1Þ

where z is the function of the explanatory variable(s). When this is a
first-order polynomial, the response is a logistic, S-shaped function. In
the special case of Gaussian logistic model when z is a second-order
polynomial, the response will approximate a bell-shaped function. For
this particular case Eq. (1) can be written as

pðxÞ = eðb0 + b1x + b2x
2Þ
= ð1 + eðb0 + b1x + b2x

2ÞÞ ð2Þ

where b0, b1, and b2 are regression parameters. They are estimated by
maximum likelihood, assuming a binomially distributed error term
(Legendre and Legendre, 1998; Ysebaert et al. 2002; Wisz and Guisan,
2009). When the estimation of z term parameters is based on log-
transformed data this can be interpreted as a further extension of the
method, aiming to produce an ecologically more plausible response
for certain species. This idea was adopted from Thrush et al. (2003,
2005) who found such a transformation to produce the most realistic
response to changes in sediment mud content for the occurrence of
some of the investigated species.

Thus, for each factor and taxon combination, different functions
were used (linear, Gaussian, polynomial) and were based on either
raw or log-transformed data. The Wald statistic was used to estimate
the model's significance, with a significance level defined at 0.05. The
final single-factormodel used for each species was the function (of the
particular factor) that explained the most variability. The evaluation
of the model fit was performed by means of visual control of half-
normal plots of residuals and plots of residuals versus predicted
values and by considering the percentage of concordant pairs.

2.4.2. Collinearity among predictors
The complexity of prediction of species distribution is caused by

the complexity of interactions of various factors. To give some insight
in the extent and direction of collinearity among the considered
factors, relationships between pairwise combinations of individual
predictors are portrayed in Fig. 2 using scatterplot matrix. Addition-
ally, analyses of correlations among environmental parameters and
values of Pearson correlation coefficients can be found in Gogina et al.
(2009—this volume).

2.4.3. Information-theoretic approach and utilization of the Akaike
weights

To combine the results of single-factor models and to draw the
multimodel inference we considered the information-theoretic
philosophy described in Burnham and Anderson (2004). It relies on
the calculation of the Akaike's information criterion (AIC) as a model

Fig. 2. Scatterplot matrix showing relationships between environmental factors over the data set. Environmental factors notation: d—water depth, s—near-bottom salinity, org—total
organic content, o2—near-bottom oxygen concentration, kg—median grain size, so—sorting, sk—skewness, kKM—permeability.
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selection tool. AIC is a measure of the relative Kullback–Leibler
information loss when the candidate model i is used to approximate
the truth j. Generally appropriate small-sample version (designed for
n /KN40) of criterion AICc is calculated as

AICc = – 2 lnðLÞ + 2KðK + 1Þ= ðn–K–1Þ ð3Þ

where L is a value of the maximised log-likelihood over the estimated
parameters given the data and the model, K—number of parameters in
model i, and n is the sample sizes. AIC (or AICc) are calculated for each
of the candidate models, then these values are rescaled to calculate
delta AIC (Δi) so that the model possessing the lowest AIC value has a
Δi value of 0:

Δi = AICi–AICmin ð4Þ

where AICmin is the smallest AIC value in the model set. The model
with the lowest AIC value is considered to be the best approximating
model in the candidate set. The larger the value of Δi the less plausible
the fitted model i is. Burnham and Anderson (2004) suggest a simple
rule of thumb in assessing relative merits of models in a set: models
with Δi≤2 have strong support, models with Δi values between 2 and
10 have considerable support and those with ΔiN10 have essentially
no support. Akaike weights (ωi) are now calculated for each of the r
candidate models:

ωi =
exp − 1

2Δi

� �

∑
R

r=1
exp − 1

2Δi

� �
:

ð5Þ

The ωi are scaled between 0 and 1, and all Akaike weights sum to
one—ωi values represent the proportion of evidence for a particular
model i in the total evidence supporting all of the models (Wisz and
Guisan, 2009). A model that possesses the largest ωi value is the most
parsimonious and has most support among the specified candidate

models given the data. When more than one model is supported by
the data it is possible to calculate a global model that is a weighted
average of all the candidate models in the a priori defined set. New
parameter estimates for each term in the global model can be
computed by weighting them by the Akaike weights

ˆ̄θ = ∑
R

i=1
ωi θ̂i ð6Þ

where is ˆ̄θ the model averaged parameter estimate based on all R
models, and θ̂i is the parameter estimate for a term in a candidate
model i with the Akaike weight ωi. For terms that do not feature in a
candidate model but are present in the global model the parameter
estimate is taken to be zero. Thus, if the goal is prediction, the point
inference can be based on the entire set of models using Akaike
weights within the overlapping of single-factor models as weight
factors to generally estimate the probability of species occurrence.

2.4.4. Habitat suitability mapping
The method applicability was tested on five selected species

(Arctica islandica, Hediste diversicolor, Pygospio elegans, Tubificoides
benedii and S. armiger). Finally, estimates derived for these species
were implemented in a geographical information system. As the grid
data for total organic content was only available for a limited part of
the investigation area (see Section 2.3), two model sets were
considered for the final prediction: one with and one without the
model of species occurrence probability as a function of total organic
content included. The final value assumed for the overlapping areas of
two model sets was the value from the model set with all parameters
considered; the rest of the areawas filled outwith the results based on
the model set lacking the total organic content factor. Concordance
was calculated to provide the estimate of modelling success.

All analysis were carried out using SPSS (SPSS, Inc.), Statistica
(StatSoft, Inc., 2007), PRIMER(PRIMER-E, PlymouthMarine Laboratory;

Fig. 3. Box-and-whisker plots for 29 macrobenthic species with respect to depth, near-bottom salinity and oxygen, total organic content. Species are ordered alphabetically, 6-letter
codes from top to the bottom referring to Abra alba, Ampharete baltica, Arctica islandica, Astarte borealis, Bylgides sarsi, Capitella capitata, Cerastoderma glaucum, Corbula gibba,
Diastylis rathkei, Dipolydora quadrilobata, Gastrosaccus spinifer, Halicryptus spinulosus, Hediste diversicolor, Heterochaeta costata, Heteromastus filiformis, Hydrobia ulvae, Lagis koreni,
Macoma balthica, Mya arenaria, Mysella bidentata, Parvicardium ovale, Polydora ciliata, Pygospio elegans, Scoloplos armiger, Spio goniocephala, Terebellides stroemi, Travisia forbesii,
Trochochaeta multisetosa, and Tubificoides benedii. The tops and bottoms of each “box” are the 25th and 75th percentiles of the samples, respectively. The line in the middle of
each box is the sample median. The “whiskers” extending to the left and the right of each box represent minimum and maximum of the observations.
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Clarke and Warwick, 1994), MATLAB and ArcMap (ESRI Inc., Redlands,
USA).

3. Results

3.1. Distribution of the observed species occurrence along considered
environmental variables

The observed frequency distribution of 29 macrobenthic species
(selected as representative/dominating within the study area as
described in Gogina et al., 2009—this volume) along considered
environmental variables is presented as box-and-whisker plots in
Figs. 3 and 4.

With respect to depth, while the range of species occurrence
represented by “whiskers” generally corresponds to the limits defined
by cumulative abundance distribution curves (see Gogina et al., 2009
—this volume), analysis of “boxes” suggests differences between
distributions of cumulative abundance and occurrence curves. E.g.
25th and 75th occurrence percentiles for Capitella capitata correspond
to ca.12 and 21 m depth, however, the cumulative percentage of its
abundance increases between depth values of 20 and 22.5 m from less
than 0.2 to more than 0.8, indicating the range of maximum response
against depth within the data limits. This is noteworthy, because this
sudden increase in cumulative abundance is due to very few locations
where the density of these polychaetes is up to two orders of
magnitude higher than the average abundance in the region.

Though generally all the dominating species are mesohaline, and
the salinity gradient is limited within the study area, the graphs
clearly distinguish characteristic species tending to polyhalinity
(Halicryptus spinulosus, Terebellides stroemi and Trochochaeta multi-
setosa) from species preferring the lower salinity within the
considered factor range (Cerastoderma glaucum, H. diversicolor, He-
terochaeta costata, Hydrobia ulvae, Mya arenaria, Spio goniocephala,
Travisia forbesii, T. benedii). Other species take intermediate positions
regarding salinity, with widest range of occurrence observed in our
data, e.g. for Bylgides sarsi and Diastylis rathkei.

The influence of total organic content on the occurrence of species
seems to be most evident. Some species indicate an exceptionally

narrow range of occurrence at low values of organic content, e.g. C.
glaucum, H. diversicolor, T. forbesii, and, to a smaller degree, Astarte
borealis, H. costata, M. arenaria, and S. goniocephala. Others, such as B.
sarsi, C. capitata, H. spinulosus, occur along the whole range of organic
content.

3.2. Single-factor response curves

Logistic regression models predicting the probability of species
occurrence as a function of each of the abiotic parameters considered
were generated for each of the 29 species. Single-factor models are
defined here following Eqs. (1) and (2). Table 1, Figs. 5 and 6 give an
example of obtained response curves for a single environmental
variable, showing the fitted logit curves for the 29 macrobenthic
species in relation to water depth and to the total organic content.
These are the factors which reveal the most distinct patterns in
explaining the variability of benthic fauna distribution. Water depth
actually represents a type of integral parameter (‘proxy’) that
combines the effects of various habitat features that are either
described by the available data, or not measured (or even not
measurable). The response curves obtained were in general agree-
ment with the observed distribution from Figs. 3 and 4, which
supports the accuracy of the logistic modelling approach employed.
Models predicting the probability of species occurrence relative to
water depth show a concordance between 64.1 and 93.5%, relative to
the total organic content—between 57.4 and 94.3% (Table 1). The
variety of functional forms among the species response to water depth
indicates that the occurrence of species is driven by species-specific
sensitivity to that factor, with a non-constant rate of change
characteristic for all of the species. The probability of occurrence of
species such as C. glaucum, M. arenaria, H. costata, H. diversicolor and
T. forbesii was higher at shallow depths. The sharp drop of the curve
with increasing depth indicates that some species, e.g. H. ulvae and P.
elegans, are highly sensitive to this parameter and avoid deep regions.
Bell-shaped curves with an optimum at intermediate depths, as seen
for S. goniocephala, T. benedii and Gastrosaccus spinifer, indicate the
decrease of probability of occurrence both at the lower and upper
ends of the factor range. Some species, e.g. Mysella bidentata,

Fig. 4. Box-and-whisker plots for 29 macrobenthic species with respect to median grain size, grain-size parameters sorting and skewness, and permeability of surface sediments. For
all the explanation see caption of Fig. 3.
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Dipolydora quadrilobata and D. rathkei, showed a clear optimum
towards the higher end of the depth range, differing in the position of
their optimum and in their tolerance towards the lower end of the
factor range. Abra alba, H. spinulosus, T. multisetosa, T. stroemi and, to
a lesser extent, B. sarsi had the highest probability of occurrence at
the deepest zones. A broad tolerance for water depth was indicated,
for instance for S. armiger. The inverse form of the Gaussian response
towards that factor shown by Macoma balthica and C. capitata can be
interpreted owning to their cosmopolite behaviour in the context of
depth within the studied ranges and dependency on other variables. It
may also be regarded as a realistic form of the response function,
when considered as a slice of the bimodal response explained by the
competition exclusion in the middle of broad tolerance to an
environmental gradient.

Most macrobenthic species showed a high probability of occur-
rence at the lower end of the total organic content range (e.g. M.
balthica, M. arenaria, D. quadrilobata) with only two species, C. capi-
tata and H. spinulosus, having an increasing probability of occurrence
with the increase of total organic content. Species such as M. biden-
tata, A. alba, Lagis koreni, T. stroemi showed skewed unimodal curve

forms with an optimum tending towards the lower end of the factor
range. The models developed for Heteromastus filiformis, and to a
lesser extent A. islandica and Corbula gibba, have indicated that the
occurrence of these species is not sensitive to a wide range of
sediment total organic content.

3.3. Modelling—predicting the probability of species occurrence

The multimodel inference technique was applied to five selected
species (A. islandica, H. diversicolor, P. elegans, T. benedii and S. armi-
ger), exemplarily chosen as representatives for soft and sandy-bottom
regions of the investigation area. Maximum densities and frequencies
of occurrence for selected species are given in Table 2.

Table 3 provides maximum-likelihood estimates of logistic
regression parameters for species response surfaces to each of the
abiotic factors. Single-factor models are defined as described in
Section 3.2. For H. diversicolor models of the factors sorting, skew-
ness and permeability were not supported by a sufficient value of
occurrence events (the species was recorded only at 2 stations out of
78 covered with data on corresponding abiotic variables), and thus

Table 1
Logistic regression models of species occurrence.

Species Model_d (x−water depth, m) p(model) Con % Model_org (x− total organic content, %) p(model) Con %

Abralb p(x)=exp(−4.43+0.21*x) /(1+exp(−4.43+0.21*x)) b0.0001 76.0 p(x)=exp(−0.84+0.48x−0.04x2) /
(1+exp(−0.84+0.48x−0.04x2))

0.0046 71.6

Arcisl p(x)=exp(−20.2+1.97x−0.04x2)/
(1+exp(−20.2+1.97x−0.04x2))

b0.0001 82.1 p(x)=exp(−0.62+2.32log(x+1)−0.75(log(x+1))2)/
(1+exp(−0.62+2.32log(x+1)−0.75(log(x+1))2))

0.0161 65.5

Astbor p(x)=exp(−42.3+4.55x−0.12x2)/
(1+exp(−42.3+4.55x−0.12x2))

b0.0001 86.7 p(x)=exp(0.35−0.52x) /(1+exp(0.35−0.52x)) b0.0001 71.0

Cergla p(x)=exp(4.02−0.30x) /(1+exp(4.02−0.30x)) b0.0001 84.0 p(x)=exp(−0.22−1.5x) /(1+exp(−0.22−1.5x)) b0.0001 59.9
Corgib p(x)=exp(−16.0+1.59x−0.04x2)/

(1+exp(−16.0+1.59x−0.04x2))
b0.0001 73.9 p(x)=exp(−0.84+2.1log(x+1)−0.64(log(x+1))2) /

(1+exp(−0.84+2.1log(x+1)−0.64(log(x+1))2))
0.0353 63.4

Macbal p(x)=exp(73.9−6.0x+0.12x2) /
(1+exp(73.9−6.0x+0.12x2))

b0.0001 92.2 p(x)=exp(2.62−0.47x) /(1+exp(2.62−0.47x)) b0.0001 94.3

Myaare p(x)=exp(8.04−0.45x) /(1+exp(8.04−0.45x)) b0.0001 89.3 p(x)=exp(1.25−1.5x) /(1+exp(1.25−1.5x)) b0.0001 87.3
Mysbid p(x)=exp(−12.7+1.24x−0.03x2)/

(1+exp(−12.7+1.24x−0.03x2))
b0.0001 75.7 p(x)=exp(−0.91+4.14log(x+1)−1.53(log(x+1))2)/

(1+exp(−0.91+4.14log(x+1)−1.53(log(x+1))2))
b0.0001 76.3

Parova p(x)=exp(−5.56+0.55x−0.02x2)/
(1+exp(−5.56+0.55x−0.02x2))

0.0114 64.1 p(x)=exp(0.01−0.32x) /(1+exp(0.01−0.32x)) b0.0001 68.6

Diarat p(x)=exp(−9.06+1.11x−0.03x2)/
(1+exp(−9.06+1.11x−0.03x2))

0.0003 80.8 p(x)=exp(0.13+4.54log(x+1)−1.5(log(x+1))2) /
(1+exp(0.13+4.54log(x+1)−1.5(log(x+1))2))

0.0008 77.8

Hydulv p(x)=exp(8.58−0.41x) /(1+exp(8.58−0.41x)) b0.0001 89.0 p(x)=exp(1.08−0.28x) /(1+exp(1.08−0.28x)) b0.0001 82.9
Gasspi p(x)=exp(−4.22+0.59x−0.02x2)/

(1+exp(−4.22+0.59x−0.02x2))
0.0004 69.0 p(x)=exp(0.09−0.18x) /(1+exp(0.09−0.18x)) 0.0002 69.5

Hetcos p(x)=exp(2.01−0.2x)/(1+exp(2.01−0.2x)) b0.0001 77.0 p(x)=exp(−1.96−0.29x) /(1+exp(−1.96−0.29x)) 0.0448 69.8
Tubben p(x)=exp(−6.02+0.93x−0.03x2)/

(1+exp(−6.02+0.93x−0.03x2))
b0.0001 78.5 p(x)=exp(1.23−0.78x) /(1+exp(1.23−0.78x)) b0.0001 81.7

Ampbal p(x)=exp(−11.8+1.25x−0.03x2)/
(1+exp(−11.8+1.25x−0.03x2))

b0.0001 70.3 p(x)=exp(0.19−0.17x) /(1+exp(0.19−0.17x)) 0.0003 61.1

Bylsar p(x)=exp(−3.75+0.31x) /(1+exp(−3.75+0.31x)) b0.0001 84.1 p(x)=exp(0.15+1.31x) /(1+exp(0.15+1.31x)) b0.0001 83.0
Capcap p(x)=exp(7.05−0.76x+0.02x2)/

(1+exp(7.05−0.76x+0.02x2))
0.0003 66.2 p(x)=exp(−1.41+0.16x) /(1+exp(−1.41+0.16x)) b0.0001 68.6

Dipqua p(x)=exp(−12.4+1.22x−0.03x2)/
(1+exp(−12.4+1.22x−0.03x2))

b0.0001 71.2 p(x)=exp(0.12−0.14x) /(1+exp(0.12−0.14x)) 0.0013 57.4

Heddiv p(x)=exp(7.5−0.56x)/(1+exp(7.5−0.56x)) b0.0001 93.5 p(x)=exp(−0.38−3.62x) /(1+exp(−0.38−3.62x)) b0.0001 86.6
Hetfil p(x)=exp(−20.6+1.91x−0.04x2) /

(1+exp(−20.6+1.91x−0.04x2))
b0.0001 79.4 p(x)=exp(1.94−0.49log(x+1)+0.04(log(x+1))2) /

(1+exp(1.94−0.49log(x+1)+0.04(log(x+1))2))
0.0005 73.6

Lagkor p(x)=exp(−3.21+0.17x) /(1+exp(−3.21+0.17x)) b0.0001 72.7 p(x)=exp(−1.2+4.07log(x+1)−1.48(log(x+1))2) /
(1+exp(−1.2+4.07log(x+1)−1.48(log(x+1))2))

b0.0001 73.7

Polcil p(x)=exp(−8.07+0.76x−0.02x2)/
(1+exp(−8.07+0.76x−0.02x2))

0.0020 68.5 – – –

Pygele p(x)=exp(5.99−0.3x)/(1+exp(5.99−0.3x)) b0.0001 82.2 p(x)=exp(0.69−0.5x) /(1+exp(0.69−0.5x)) b0.0001 74.4
Scoarm p(x)=exp(3.69−0.12x) /(1+exp(3.69−0.12x)) 0.0003 68.3 p(x)=exp(2.18−0.28x) /(1+exp(2.18−0.28x)) b0.0001 81.8
Spigon p(x)=exp(−13.1+1.82x−0.06x2)/

(1+exp(−13.1+1.82x−0.06x2))
b0.0001 79.7 p(x)=exp(0.91−2.49x) /(1+exp(0.91−2.49x)) b0.0001 80.1

Terstr p(x)=exp(−5.28+0.22x) /(1+exp(−5.28+0.22x)) b0.0001 78.1 p(x)=exp(−3.14+4.06log(x+1)−1.29(log(x+1))2)/
(1+exp(−3.14+4.06log(x+1)−1.29(log(x+1))2))

0.0006 71.7

Trafor p(x)=exp(3.89−0.34x) /(1+exp(3.89−0.34x)) b0.0001 87.4 p(x)=exp(0.97−7.78x) /(1+exp(0.97−7.78x)) b0.0001 92.3
Tromul p(x)=exp(−5.77+0.24x) /(1+exp(−5.77+0.24x)) b0.0001 80.5 p(x)=exp(−4.49+6.32log(x+1)−2.06(log(x+1))2)/

(1+exp(−4.49+6.32log(x+1)−2.06(log(x+1))2))
b0.0001 80.1

Halspi p(x)=exp(−5.79+0.23x) /(1+exp(−5.79+0.23x)) b0.0001 78.0 p(x)=exp(−2.15+0.35x) /(1+exp(−2.15+0.35x)) b0.0001 91.2

p(x) is the estimated probability that the species occurs. Species abbreviation is as in Fig. 3. p(model) indicates the model significance level, tested using Wald test based on the χ2-
distribution (pb0.05), and Con % is the percentage of concordant pairs.

7M. Gogina et al. / Journal of Marine Systems xxx (2009) xxx–xxx



models for these factors were not included in the set for model
averaging defined for this species.

Akaike weights derived for two model sets for each species—one
set including the single-factor model of total organic content used as
predictor and one without it—are presented in the lower part of the
Table 3. To assess the accuracy of prediction the values of concordance
were estimated.

Regarding Akaike weight values, the factor dominating in the
explanation of variability of A. islandica was depth. Some significant
part of distribution variability was also explained by permeability,
while all other environmental parameters considered explain a small
part of uncertainty, though models with oxygen, median grain size
and skewness did not differ significantly from the random chance. The
water depth model also provided the greatest strength of evidence for
H. diversicolor, followed by the model of total organic content, which
possessed a considerably lower weight in the model averaging.
Factors dominating in the explanation of variability in distribution of
P. elegans were total organic content and depth. Some significant part
of distribution variability was also explained by sorting. When it was
not possible to take the total organic content into account salinity also
explained a noticeable part of variance. S. armiger indicated a well-
defined response to salinity, to total organic content, (when it was
possible to use this factor as predictor) and to sorting. Among the
considered abiotic factors, the variability of distribution of T. benedii
was almost entirely explained by depth, with some information
hidden in the gradient of total organic content.

In Fig. 7 the results of the prediction with application of the
described technique are mapped and compared to the observed
species abundance data. The visual inspection reveals that higher
values of species abundance prevail where higher probabilities of
species occurrence are modelled.

For A. islandica the preferable conditions for the settlement within
an area and considered ranges of environmental factors included high
values of depth (approximately N18 m) and salinity as well as wide
ranges of total organic content and sedimentological parameters. On
the contrary, H. diversicolor preferred low-saline regions shallower
than 18 m. Therefore, these species seem to present the biological
antipodes in our study area. P. elegans revealed disinclination to
regionswith high total organic content and preferred more permeable
substrate (see Fig. 7).

4. Discussion

As pointed out by Praca et al. (2008) the use of temporally
heterogeneous data confounds the effect of interannual variations in
species occurrence and environmental conditions. However, our
objectives were to attempt a general description of species habitats
and to investigate the predictive abilities of the modelling technique
at the selected spatial scale. Models determining the distribution of
exemplary macrofaunal species common for the south-western Baltic
Sea from changing environmental variables, such as depth, salinity
and sediment characteristics, have been successfully developed. These

Fig. 5. Logistic regression models predicting probability of occurrence for 29 macrobenthic species relative to water depth. Species abbreviation as in Fig. 3.
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models are considered to be reasonably general, i.e. they are able to
resolve the distribution of species over a comparatively large spatial
scale (ca. N100 m) as opposed to a metre-by-metre basis. Confirming
the postulates of Ysebaert et al. (2002), Thrush et al. (2003), and Ellis
et al. (2006), we have found that logistic regression is a useful and
relatively transparent approach to predict the response of species
occurrence as a function of various environmental conditions.

Beside the widely used generalised linear models (GLM; Guisan
et al., 1998; Wisz and Guisan, 2009), other techniques employed in
order to unravel the complexity of interactions between distribution
and environmental factors are generalised additive models (GAM; Yee
and Mitchell, 1991), classification and regression trees (CART; Moore
et al. 1991), artificial neural networks (ANN; Fitzgerald and Lees, 1992)
and multivariate adaptive regression splines (MARS; Friedman, 1991).
The generation of ‘potential habitat distribution maps’ is stated to be

among the predictive modelling goals (Munoz and Felicisimo, 2004),
therefore the convenience of cartographic implementation is crucial.
Suchproperties aremainly assigned togeneralisedmethods aswell as to
the MARS method, that builds complex regression models by fitting
piecewise linear regressions. A successful development of habitat
models includes both geographical and ecological discrimination of
species. Since only very few species have been studied in detail in terms
of their dynamic responses toenvironmental changes, static distribution
modelling often remains the only approach for studying the possible
consequences (Woodward and Cramer, 1996). For the regions where
the distribution is strongly and directly coupled to physiochemical
processes statistical models are also capable of satisfactorily predicting
the species distribution (Ellis et al., 2006). This is the case for our study
area as was concluded in Gogina et al. (2009—this volume). Among the
objectives we had for selecting the relatively simple and intuitive GLM
approachwas its ability to construct a parsimoniousmodel that strikes a
balance between bias and variance; identify the relative importance of
thepredictor variables; exploreand interpret the response of the species
to each predictor; estimate the uncertainty associated with parameter
estimates; predict the probability of observing the species (rather than
predicting binary presence–absence) and explore spatially explicit
patterns of uncertainty in predictions. Decisive was its availability for
direct interpretation of the results, accompanied by its reputation for
providing a competitivelyhighaccuracy (e.g. Pracaet al., 2008;Wisz and
Guisan, 2009). The comparable method that employed logistic regres-
sions together with weighted overlay was also successfully applied and

Fig. 6. Logistic regression models predicting probability of occurrence for 29 macrobenthic species relative to sediment total organic content. Species abbreviation as in Fig. 3.

Table 2
Maximum densities and frequencies of occurrences of selected species within the data
set.

Species Maximum density, ind/m2 Frequency of occurence, %

A. islandica 622 52.4
H. diversicolor 667 20.7
P. elegans 11459 57.2
S. armiger 1684 77.9
T. benedii 1469 44.7
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tested on a similar spatial scale by Glockzin and Zettler (2008b), who
modelled habitat suitability maps for exemplary species of the
Pomeranian Bay. In their work they emphasised not only the
importance of spatial scale, but in-depth knowledge of species
autecology used in such studies andmodels. This is especially important
since top-down correlations between the macrobenthos and the
environmental variables represented by responsemodels do not always
reflect direct cause and effect relationships, since many environmental
variables co-vary (van der Wal et al., 2008).

It is essential to differentiate between the questions that the two
types of model solutions performed serve to answer. Each single-factor
model alone is able to answer the question of how certain species
respond to changes of this separate factor, e.g. describe it as euryoecious
or stenoecious organism. Thrush et al. (2005) acknowledge that simple
modelsmay fit well the purposes of response management, for instance

by defining the sufficiently consistent general pattern of which species
prefer muddy, intermediate or sandy sediment types across scales, so
that a rank order of species can be developed. Such classification can be
used to interpret changes in the distribution and abundance of
monitored species or incorporated with other predictions of habitat
change, and used in environmental risk assessment. The multimodel
inference serves to predict the distribution of species within the
common limits of combined environmental factors, e.g. to fill out the
lack of information in the locations, where no observational data is
available. Thus among the applications of statistical modelling exercises
suchas theonepresented in this paper are: testing thehypotheses about
the ranges of species distribution along environmental gradients and
benthic stress impacts (for instance, the Pearson and Rosenberg (1978)
model that reported a gradual loss of species as the degree of stress
increased over space and/or time driven by the replacement pattern

Table 3
The maximum-likelihood estimates of logistic regression parameters for response surfaces of selected species to each of abiotic factors and normalized Akaike's weights derived for
the model set including single-factor model of total organic content as predictor and the model set without it.

Parameter estimates

A. islandica H. diversicolor P. elegans S. armiger T. benedii

d b0 −20.1829 7.5037 5.9871 3.6877 −6.0225
b1 1.9694 −0.5584 −0.2993 −0.1247 0.9314
b2 −0.0449 – – – −0.03179
p(model) b0.0001 b0.0001 b0.0001 b0.0001 b0.0001

s b0 −2.8957 3.3046 5.0447 6.6534 5.5642
b1 0.1868 −0.3310 −0.3101 −0.3215 −0.3635
b2 – – – – –

p(model) b0.0001 b0.0001 b0.0001 b0.0001 b0.0001
o2 b0 0.5838 −3.9298 0.0453 4.1259 −1.1231

b1 −0.0904 0.7660 0.0183 −1.1573 0.1690
b2 – −0.0520 – 0.1029 –

p(model) 0.1149⁎⁎ 0.0946⁎⁎ 0.7473⁎⁎ 0.0192 0.0085
org b0 −0.6234⁎ −0.3851 0.6887 2.1783 1.2297

b1 2.3222⁎ −3.6250 −0.5053 −0.2814 −0.7844
b2 −0.7467⁎ – – – –

p(model) 0.0161 b0.0001 b0.0001 b0.0001 b0.0001
kg b0 0.7970 −5.3292 −2.7251 −0.3493 −2.5964

b1 −0.0023 0.0207 0.0288 0.0087 0.0177
b2 – −0.00003 −0.00004 – −0.00002
p(model) 0.0647⁎⁎ 0.0215 b0.0001 b0.0001 b0.0001

so b0 1.4313 – 2.2991 2.8781 1.0022
b1 –0.4871 – –2.8793 –2.0383 –1.4740
b2 – – – – –

p(model) 0.2075 – b0.0001 b0.0001 0.0008
sk b0 0.7319 – 0.1435 0.9031 −0.2341

b1 −0.3262 – 3.7708 1.9679 1.6366
b2 – – – – –

p(model) 0.6379⁎⁎ – b0.0001 0.0043 0.0285
kKM b0 0.5043 – −2.7986 −1.0221 −2.0592

b1 0.1260 – 0.3755 0.5344 0.2287
b2 –0.0031 – –0.0068 –0.0118 –0.0036
p(model) 0.0300 – b0.0001 b0.0001 0.0128

Akaike's weights estimated for two model sets

A. islandica H. diversicolor P. elegans S. armiger T. benedeni

Set Full No org Full No org Full No org Full No org Full No org

d 0.7591 0.7669 0.8646 0.9939 0.4431 0.9885 0.0000 0.0000 0.9902 0.9999
s 0.0188 0.0190 0.0003 0.0003 0.0000 0.0001 0.5861 0.9450 0.0001 0.0001
o2 0.0517 0.0522 0.0046 0.0053 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
kg 0.0197 0.0199 0.0004 0.0005 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
so 0.0411 0.0415 0.0025 0.0056 0.0341 0.0549 0.0000 0.0000
sk 0.0208 0.0210 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
kKM 0.0786 0.0794 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
org 0.0101 0.1301 0.5543 0.3798 0.0097

Concordance of merged model results, %

82.86 94.59 81.24 75.78 77.75

The environmental factors notation is as follows: org—for total organic content, kg—for median grain size, o2—for oxygen concentration, s—for salinity, d—for water depth, so—for
sorting, sk—for skewness, and kKM—for permeability.
⁎ Estimated for log-transformed total organic content variable, that indicated a better model fit.
⁎⁎ No significant relation of species occurrence probability to the factor could be derived.
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Fig. 7. Modelled probability of species occurrence determined using Akaike's weghts for multimodel inference. Circles indicate the observed distribution with their size
corresponding to the value of abundance density (abundance, ind/m2). The intensity of shading corresponds to increasing probability of occurrence.
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defined by different tolerance of species to stress); generalization of
habitat suitabilitymaps that predict the specific ecological potential of a
habitat (with limitations defined by the data analyzed) which can be
considered in marine spatial planning and conservation management
(Degraer et al., 2008); and predicting the possible consequences of
habitat changes (either natural or antropogenic). When accompanied
by other relevant developments and investigations possible use can be
found in the comparison the of species' spatial distribution at different
scales (e.g. Thrush et al., 2005). The coupling of species ecological
functions (filtration rates, bioturbation modes, etc.) with the results
of such modelling exercises via biochemical or sediment transport
models may help to assess the ecosystem functioning (e.g. Bobertz
et al., 2009).

Considerable differences of the importance of various environmental
conditionswere highlighted by the prediction maps for selected species
(Fig. 7). All obtained response surfaces indicated a relatively high
percentage of concordance, though a more robust validation of derived
models is still to be executed and will unambiguously require external
data. The essential autecological features found in literature sources and
evidences derived from modelling results are summed up in Table 4.

The discussion above illustrates, that to distinguish between coloni-
zation types, prior biological knowledge must support the statistical
examination. Bonsdorff (2006) states the “ecological age” of the present
Baltic Sea ecosystem to be only about 8000 years, resulting in still ongoing
primary succession processes and numerous ecological niches remaining
available for immigration. This seems to be evidenced by the fact, that

Table 4
Essential autecological features of exemplary species and its evidences based on modelling results (Fig. 7).

Species Essential autoecological features Evidence from the modelling results

A. islandicaa Habitat: arctic-boreal bivalve, found in high concentrations at 25–61 m
(recorded at 8 to 256 m), in the Baltic Sea found in high saline areas (at depths
of 16 to 30 m, eastern distribution limit—Arkona basin).

Confirm: wide ranges of organic content and sediment parameters, high
values of depth (N18 m) and salinity define suitable habitat. Very unlikely to
occur in the shallow coastal zone, influenced by freshwater runoff. Highest
densities found at depth between 15 and 20 m, whereas highest probabilities
of occurrence coincide with the regions slightly below 20 m. As densities of
species are known to correlate negatively with size/age this confirms the
displacement of recruitment zone. Not recorded in the region at salinities
below 10 psu, highest densities found between 14 and 16 psu (much lower
than oceanic salinity), but occurrence increases with salinity. The preference
of dense beds reflected in low likelihood of occurrence on coarse sediments
and at high permeability values. Oxygen concentration had no strong effect.

Substrate: firm sediments, medium to fine grain sand, sandy mud, silty sand.
Oxygen: resistant to oxygen deficiency; can burrow into substrate and respire
anaerobically for up to week.
Salinity: found at oceanic salinities, in the lab resists salinities as low as 22 psu.
Feeding mode: suspension feeder
Notes: occur in dense beds over level bottoms. Extremely long life-span (ca.
80 years in the Baltic and about 405 in the Atlantic). Strong recruitment of the
species in the Mecklenburg Bight during the past decades and probably the
displacement of recruitment zone from below 20 to 15–20 m depth.

H. diversicolorb Habitat: inhabits shallow marine and brackish waters. In the Baltic Sea prefers
enclosed bays and lagoons with smooth slopes and absence of strong currents.

Confirm: does not find its optima within the study area (greatly higher
densities are recorded in the enclosed coastal estuarine regions of the Baltic
Sea). Preference of low-saline regions shallower than 18 m within the
investigated spatial and environmental limits. Among considered abiotic
factors the largest effect size featured water depth, followed by total organic
content. Species also responded here noticeably to oxygen, grain size and
salinity, but with relatively low weights in the model averaging inference. Its
opportunistic abilities seem to allow species to avoid locations where it may
be disturbed by other competitive species.

Substrate: sandy mud but also gravels, clays, even turf.
Oxygen: able to survive drastic conditions of hypoxia.
Salinity: euryhaline, lowest limit of salinity (determined through its larvae
development) of about 5 psu.
Feeding mode: carnivore, scavenger, filter feeder and a surface deposit feeder,
however also having the ability to live as a suspension feeder
Notes: generally endobethic species, able to penetrate the substrate up to
depths of about 30 cm.

P. elegansc Habitat: mainly lower superlittoral down to depth of 100 m, in the Baltic Sea
from ca 5 m down to 20 m.

Confirm: the model with highest weight in the model averaging was the
function of total organic content. Response indicates almost no chance of
finding the species in sediments with organic content exceeding 5%. Water
depth (containing the effect of currents) indicated slightly smaller but
comparable influence on species distribution. Typically favors shallower
waters, but the response against increasing water depth is not as rapid as in
case of H. diversicolor. Surprisingly, only sorting had non-zero (yet low) model
averaging weight among sediment factors, perhaps due to the limiting power
of covarying organic content.

Substrate: fine to medium sands
Oxygen: highly sensitive to hypoxia, hardly ever found in areas affected by the
phenomena
Salinity: from 2 psu to hypersaline pools
Feeding mode: deposit and filter feeder
Notes: features the penetration depth of 4–6 cm. Evolves opportunistic life
strategies: the species is able to rapidly re-colonize defaunated substrates.
Regarded as a semi-sedentary species. Avoids strong currents. Negative
response to organic enrichment.

S. armigerd Habitat: cosmopolitan species with intertidal as well as in the subtidal
occurrence encountered in all zoogeographic regions. In the Baltic Sea, e.g. in
the Mecklenburg Bight, species habitat is limited from 5 to ca. 30 m, with
highest abundance values found around 10 m depth and absence in purely silt
regions.

Confirm: among the considered abiotic factors only salinity, total organic
content and, to small extend, sorting explained the distribution pattern of S.
armiger in multimodel inference. Bleidorn et al. (2006) revealed that S.
armiger represents a species complex and is not a cosmopolitan species that
explains the inconsistency between general environmental setting found in
literature and its observed and predicted distribution limits within the study
area. Thus, there is a negative response along increase of both salinity and
organic content in terms of both occurrence and abundance within the region
(though observed salinities have the lower limit of 8 psu).

Substrate: muddy sands and mud
Oxygen: resistant to hypoxia down to 0.5 ml/l
Salinity: cannot survive at salinities lower than 10.5 psu
Feeding mode: deposit feeder
Notes: mobile non-selective species burrowing freely through sediments, that
builds non-persisting tubes in the sediment down to 15 cm.

T. benediie Habitat: ubiquitous marine oligochaete that dominates in coastal areas. It is
often typified as ‘opportunist’ that is adapted to the rapid environmental
fluctuations and harsh conditions in estuaries.

Confirm: the prediction map for this species is derived nearly exclusively from
water depth as a proxy, with highest probability of its occurrence around 10 to
20 m, and solitary occurrence events below 23 m. In the investigation area this
species never seems to settle on the truly mud substrate and does not favor
high organic contents as such conditions here coincide with undesirable water
depth (that probably comprises a range of other limiting factors for this
animal).

Substrate: fine organic- enriched sediments
Oxygen: resistant to hypoxia
Salinity: found in meso- to euhaline waters.
Feeding mode: deposit feeder
Notes: very successful adaptive strategies in sulfidic benthic environments.
Able to penetrate into the substrate up to 10 cm.

a Cargnelli et al., 1999; Zetter and Röhner, 2004; Wanamaker et al., 2008.
b Nithart et al., 1998; Scaps, 2002; Kristensen, 2001; Henning et al., 2004; Zetter and Röhner, 2004; van der Wal et al. 2008.
c Fauchald and Jumars, 1979; Morgan et al., 1999; van der Wal et al. 2008.
d Fauchald and Jumars, 1979; Zettler et al., 2000; Bleidorn et al. 2006.
e Dubilier et al., 1994; Giere, 2006.
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most of the representative species selected for predictivemodelling in the
study area are named as opportunists.

The presented models should be best applicable for species that
find their optima within the observed ranges of environmental
factors. Inter alia, such models can also reflect the tendencies of an
opportunistic species distribution with satisfactory result, e.g. H. di-
versicolor that reaches only low abundances within the study area
compared to its average density in more favourable in-shore estuarine
conditions. For such species the modelling results reveal the best of
available conditions in contrast to their optima. However, it should be
mentioned that, as for all statistical methods, the inference about the
model selection uncertainty is conditional on both data and the full set
of a priori models considered (Burnham and Anderson, 2004). Coudun
and Gégout (2006) suggest a general minimum value of 50
occurrences for species to derive acceptable ecological response
curves with logistic regression. The available data for H. diversicolor
slightly drops out of this condition with 43 cases of occurrence within
total 208 observations.

A high variance in the species distribution that usually causes an
impediment for modelling, is often not a sampling error or random
“noise”, but rather the mechanistic consequence of shifts between
limiting resources or other effects and factors (e.g. intra- and inter-
species competition, predation, mortality or dispersal). The abun-
dance of species may be very low under favourable conditions if, for
some reason, the number of propagule is very low or species never
even reach a given area. This natural phenomena of a species failing to
colonize all areas where it could potentially thrive (Huston, 2002)
may partly explain some inconsistencies between the predicted high
probability of species occurrence and its factual absence according to
observations. Under optimal conditions species can reach maximal
reproduction rates and maximal abundances, but macrobenthic
surveys often show an entirely different reality: species and commu-
nities are distributed rather patchily and often the relatively smooth
structure of abiotic gradients and other characteristics can increase
statistical uncertainty and blur the picture.

5. Conclusions and outlook

For all exemplary species the used technique provided the results
of distribution prediction based on environmental data with a fairly
satisfactory accuracy. The method combining the parsimony of single-
factor logistic regression models with an AIC solution of multimodel
inference can therefore be recommended for modelling of the habitat
suitability for benthic species, at least on comparable spatial scales
and environmental gradients.

It is important to point out that only a fragment of the whole factor
network responsible for the macrozoobenthos distribution was
covered in this study. Consideration of additional variables may
reveal more insightful analysis. Results of the present study may only
be interpreted within the context of the momentary state of benthic
communities.

In the present study only the probability of benthic species
occurrence based on presence/absence data was modelled, allowing
the prediction of species distribution derived from environmental data.
However, the density of species is a considerably more informative
figure. Modelling of benthic species abundance as a function of abiotic
parameters is likely to be performed applying ‘factor ceiling’ (Thrush
et al., 2003) or quantile regression (Cade and Noon, 2003) methods.
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Abstract

The brackish water environment of the Baltic Sea is dominated by a strong gradient of salinity and

along with salinity the benthic diversity decreases – salinity is regarded as the master factor regu-

lating benthic diversity in brackish habitats. In this scheme, consistently small patches of com-

paratively higher or lower benthic diversity do emerge in areas where either environmental or an-

thropogenic impacts on the benthic habitat change drastically over short spatial distances. Hence,

spatial diversity of ecological factors creates diversity among benthic colonization and community

structures. We show through a logistic modeling approach the possibility to predict thereby in-

duced benthic colonization areas and community structures inside the broad scheme of a brackish

water habitat. This study bases upon quantitative macrozoobenthic abundance data collected over

a period of 4 years. It clearly demonstrates the need to analyze species’ relationships in gradient

systems such as the Baltic Sea and provides a tool to predict natural and anthropogenic forced

changes in species distribution.

Key words: Baltic Sea, Pomeranian Bay, macrozoobenthos, ecological modeling, environmental

factors, multivariate analysis, species’ response curves

INTRODUCTION

Across the Baltic Sea, a long and strong gradient of salinity stretches over a distance

of about 1100 km, steadily decreasing from the Skagerrak and Kattegat in the West

(about 25-30 psu) over the Belt Sea (about 10-25 psu) and Baltic Proper (about 5-10

psu) up to the Baltic’s most northerly and north-easterly parts, the Finnish and Both-

nian Gulfs (about 0-5 psu) – and with salinity as dispersion barrier for marine spe-

cies, the benthic diversity as well decreases. Hence, the factor salinity is regarded as

the master factor regulating benthic diversity in brackish habitats (Zettler et al.

2007). On the whole, it seems to explain on a large spatial scale benthic diversity
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patterns examined in the Baltic Sea as well as in other brackish habitats all over the

world. However, inside this general picture of decline in diversity, consistently small

scale patches of comparatively higher or lower benthic diversity do emerge –

namely in areas where either the environmental “texture” (e.g. the sea bottom struc-

ture), other environmental factors (e.g. sediment type) or anthropogenic impacts

(e.g. man-made pollution) influencing the benthic habitat change drastically over

short spatial or temporal distances. Thus, spatial and temporal diversity in ecological

factors can create diversity among benthic colonization and community structures.

Due to the variability of species in terms of habitat selection, reciprocal effects be-

tween species’ distribution and environmental factors manifest in patterns, visible in

their abundances or assemblages (Keitt et al. 2002, Fortin et al. 2005). Always,

benthologists have dreamt of possibilities to forecast such patterns and structures –

modern comforts now at hand via computer-aided statistical model development,

providing us with a useful tool to relate ecological features to environmental factors.

Through validation and modification, it can even reveal the underlying mechanisms

responsible for the structure and organization of communities (Austin 1987). How-

ever, an exploratory statistical description of the prevailing ecological structure

based on observations always is a necessity – not only to examine and understand

the structure and dynamics of benthic biotic/environmental interactions and pro-

cesses but to evaluate and model natural and anthropogenic influences and effects on

ecological systems (Bourget and Fortin 1995, Legendre and Legendre 1998). Fur-

thermore, in-depth knowledge is indispensible regarding the autecology of the spe-

cies for the interpretation of the found relationships (Sachs 1997). On this account,

we described patterns in the distribution of benthic organisms and determined the

parameters causing such patterns via a multivariate statistical approach, thus estab-

lishing a statistical link between benthic infauna distribution and environmental

factor patterns for the German part of the Pomeranian Bay in a preliminary study

(Glockzin and Zettler 2008). There, we already announced the possibility of “[…]

modeling species response curves on the basis of this study, using an appropriate

model […] and using the found equations in a GIS-based approach shall enable us to

create a two-dimensional ecological model of the Pomeranian Bay and to predict

species assemblages [...] by two-dimensional morphological, geological or hydro-

logical data sets”. On this account, we utilize in this present study species’ response

towards responsible environmental key factors to model spatial distributions for se-

lected benthic species via a binomial logistic regression approach (Trush et al. 2003)

in a GIS based environment (ArcGIS, ESRI Inc.).

STUDY AREA, MATERIALS AND METHODS

Proper choice of a spatial scale for our investigation was important – to bring into

focus the prevailing biotic-abiotic interactions and to diminish or even eliminate the

influence of an all-dominating factor like salinity in brackish habitats (Fig. 1).

Therefore, we chose the Pomeranian Bay as an adequate “test site” for the methods

used in this study. This work bases upon environmental and quantitative macrozoo-
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Fig. 2. Study area and distribution of the 191 sampling stations, filled circles indicate stations

with a full set of data available for all six abiotic variables. Sampled stations per year: 2003

(53 stations), 2004 (78 stations), 2005 (30 stations), 2006 (30 stations)

Fig. 3. Environmental framework prevailing in the study area and inter-factor relationships

derived from path model analysis with partial correlations (Legendre and Legendre 1998).

The dotted line indicates a two-way connection added due to causal interpretation
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benthic abundance data collected at 191 stations in the German part of the Pomera-

nian Bay (Southern Baltic Sea) over a period of 4 years (2003-2006, Fig. 2). A de-

tailed description of the study area, sampling procedures, sample analysis as well as

factor and species exclusion/choice would go beyond the scope of this paper and can

be found in Glockzin and Zettler (2008). In order to evaluate existing coherencies

among environmental parameters, and to assess the primary descriptor predicting all

other environmental variables in the Pomeranian Bay, a partial correlation analysis

(path analysis) according to the methods described in (Legendre and Legendre 1998)

was already conducted in Glockzin and Zettler (2008). Figure 3 illustrates the un-

derlying interactions among environmental factors prevailing in the Pomeranian

Bight. Taking a closer look on the prevailing environmental conditions in the study

area is indispensible to understand the physical framework of the Bight and to illu-

minate the later described selection of environmental factors for the modeling ap-

proach. Due to prevailing wind, wave conditions and saline water inflows from

deeper areas of the Bay and fresh water from the coastal river runoff no homogene-

ous near bottom salinity zonation develops. Deeper areas of the southern Baltic as

Sassnitzrinne, Arkona and Bornholm Basin are the main accumulation areas for fine

particles with input of high organic material from the Pomeranian Bay (Kuhrts et al.

2006). This explains the apparent correlation between salinity and organic content,

i.e. with increasing water depths and equally rising salinity, the content of organic

carbon in the sediment also increases. With increasing amounts of fine particles at

the sea bottom, permeability of the sediment in turn decreases rapidly because of the

blocking of the interstice (Forster et al. 2003). Due to the glacifluviatile and glaci-

aeolian genesis of the Bay, median grain size and sorting are merely modified by

hydrography, but not created. To highlight the physical and physiographical control

of water depth on most of the environmental conditions prevailing in the Pomera-

nian Bay, a detailed bathymetric structure for the study area is also given in Figure 2.

The species’ response towards this environmental framework was modeled in terms

of probability of occurrence via a generalized linear modeling approach (GLM), us-

ing species binomial data (abundance data reduced to presence/absence) in logistic

regression with corresponding (logit) link functions (Guisan et al. 1999, Thrush et

al. 2003, Gogina et al. 2010) available in STATISTICA 6 (StatSoft Inc.). Therefore,

a biotic matrix of three exemplary species (Bathyporeia pilosa, Tubificoides benedii
and Hediste diversicolor) and an abiotic matrix of six environmental parameters

(water depth, salinity, median grain size, organic content, permeability and sorting),

estimated for 78 out of 191 sampling stations, were used. For the six environmental

factors, measuring units together with lower and upper boundaries are given (Tab. 1).

Water depth influences through its physical and physiographical forcing almost all

other environmental parameters in the study area, it can act as a “proxy”, a type of

integral parameter combining the effects of various available (measured) or unavail-

able (not measured or incapable of measurement) habitat features. But its influence

can be spatially inhomogeneous or simply superimposed by other factors and there-

fore warp the outcome of the analysis. With almost all other factors being strongly

dependant on it and keeping in mind a certain susceptibility of models to such re-

dundancy; we only examined it in the model building procedure but excluded it as
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Table 1

Measuring units together with lower and upper boundaries

for the six environmental factors used in the modelling approach

Factor Factor range Unit

Water depth 4.4-35 [m]

Salinity 5.7-15.4 [psu]

Median grain size 80-348 [µm]

Organic content 0.12-9.31 [%]

Sorting 0.29-1.40 [no unit]

Permeability 0.4-4.5 [10-5 cm s-1]

a factor from further analysis. Regarding the aforementioned physical behavior of

salinity, this factor was also excluded. Thus, for model and habitat map building we

regarded species probabilities of occurrence calculated as functions of only four

factors (organic content, median grain size, sorting and permeability). To find the

best combination from the set of single-factor models we considered the philosophy

described in Burnham and Anderson (2004). Here, consideration of maximum like-

lihood as a possible approach to model selection uncertainty is discussed. Hence, the

predictor set with the highest amount of likelihood by means of maximum likelihood

scores was selected as the set of factors for further analysis. For each factor and

taxon combination, estimates of significance from Wald statistic (STATISTICA)

were used to estimate the single model significance, with a significance level de-

fined at 0.05. Then, the single-factor model for each species that explained most of

the observed variability and fit best to the data was selected. The same maximum

likelihood scores, but calculated for the single predictors, were used in further analy-

sis as scaled weights in weighted overlay of probability maps to create habitat suit-

ability maps. The habitat suitability maps were generated with the ArcView spatial

analyst (raster calculator), implemented in the Geographic Information System

ArcGIS (ESRI Inc.). The factor weights for each species and predictor were scaled,

assigning a value of “1” to the factor with the highest maximum likelihood score

(Tab. 2). The underlying mechanism of the whole modeling approach is given in

Figure 4.

Table 2

Scaled weights used in GIS for a weighted overlay for three species and four factors

Species Bathyporeia pilosa Tubificoides benedii Hediste diversicolor

Organic content 1.00 1.00 1.00

Median grain size 0.78 0.39 0.46

Sorting 0.77 0.65 0.20

Permeability 0.70 0.72 0.62
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RESULTS

Figure 5 shows the probability of species occurrence as well as data points and fitted

logit curves for three species and each of the four environmental factors used for the

generation of probability maps. They explained best the variability of the benthic

fauna distribution and were used in the last step of weighted overlay procedure.

Here, the organic content of the sediment shows the most dramatic effect on Bathy-
poreia pilosa. The response curve estimated for this species indicates almost no

chance of finding it in sediments with organic content exceeding 0.5%. In contrast,

Tubificoides benedii seems to benefit strongly from organic enriched sediments. For

this species, sediments with too low organic content (< 0.5%) seem to be neglected

or even avoided. Yet, Hediste diversicolor does not discriminate too much between

sediments with different organic content. Though its probability of occurrence de-

creases with a rising organic load, it can occur over the whole range of this factor.

Good sorted sediments (i.e. with low values of sorting) appear to favor the occur-

rence of B. pilosa to the point of vanishing where sediments are poorly sorted,

whereas such sediments seem to advantage T. benedii and H. diversicolor. Occur-

rence of these species can be suppressed strongly but not entirely by this factor for

they can most probably exist over its entire range. A different picture can be seen

for the probability of occurrence regarding the factor permeability. Here, a rising

probability of occurrence of B. pilosa and H. diversicolor seems to be associated

strongly with a rising permeability of sediments, whereas the likelihood of occur-

rence of T. benedii falls close to zero at sediments more permeable than 2.5x10
-5 

cm s
-1

.

In any case, permeability below 0.3x10
-5 

cm s
-1

 seems to be an exclusion criterion

for H. diversicolor. B. pilosa and T. benedii are both affected by median grain size –

but with opposing trends. While the probability of occurrence of B. pilosa rises with

decreasing grain size it is almost exactly the other way round with T. benedii. The

occurrence of H. diversicolor seems to be almost unaffected by sediments median

grain size. Though probability of occurrence drops to low values all three species

can occur with the utmost probability over the whole factor range in the study area.

Four habitat suitability maps, derived from the weighted overlay of probability maps

calculated via species probability of occurrence, corresponding to four single envi-

ronmental factors (Fig. 5), are shown in Figure 6. Additionally to modeled probabil-

ity surfaces, sampled species abundance is given for evaluation of modeling success

in each map. For B. pilosa, two different maps were created: Figure 6 (upper left)

shows the modeling result for all four environmental factors; Figure 6 (upper right)

illustrates the spatial probability for this species when only organic content of sedi-

ments was used as predictor. In both cases, the high probability of species occur-

rence covers the shallow areas of the German Part of the Bay to the extend of certain

water depths, the Oder Bank, and a small area between Greifswalder Bodden Sill

and Oder Bank, and it is very unlikely to observe B. pilosa in the Greifswalder Bod-

den Sill itself. Figure 6 (lower left) shows the modeled probability-of-occurrence-

surface of T. benedii. As for this map, this species mostly occurs in the deeper parts

of the Pomeranian Bay along the North-South axis of the Pomeranian Bay and in ar-

eas around the Greifswalder Bodden Sill. The probability-of-occurrence surface of
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Fig. 6. Four maps for three species, derived from the weighted overlay of probability maps

calculated via species probability of occurrence, corresponding to four single environmental

factors (Fig. 5). Habitat suitability map for: B. pilosa vs. four environmental factors (upper

left), B. pilosa vs. organic content of sediment only (upper right), T. benedii vs. four envi-

ronmental factors (lower left), H. diversicolor vs. four environmental factors (lower right)
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the third species, H. diversicolor, is shown in Figure 6 (lower right). Almost all ar-

eas of the Bay can be inhabited by H. diversicolor with high probability, except for

the deeper parts along the Sassnitzrinne up to the Arkona Basin.

DISCUSSION

The present study was the first attempt towards a benthic – abiotic interaction model

using a complex data set of recent investigations in the German part of the Pomera-

nian Bay. Such model allows making predictions on how and to what extent natural

or anthropogenic influences affect benthic community assemblages not only in the

Pomeranian Bay but in other areas of the Baltic Sea (e.g. Gogina et al. 2010). It can

be a useful tool in marine ecosystem management (habitat mapping, e.g. Pavlikakis

and Tsihrintzis 2000) and environment conservation planning (e.g. to plan the length

of a pipeline in marine habitats etc.). However, an exploratory statistical description

of the prevailing ecological structure based on in-situ observations is always an in-

dispensible first step (Bourget and Fortin 1995). As in this study, the extraction of

patterns of benthic community distributions using large-scale studies is characterized

by a large number of data points randomly sampled over long distances and in ir-

regular spatial intervals.

Modeling species spatial distribution via logistic regression and logit function from

such data can be regarded as a legacy from plant ecology (e.g. Guisan et al. 1999).

Few applications of the method are known in marine science, especially for the Bal-

tic Sea, to date. For example, though not in the Baltic itself, Thrush et al. (2003) in-

vestigated response of species to a single environmental factor (sediment mud con-

tent) and Ysebaert et al. (2002) performed a comprehensive study, using salinity,

depth, flow parameters, median grain size and mud content as predictors. For the re-

gions where distribution is strongly and directly coupled to physiochemical pro-

cesses statistical models are capable of satisfactorily predicting species distributions

(Ellis et al. 2006). To assess the correctness of such calculated biotic – abiotic de-

pendencies, not only geographical and ecological discrimination of species is neces-

sary (Meissner et al. 2008), but also the in-depth knowledge of autecology of the

species is indispensible. This expert knowledge stems from different sources: study,

utilization of physiological experiments on (benthic) species, observation, (benthic)

habitat monitoring as well as experience; it has to be at hand in the first place and

cannot be simply deduced from statistics (Sachs 1997). Not till then, statistically

modeled descriptions of species distribution patterns can be explained by causality

as per ecological behavior of species, e.g. their habitat selection and colonization or

the “response type” towards their physical environment (e.g. stenoecious, euryoecious

etc.). The question that arises here is whether the modeled results for the three spe-

cies used in our study mirror their autecology and thus legitimate the use of our

modeling approach? B. pilosa, a coast-dwelling, sandlicking amphipod which grazes

diatoms off the surface of sand grains (Nicolaisen and Kanneworff 1969, Sundbäck

and Persson 1981) inhabits all sea-bottom elevations of post-glacial origin in the

Pomeranian Bay (see Fig. 6, upper left and right). They consist of well sorted fine
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sand, deposited and sorted here by postglacial aeolian processes. Wind and wave en-

ergy induce currents strong enough to vent these fine grained sediments and to keep

them organic-poor through abrasion. This scheme fits perfectly well the described

autecology of this species as an inhabitant of good sorted, well oxygenated and or-

ganic-depleted sediments (e.g. Speybroeck et al. 2008). In sharp contrast, the

euryoecious and meso- to euryhaline deposit feeder T. benedii is most abundant in

sediments rich in nutrients and organic carbon which form a trail along the North-

South axis of the Pomeranian Bay, formed by the deposition of sedimented fine ma-

terial, discharged by the Oder River in great amounts (ca. 39 kt year-1 total nitrogen,

ca. 3.1 kt year-1 total phosphorus, Pastuszak et al. 2005). For this opportunistic oli-

gochaete, mass reproductions in areas with high accumulation rates of organic car-

bon in sediments are known (Diaz 1984). Such sediments are distributed from the

Oder River mouth up to the northwest and along the submerged ancient riverbed

of the Oder, the Sassnitzrinne, all the way to the Arkona Basin. The preference of

T. benedii for impermeable silty sediments seems to originate from his apparent

tolerance of hydrogen sulphide occurrence and oxygen deficiency. It can penetrate

sediments up to a depth of about 10 cm. It is often typified as well adapted to rapid

environmental fluctuations and harsh conditions in estuaries. This advantage makes

T. benedii one of the most successful inhabitants of ecologically stressed benthic en-

vironments with the aforementioned appropriate environmental conditions (Giere et

al. 1999, Giere 2006). This oligochaete can also dominate coastal areas with fine

sediments highly enriched in organic matter (Dubilier et al. 1994). The environ-

mental preferences of B. pilosa and T. benedii are very special and this is clearly il-

lustrated by the fact that both habitat suitability maps appear like blanked out by one

another. This could be caused by the fact that B. pilosa can be regarded as

stenoecious to organic content of sediment, causing a “yes or no” response of this

species towards this environmental parameter, limiting the possible habitat that can

be colonized by this species (Fig. 5, upper left and Fig. 6, upper left). In this respect,

B. pilosa and T. benedii seem to represent some kind of “ecological antagonists”

whereas H. diversicolor can be regarded as a kind of “cosmopolite”. This endoben-

thic euryoecious and oligohaline polychaete settles as well in lotic as in lenitic sedi-

ments with salinity minima given as 5 psu. Of all the species inhabiting the Pomera-

nian Bay, it has the widest diet range. H. diversicolor can survive as a predatory car-

nivore as well as a scavenger, grazer and suspension feeder. H. diversicolor can

penetrate the sediment up to depths of about 30 cm (Zettler et al. 1994). This species

colonizes the Pomeranian Bay apparently homogenously and, vice versa to B. pilosa
and T. benedii, completely independent from depth. Food quality or at least food

availability due to high sedimentation and resulting accumulation rates of organic

material can lead to a discrimination of benthic species over depth (O’Brien et al.

2003, Pearson and Rosenberg 1978). Such accumulation of organic material occurs

throughout the year in the Pomeranian Bay and causes shifts in macrobenthic com-

munity assemblages, and thus is not necessarily a result of eutrophication (Zettler et

al. 2006). It seems more likely that such community shifts are typical for estuarine

ecosystems, caused by physical abrasion, accumulation or biological decomposition

of aforementioned organic enrichments. This might be, together with other major
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environmental parameters, most likely the cause of a periodically occurring

“bouncing” of benthic zonation borders (Pazdro et al. 2001, O’Brien et al. 2003).

The colonization success of such opportunistic species as T. benedii or H. diversi-
color can locally be explained by their sheer surviving and reproduction abilities in

the extreme environmental conditions prevailing in some areas of the Pomeranian

Bight, e.g. sulphidic sediments or temporarily existing oxygen deficiency zones

through upwelling from deeper areas (Kube et al. 1996). On a larger (time)scale it

might be due to the relatively young “ecological age” of the present Baltic Sea eco-

system (about 8 000 years), resulting in still ongoing primary succession processes,

leaving numerous ecological niches available for such species (Bonsdorff 2006).

Modeling species response works best with species showing a clear and recogniz-

able optimum in the factor range examined. Nevertheless, such models can even

mirror tendencies of opportunistic species without the full factor range of the eco-

logical niche of a species. This applies for instance to H. diversicolor: a clear and

sharply defined optimum was never found in our modeled response curves. For such

species, modeling results reveal the best of available conditions in contrast to their

optima. The best results are obtained for species with a response towards a factor

that equals a “jump function”, as is the case for the response of B. pilosa to organic

content (Fig. 5, upper left). Here the “speed of response” is the all-dominant term

regarding the modeling results. All other factor responses are simply too slow and

therefore is ruled out. With such a reaction to a factor change, modeling the prob-

ability of occurrence for this factor alone can give satisfactorily results (Fig. 6, upper

left and right). A factor combination with “slower” terms of the weighted overlay

equation can at best compliment the picture but in the last resort can even lead to

diffused results. A further inaccuracy might be the use of data sampled temporally

differently. But that is not necessarily a bad thing. As was pointed out by Praca et al.

(2008), the use of temporally heterogeneous data can confound the effect of interan-

nual variation in species occurrence and environmental conditions – though one has

to accept a noise floor increase in the analysis (own investigations). However, it

should be mentioned that, as for all statistical methods, the inference about model

selection uncertainty is conditional on both data and the full set of a priori models

considered (Burnham and Anderson 2004). To derive acceptable ecological species

response curves with logistic regression, Coudun and Gégout (2006) suggest a gen-

eral minimum value of 50 occurrences per species and factor. This assumption was

met for every species – factor combination used in our modeling approach. High

variance in species distribution is not always due to sampling errors or random

“noise” but rather the mechanistic consequence of shifts between limiting resources

or other effects and factors (e.g. intra- and inter-species competition, predation,

mortality or dispersal). The abundance of species may be very low, even under fa-

vorable conditions if, for some reason, the number of propagule is very low or spe-

cies never even reach a given area. This natural phenomenon of species failing to

colonize all areas where it could potentially thrive may explain some inconsistencies

between the predicted high probability of species occurrence and its factual absence

according to observations (Huston 2002). Under optimal conditions, species might

reach maximal reproduction rates and maximal abundances, but macrobenthic sur-
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vey often shows an entirely different reality: species and communities are distributed

rather patchily and often the relatively smooth structure of abiotic gradients and

other characteristics can increase statistical uncertainty and blur the picture. For

a detailed overview and reflection inter alia on our method and alternatives used in

marine modeling of species response see also Guisan and Zimmermann (2000),

Muñoz and Felicisimo (2004), Guisan and Thuiller (2005), Guisan et al. (2006),

Wisz and Guisan (2009) and Gogina et al. (2010). However, our objectives were to

attempt a general description of species habitats and to investigate the predictive

ability of the modeling technique at the selected spatial scale. Confirming the pos-

tulates of Ysebaert et al. (2002), Thrush et al. (2003), and Ellis et al. (2006), we have

found that logistic regression in combination with a weighted overlay approach is

a useful and relatively transparent approach to predict the response of species occur-

rence as a function of various environmental conditions.

CONCLUSIONS

Often, salinity is regarded as the one and only primary descriptor in brackish estua-

rine ecosystems. Considering the fact that all species examined (this study, Glockzin

and Zettler 2008) are regarded as euryhaline and that the salinity does not vary

strongly in the center of the Pomeranian Bay, the apparent influence of salinity as

the main predictor on the benthic assemblage becomes insignificant under certain

scale. As already pointed out, the prevailing environmental parameters in the study

area, such as salinity, organic content, sorting or permeability, seem to be controlled

primarily by water depth; it could even be described as a “master factor” and most

likely, through its impact on all other factors, it is mainly responsible for the spatial

zonation of benthic species, not only in the Pomeranian Bay but other marine habi-

tats as well (e.g. Kube et al. 1996, Bonsdorff et al. 2003, O’Brien et al. 2003,

Kröncke et al. 2004, Warzocha 1995, Zettler et al. 2006, Glockzin and Zettler 2008,

Gogina et al. 2010). Our study clearly demonstrates the possibility to model species’

relationships in gradient systems such as the Baltic Sea where their patterns of dis-

tribution are strongly and directly coupled to abiotic processes. By using species’ re-

sponse towards responsible environmental key factors to model spatial distributions

for selected benthic species via a binomial logistic regression approach, we propa-

gate an easy-to-use tool to assess natural and anthropogenic forced changes in ben-

thic species distribution patterns. Thinking through the consequences and possibili-

ties of these methods and doing the necessary enhancements, e.g. by coupling spe-

cies ecological functions (e.g. filtration rates, bioturbation modes, e.g. Forster and

Zettler 2004) to our model, we might even be able to assess an ecosystems func-

tioning – and the loss of it. Bearing in mind the currently experienced impact of

natural (e.g. via climate change) or anthropogenic forced changes (e.g. by pipeline

building or dredge fishing) on the Baltic Sea ecosystem – never has the need for

such a tool been more urgent than nowadays.
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This study attempts to model the probability of occurrence of some characteristic macro-invertebrate species of
the Baltic Sea from different functional groups (i.e. grazers, deposit and suspension feeders, and predators) in
response tomajor environmental forcing factors (salinity,water depth and seabed substrate type). Analyseswere
based on the inventory data set compiled by revising the data onmacrobenthic species for over 12,000 sampling
events in the Baltic Sea. In addition, data on environmental variables are retrieved from the results of modelling
and large-scale mapping efforts. A simple logistic regression based modelling technique was applied and the
candidate model with highest discriminatory power was selected for habitat suitability mapping. Habitat
suitability models allowed to satisfactorily predict the potential distribution of macrofaunal species based solely
onmodelled salinity, bathymetry and rough sediment class information. Our results indicated that salinity, depth
and substrate type are all important in determining the distribution of most characteristic macrobenthic species
on the large-scale of the whole Baltic Sea. The present exercise is only a first step. Implementation of other
variables (e.g. characterizing oxygen and temperature fluctuations, total organic content, and nutrient supply)
would obviously increase themodel applicability. Informationon the ecological potential of habitat suitability can
serve as the utmost important basis for scientifically sound marine spatial planning.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Baltic Sea is amongst the world's largest seas isolated from the
major oceans and therefore it contains unique communities of marine
lifeforms, including benthic invertebrates (Leppäkoski et al., 2009;
Zettler et al., 2008).

As consumers at intermediate trophic levels, macro-invertebrates
are essential agents of both bottom-up and top-down forces in the
water system (i.e. their populations are both regulated by resource
limitation and predation, and they themselves represent resources
and consumers for other levels of the food chain). Benthic macrofauna
can have an important influence on nutrient cycles, primary
productivity, decomposition, and translocation of materials (Wallace
and Webster, 1996). The presence or activities of invertebrate species
in aquatic ecosystems often alters the physical surrounding or the
flow of recourses, thereby creating or modifying habitats, which then
influence all other organisms in the community. This determines
these organisms as ecosystem engineers. Crain and Bertness (2006)
argued that most natural communities are hierarchically structured
with ecosystem engineers able to modify the habitat providing the
physical template of communities. Which engineers are important for

maintaining the ecosystem functions of interest is dictated by the
background environment and the limiting variables.

Human disturbances which impact soft-sediment habitats act on
various spatial and temporal scales. For instance, bottom trawling has
effect on spatial scales ranging from micrometers to many hundred
kilometers (GrayandElliott, 2009). Suchmarine activities aswind farms
construction, stringing of pipelines and cables across the seafloor can be
just as serious, and their spatial planning requires an assessment of the
potential anthropogenic impact as well as baseline maps (Degraer et al.
2008). It was reported that relative importance of factors influencing
successionvaries over spatial extents.While biotic interactions aremost
important on themeter scope, environmental conditions dominate on a
more global scale (Zajac et al., 1998). The environmental factors usually
named as controlling for benthos distribution are food supply, water
salinity, oxygen concentrations, currents, temperature, turbidity, sub-
strate composition, sedimentation rates and bathymetry (e.g. Bromley,
1996; Olenin, 1997; Coleman et al., 2007). Since only very few species
have been studied in detail in terms of their dynamic responses to
environmental change, static distribution modelling often remains the
only approach for studying the possible consequences (Woodward and
Cramer, 1996; Guisan and Zimmermann, 2000).

A number of previous works have investigated the structuring
factors for spatial distribution of benthic communities focusing on
different spatial extends. For instance, Zettler and Bick (1996) in their
study on small scale dispersion patterns concluded biological
interactions to be the critical factors for the fine-scale (ca. 5×5 m)
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variations in distribution of a polychaete. In the regional study in the
Mecklenburg Bight Gogina et al. (2010) have found water depth to be
the key factor determining the species distribution among 8 hydro-
logical and sedimentological parameters considered. Works of Olenin
(1997), Laine (2003), Bonsdorff (2006), Zettler et al. (2008) and
Ojaveer et al. (submitted for publication), performed on a more global
scale stressed that salinity together with oxygen concentrations
define the Baltic Sea diversity and best explained the patterns in
community distribution.

The present paper aims to contribute to such essential ecological
issues as estimations of potential response of biota to habitat changes
(natural or anthropogenic) and the generation of full coverage maps
predicting the suitable areas for distribution of macrobenthic species
within the Baltic Sea. Goals of the study included (1) the compilation of
an extensive list of taxa and an inventory dataset on species distribution
for thewhole Baltic Sea, (2) extraction of patterns of species distribution
in response to selected environmental parameters (salinity, depth,
substrate type) and (3) modelling and mapping the probabilities of
occurrence for exemplary species in response to those factors. Finally,
we discuss our results as a baseline for creating a tool for modelling
benthic community changes and its effects on the functioning of the
ecosystem and last but not least for developing an instrument for
conservation and management purposes.

2. Materials and methods

2.1. Study area

Barotropic pressure gradients, river runoff and meteorological
forces control the hydrodynamical system of the Baltic Sea (Fennel,
1995; Feistel et al., 2008). It features salinity ranging from 25–30 psu
in the Danish Sounds region to 1–3 psu or even lower in the northern
Gulfs of Bothnia and the inshore lagoons. Climatic conditions range
from temperate to boreal zone. Persistent pycnocline in the Baltic
basin causes stagnation of bottom waters for long periods, with
periodic hypoxia/anoxia as a consequence, over an area covering up to
100,000 km2 (Bonsdorff and Pearson, 1999). Intense salinity stratifi-
cation and convective mixing during the cooling period (generally
winter and the beginning of spring) is restricted to the upper 60–
80 m, below this level temperature is fairly stable and can be
approximated to 5.5 °C found throughout the year in the deep basins.
Large seasonal temperature variation at the surface in combination
with the low surface salinity results in regular ice formation (e.g.
Feistel et al., 2008; HELCOM, 2009).

The highest overall Baltic Sea diversity and number of benthic
macroscopic species can be found in the south-western region, that is
most influenced by marine conditions (Zettler et al., 2008). Generally,
the number of species declines to the north resulting in the low-
diversity communities, for example, in the Gulf of Bothnia (Ojaveer et
al, (submitted for publication). In recent decades, eutrophication and
pollution have significantly affected the biota of the Baltic Sea. The
entire soft bottom infauna is defined as poor in terms of species
composition, and functional complexity is considered to be low
(Andersin et al, 1978; Laine, 2003; Bonsdorff and Pearson, 1999). The
primary reason for the low-diversity is that very few species are
endemic to brackish conditions, as both marine and limnic species
meet their physiological limits (HELCOM, 2009).

2.2. Data inventory

Generally, there is a lack of data sets that would simultaneously
fulfill the two important demands of rigorous assessment and analysis
of the of Baltic Sea's macrozoobenthic biodiversity: the sufficiency of
spatial cover and density of sampling points and its interior
comparability, or at least homogeneity of taxonomic nomenclature.
A compatible dataset covering the whole Baltic was required for our

aims. Various literature sources, including the historical data from
Knipowitsch (1909) and Hessle (1924), the data on distribution of
species in the south-western Baltic Sea combined in Gerlach (2000)
and Zettler and Röhner (2004), and available databases, including
“Autecological Atlas” of the IfAÖ (2007), HELCOM monitoring data
collected in the ICES-Database (ICES EcoSystemData), Baltic Sea Alien
Species Database (Olenin et al., 2009), data obtained by the IOW
monitoring and various research programmes, were analysed with
respect to information on macrozoobenthos distribution in the Baltic
Sea. Most latter sources provided the data collected by macrobenthic
surveys following the guidelines of HELCOM (2008).

Allmacrofauna specieswere identified to the lowest taxonomic level
possible. The nomenclature was checked and revised following the
World Register of Marine Species (SMEBD, 2009), but also the BioLib
taxonomic data (Zicha, 1999–2009) in case of freshwater species. This
formed an inventory list of about 11 hundred macrozoobenthic taxa
grounded on valid taxonomyand synonymypublished by the co-author
in Ojaveer et al, (submitted for publication).

Revised data on species occurrence within the defined Baltic Sea
sub-regions were compiled together in GIS (software ArcGIS 9.1, ESRI,
2003) including over 160,000 entries (12,200 stations, i.e. sampling
events; Fig. 1a), sampled from 1839 to 2009.

2.3. Environmental data

To maximize the applicability of the habitat suitability model, only
widely available environmental variables were offered in themodelling
exercise. Depth represents an indirect variable replacing a combination
of different recourses and direct gradients — a primary descriptor of
other environmental factors (e.g. food quality and food availability, light
penetration). To compile the digital elevation model the bathymetry
dataset from Seifert et al. (2001) was used (Fig. 1b). Data for near-
bottom salinity (Fig. 1c) averaged for 45 years to smooth the variance
are the result of dynamical 3D modelling and the methodology for
producing it is documented by Neumann and Schernewski (2008). The
only available data on seabed sediments covering the whole Baltic Sea
region was produced by the EU-BALANCE project (Al-Hamdani and
Reker, 2007). It is the categorical data represented by 5 classes (1 —

bedrock, 2— complex sediments, 3— sand, 4— hard clay, and 5—mud
and clay) with resolution of 200 m (Fig. 1d). The transformation of this
categorical data into numerical datawas not applied, as for instancewas
done in Meissner and Darr (2009). The reason for this is that no
unambiguous correlation was found between the substrate classes and
numerical characteristics of sediments (e.g. median grain size and total
organic content analysed inGogina et al., 2010). To retain the resolution
of substrate data for the analysis, the other environmental data (salinity
and bathymetry) were subject to resampling using nearest neighbor
assignment thatdoesnot changeany of thevalues of cells from the input
layer. Thus, values of 3 environmental variables, assumed to generally
controlled species distribution, were obtained for each of the grid cells
200×200 m.

2.4. Exemplary species

For this exercise 19 species from various functional groups
representative of both marine and limnic communities, relatively
abundant and well represented by the data, were chosen (Table 1).
Here their feeding types, preferences in substrate and salinity and
possible penetration depth according to the literature sources are
listed. The frequency of occurrence ranging from 6 to 48% is indicated
within the dataset.

2.5. Modelling technique

The process of construction of habitat suitability models included
the following steps.
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First, biotic data was reduced to presence/absence. We assumed
that our data contains reliable “true absences” sensuWisz and Guisan
(2009), as species we are considering can be regarded as discrimi-
natory, common and relatively well known for the Baltic Sea. The
latter promotes its presence in the sample if the animal is present on
the site as well as its identification.

Then, in order to be able to evaluate the model performance, data
was randomly separated into the calibration and the evaluation
datasets (each containing about a half of initial sites). This solution is
suggested, for example by Guisan and Zimmermann (2000).

Binary logistic regression was chosen as an appropriate technique.
This branch of GLM is classic for binary response. It makes no assump-

tions about the data distributions, including the possibility to use
categorical predictors, and allows predicting the probability of observ-
ing the species (rather than predicting binary presence–absence).

The logistic regressionmodel relates the probability of observing the
species p to one or more predictor variables x (Legendre and Legendre,
1998; Ysebaert et al. 2002; Wisz and Guisan, 2009). The form of
preliminary model can be given as follows: p(x)=γb/(1+γb), where
γb = e b0 + b1S + b2S2 + b3D + b4D2 + b5Sed1 + b6Sed2 + b7Sed3 + b8Sed4ð Þ. It in-
cludes simple polynomial response for (S) salinity, (D) water depth and
substrate classes (Sed) coded as 4-level categorical variable; bi are the
regression parameters. They are estimated by maximum likelihood,
assuming a binomially distributed error term.

Fig. 1. Stations sampled for macrofauna within the Baltic Sea sub-regions are indicated by dots (a) and distribution surfaces of the environmental variables considered covering the
Baltic Sea: bathymetry (b), near-bottom salinity (c), seabed sediment type (d). Geographical data ESRI (2003); projection UTM on WGS84.
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We have tested various combinations of predictors and the
functional forms of the relationships (i.e. special cases of the linear
predictor, specified above). The optimal model selection was based on
information theoretic approach after (Burnham and Anderson, 2004)
relying on the calculation of the Akaike Information Criteria. Models
with the lowest AIC value within a set strike the best balance between
bias and variance of model prediction and provide the least infor-
mation loss when approximating the truth.

We tested the models' discriminatory power using calculations of
the Area Under the ROC Curve (a so-called AUC) of a Receiver
Operating Characteristic Plot on the evaluation data not used for
models building. AUC is an appropriate metric for evaluating clas-
sification accuracy because it estimates the percentage of locations
where the species is observed to be present that are expected to have
a higher predicted probability of occurrence than places where the
species are absent (Fielding and Bell, 1997). Moreover, it is a threshold
independent metric, which means it assesses classification accuracy
across the entire range of predicted probabilities, and not just for a
specified probability threshold. Hosmer and Lemeshov (2000) suggest
the following interpretation of AUC values when evaluating the
model's discriminatory ability: AUCN0.9 outstanding, 0.8bAUCb0.9
excellent, 0.7bAUCb0.8 acceptable, AUC≤0.5 no discrimination.
Assigning a threshold value for dichotomising the occurrence
probabilities to presence–absence predictions is conditional to prior
information about species prevalence (e.g. Strauss and Biedermann,
2007). The threshold-dependent metrics used to additionally assess
model discrimination were sensitivity (true positive rate), specificity
(true negative rate) and correct classification rate, evaluated for
the test data (not used for model building), given for the defined
threshold.

Using the defined method, probabilities of species occurrence
were modelled and mapped. All analysis were carried out using SPSS
(SPSS, Inc.), Statistica (StatSoft Inc., 2007), MATLAB and ArcMap (ESRI
Inc., Redlands, USA).

3. Results

The 19 macrozoobenthic species selected for this exercise are all
among the most dominant and representative benthic macro-
invertebrates of the Baltic Sea, but are representatives of various
functional groups (Table 1). Thus, their habitat preferences varied
considerably (Fig. 2). Box-and-whisker plots were used to illustrate
the observed distribution of the exemplary species along the ranges of
depth and salinity. The number of sampled locations within each of
the substrate classes varied drastically (96, 1675, 4288, 729 and 4694
stationswithin class 1, 2, 3, 4 and 5, respectively). Thus to visualize the
patterns of occurrence of exemplary species over the substrate classes
the fraction of stations where the particular species is found in the
total number of stations sampled within the class was derived and
plotted.

Differences between species were observed in regard to their
relative frequency of occurrence and density. The bivalve Macoma
balthica was the most common species. The gastropod Hydrobia
ventrosa and the amphipods Bathyporeia pilosa and Corophium
volutator occurred in the most moderate percentage of samples of
the data set, still exceeded the overall 5% and thus cannot be assigned
to the uncommon. In terms of density, Hydrobia ulvae indicated the
highestmedian value of abundance at occupied locations, whereas the
highest absolute value of density (P99 was considered to adjust the
outlier observations) is featured by Mytilus edulis. Yet, as only a few
species are considered here, no obvious general differences can be
seen for these parameters between the various functional groups.

Additionally to Fig. 2, changes of species densities were plotted
against the abiotic factors using scatter plots (not presented here for
brevity). Both graphical outputs confirm that the crustaceans
Pontoporeia affinis, Pontoporeia femorata and Saduria entomon are
the species that are most tolerant to the increase of water depth, with
their highest frequencies and associated densities observed between
40 and 60 m. Oppositely, distribution of B. pilosa and C. volutator and,

Table 1
List of exemplary species, their habitat preferences according to the authors experience (some key references are also indicated in the footnote), median (P50) and 99th percentile
(P99) of abundance density (ind/m2) and frequency of occurrence (Freq., in %) in the analysed data set.

nn Taxon and author Feeding type Substrate type Penetration depth Salinity (psu) P50 P99 Freq.

Crustacea⁎

1 Bathyporeia pilosa Lindström, 1855 Grazing Fine sands 0–3 cm 7.3–14.7 11 5431 7.3
2 Corophium volutator (Pallas, 1766) Deposit/suspension feeding Muddy sands 2–5 cm 5–35 28 11,157 10.7
3 Diastylis rathkei (Kröyer, 1841) Deposit feeding Muddy sands and mud 1–5 cm 7.7–30.3 49 3970 34
4 Pontoporeia affinis Lindström, 1855 Deposit feeding Mud to sand 0–5 cm 0–10 141 10,163 14.3
5 Pontoporeia femorata Krøyer, 1842 Deposit feeding Mud to sand 0–5 cm 11.5–30.3 20 2157 12.3
6 Saduria entomon (Linnaeus, 1758) Predation Mud to sand, complex 0–10 cm 3–13 10 168 13.7

Mollusca⁎⁎

7 Arctica islandica (Linnaeus, 1767) Suspension feeding Mud to sand 0–14 cm 15–31 21 409 21.2
8 Astarte borealis (Schumacher, 1817) Suspension feeding Mud to sand 0–1 cm 15.8–40 27 969 13.1
9 Hydrobia ulvae (Pennant, 1777) Grazing/deposit feeding Mud to sand 0–1 cm 10–33 267 18,762 24.9
10 Hydrobia ventrosa (Montagu, 1803) Grazing/deposit feeding Mud to sand 0–1 cm 6–20 70 37,664 6.2
11 Macoma balthica (Linnaeus, 1758) Deposit/suspension feeding Mud to sand 5–6 cm 4.6–30.3 90 3438 48.4
12 Mya arenaria Linnaeus, 1758 Suspension feeding Fine–medium sands Up to 40 cm 7.3–30.3 40 5500 25.8
13 Mytilus edulis Linnaeus, 1758 Suspension feeding Mud to boulders 0 cm 6.8–30.3 42 55,000 34.5

Polychaeta⁎⁎⁎

14 Heteromastus filiformis (Claparède, 1864) Deposit feeding Mud to sand Up to 30 cm 15–30.3 34 4040 18.4
15 Lagis koreni Malmgren, 1866 Deposit feeding Muddy sands 0–10 cm 15–30.3 30 1751 16.4
16 Pygospio elegans Claparède, 1863 Deposit/suspension feeding Fine–medium sands 4–6 cm 7.2–29.3 121 8640 28.9
17 Scoloplos armiger (Müller, 1776) Deposit feeding Muddy sands and mud 5–15 cm 11.5–32.4 84 1657 30.7
18 Terebellides stroemii Sars, 1835 Deposit feeding Mud to gravel 0 cm 35–10 27 1351 16.7

Priapulida⁎⁎⁎⁎

19 Halicryptus spinulosus von Siebold, 1849 Deposit feeding, predation Muddy sands and mud 1–6 cm 6.8–21.3 11 249 21.5

⁎ Schulz, 1969; Ankar, 1977; Fenchel et al., 1975.
⁎⁎ Schulz, 1969; Ankar, 1977; Fenchel et al., 1975.
⁎⁎⁎ Schulz, 1969; Fauchald and Jumars, 1979.

⁎⁎⁎⁎ Schulz, 1969; Aarnio et al, 1998.
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especially, H. ventrosa is most strongly constrained by the factor, with
highest densities observed in regions shallower then 10 m and
animals hardly ever present in samples from below 30 m isobaths
(15 m for H. ventrosa).

In terms of near-bottom salinity, P. affinis was the most evident
limnic species, with highest densities observed between 5 and 9 psu,
and only rear events of its occurrence at stations with salinity values
above 10 psu. C. volutator and S. entomon also favour the common
salinity range with highest abundances recorded at this part of the
gradient; however, their occurrence at higher values of salinity is not
unlikely. Species as Terebellides stroemi and Diastylis rathkei, indicate
the opposite behavior with wide range of suitable salinities
(approximately 10 to 30 psu) and are most abundant in the most
saline regions. Other species as M. balthica and H. spinulosus, though
also recorded at station with salinity values from ca. 4 to 27 psu, show
the peaks of abundance density near the lower end of this range.

As for substrate preferences of the exemplary species, most of
them seem to avoid the areas where seabed substrate is represented
by the bedrock class, with the evident exceptions of P. affinis,
P. femorata and S. entomon. Generally, this type of substrate is the
most infrequent for the Baltic Sea (Fig. 1d), particularly, it is exposed
in many areas of the Åland Sea and Archipelago Sea, where it shows
traces of the last ice age; all of the three species are glacial relicts

that in terms of both abundance and occurrence favour very fine
sediments. M. balthica and the priapulid Halicryptus spinulosus also
indicate their occurrence on bedrock substrates. M. balthica seem
generally to have a high tolerance for variations of substrate types. As
for H. spinulosus it is important to note that is rather a data artefact.
This species is known to be a mud/clay dweller and its tolerance to
rocky beds is highly unlikely. Apparently, the rough substrate map
available for this study does not reflect some isolated muddy patches
that can occur within the areas where bedrock is prevailing, especially
in the regions of Stockholm archipelago and the Archipelago Sea.

Habitat models were developed for all the investigated species. For
most species the final model with greatest discriminatory power
included all three environmental factors considered, with the
polynomial response for salinity and depth and the 4-level categorical
assignment to one of the substrate classes. The exceptions were the
habitat models for P. affinis and C. volutator, where the quadratic term
for salinity was eliminated, as well as the final models for the cumacea
D. rathkei and the pectinariid Lagis koreni that did not account for the
substrate type factor. Both latter marine species are known to prefer
muddy sands. The habitat suitability models constructed for them
indicated relatively high AUC values (0.83 and 0.9, respectively).

The examples of produced maps with probabilities of occurrence
derived using the logistic regression models based on three

Fig. 2. Occurrence of 19 exemplary species along the ranges of investigated environmental parameters. Species are ordered alphabetically, 6-letter codes from top to the bottom
referring to Astarte borealis, Arctica islandica, Bathyporeia pilosa, Corophium volutator, Diastylis rathkei, Halicryptus spinulosus, Heteromastus filiformis, Hydrobia ulvae, Hydrobia
ventrosa, Lagis koreni, Macoma balthica, Mya arenaria, Mytilus edulis, Pontoporeia affinis, Pontoporeia femorata, Pygospio elegans, Saduria entomon, Scoloplos armiger, and Terebellides
stroemi. The tops and bottoms of each “box” are the 25th and 75th percentiles of the samples, respectively. The line in the middle of each box is the sample median. The “whiskers”
extending to the left and the right of each box represent minimum and maximum value of the abiotic parameter corresponding to the occurrence of species. Sediment classes are
numbered as in Fig. 1d.
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environmental factors are shown in Figs. 3 and 4. Symbols indicate the
observed species abundance with their size corresponding to the
value of the abundance density. Color fields show the modelled
probability of occurrence.

On the Fig. 3, left the results are shown for the glacial limnic relict
amphipod P. affinis. According to Table 2, AUC value estimated on the
data assumed to be independent, that is not used for model
calibration, indicates very high degree of success. On the right the
results are mapped for the bivalve M. balthica found almost all over
the Baltic Sea and known to be very tolerant in response to
environmental gradients. In this case AUC value indicates the pre-
dictive power that can be regarded as only fair. Nevertheless, the con-
sistency with data observations can be seen even here. The considered
environmental predictors are significant, but noticeable part of the
variance of species distribution is explained by some other factors not
included in the analysis.

Fig. 4 shows the results of prediction for the priapulid H. spinulosus
and the bivalve Arctica islandica both species are not as abundant and
frequent as the previous ones. For H. spinulosus model AUC value was
relatively low. Whereas, the combination of the factors considered
seems to be suitable in the area north to the land Sea, the observational
data evidences the barrier of modelling here, and the existence of some
other limiting factor preventing the species from inhabiting the
territory. This can supposedly be variations in ice cover, temperature
or nutrient supply. Also, the locally bad performance of the model for
this species is most probably caused by the data artefact (the roughness
of substrate type data results in the indication of the occurrence of
species on bedrock substrates, what in turn fully contradicts with the
autecological preferences known for the species). The probability of
occurrence modelled for A. islandica known to prefer polyhaline
environment corresponds with the observations very well. It can be
also seen here that areas with higher predicted values match with the
locations of higher observed abundance densities.

Thus, habitat suitability maps predict the specific ecological
potential of a habitat rather that a realized ecological structure, with
limitations defined by the data analysed.

4. Discussion and conclusions

Physical limits of species distribution are caused by environmental
and physiological constrains, e.g. many zoobenthic species exploit the
physical characteristics of the environment to obtain their foods,
survival of larvae is conditional on hydrographical variables, etc.
(Guisan and Zimmermann, 2000; Gray and Elliott, 2009).

On different scales various factors take the leading stand in
influencing species distribution. Biotic factors are expected to be the
dominating ones on the more local scale. The spatial scale of this
exercise can be described as fine-grained (referring to the individual
data units of grab samples), whereas spatial extent covered can be
defined as large (377,000 km²). On a large-scale, e.g. Baltic-wide,
salinity is likely to be the primary (or even the only) descriptor in
species–environmental relationships (Laine, 2003; Bonsdorff, 2006;
Ojaveer et al, (submitted for publication)).

The core of predictive geographical modelling is represented by the
quantification of species–environment relationships (Guisan and
Zimmermann, 2000). In the present study we have tested the
discriminating ability of such factors as salinity, depth (as indirect
factor replacing a combination of different recourses and direct
gradients— a primary descriptor for other abiotic factors) and substrate
characteristics (considered only generally due to the absence of more
detailed data available to the authors at the time of carrying out the
analysis) on a Baltic Sea-wide scale to explain the occurrence of typical
macrozoobenthic species. Presented models are based on the hypo-
thesis of species distribution being generally controlled by the
environmental factors analysed. The environmental variables analysed
in this study representbothdirect and indirect ecological factors, yet,we
expect the measured processes to be a constraint on but not the sole
determinant of the benthic organisms' responses (Cade and Dong,
2008). For instance, numerous factors, including the existence of a
circulatory system, diffusion distances, temperature, degree of locomo-
tor activity, effect of dissolved oxygen levels on the persistence and
bioavailability of some chemicals, ability to regulate external respiration
and the existence of respiratory pigments determine the dependency of

Fig. 3.Modelling results compared with the observed data for the amphipod Pontoporeia affinis (left) and the bivalveMacoma balthica (right). Symbols indicate the observed species
abundance (ind/m2) with their size corresponding to the value of abundance density (the maximal value observed for each cell of a regular 20 km grid is plotted in order to simplify
visualization). Color fields show themodelled probability of occurrence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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marine and estuarine invertebrates on oxygen; there are dramatic
differences in need for this recourse between macrobenthic species
(e.g.Davis, 1975). Oftenwaterdepth is regarded asa proxy (indirect and
integrated) for near-bottom oxygen conditions and distribution of
oxygen depletion events. Oxygen regime in the Baltic Sea is depth-
dependant, yet oxygenation of sub-halocline depends also and mainly
on the advection of Kattegat waters (e.g. Fleischer and Zettler, 2009;
Olenin, 1997). Prolonged changes in oxygen conditions result in
modification of local community structure, with intolerant of depressed
oxygen species abandoning the environment (mobile) or die (sessile),

inhabiting the territory tolerant species survive, or diversity drop to zero
before the area is recolonized by the species able to stand the present
conditions. Thus, the prior duration, frequency and regularity of
hypoxia/anoxia are of matter for the current state of the macrobenthic
community (Karlson et al., 2002). Yet, the complexity and variability of
oxygen dynamics in the Baltic Sea causes difficulties for inclusion of this
factor in the model. In further work authors hope to overcome the
challenge of defining an appropriate variable (or a set of variables) to
cover the inter-annual and seasonal variations and fulfill the frame-
works of physics, autecology and mathematics involved in the
generation of habitat suitability models. Also, benthic environments
are at the receiving endof the accumulation andburial of organicmatter,
and models for many species would benefit from incorporating the
corresponding variable; however the sufficient data was not yet
available for this exercise.

Thus our results indicate the habitat suitability defined by the factors
analysed under the conditions, when hypoxia does not play a limiting
role. We believe that if such “oxygen-rich conditions” would last for
sufficiently long period in the deepest regions of the sea (e.g. regions
where long-lasting hypoxia plays a significant role in determining the
spread of benthic species), the species under interest would be able to
colonise the areas that are suitable for them in terms of the factors
accounted by our study.

As a potential field of application for similar models Davies et al.
(2000) suggests creating amodel for prediction of local habitat features
that are expected to occur at a site in the absence of the effects of human
activities using large-scale variables. A list of habitat features that are
expected at a site can farther provide targets for habitat restoration or
enhancement. Moreover, when accompanied by other relevant devel-
opments and investigations the possible use can be found in the
comparisonof species' spatial distributionatdifferent scales (e.g. Thrush
et al., 2005; Gogina et al., 2010). Possibly, the coupling of species
ecological functions (filtration rates, bioturbation modes, etc.) with the
results of such modelling exercises via biochemical or sediment
transport models may help to assess the ecosystem functioning
(e.g. Bobertz et al., 2009). The analytical overviews on ecosystem

Fig. 4. Modelling results compared with the observed data for the priapulid Halicryptus spinulosus (left) and the bivalve Arctica islandica (right). Symbols indicate the observed
species abundance (ind/m2) with their size corresponding to the value of abundance density (the maximal value observed for each cell of a regular 20 km grid is plotted in order to
simplify visualization). Color fields show the modelled probability of occurrence. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Comparison of modelling results concerning discrimination and predictive accuracy of
developed models for the 19 macrobenthic species. AUC=area under the receiver
operating curve, CI=confidence interval, calculated for the evaluation data not used for
models building; CCR=correct classification rate in %, Sens.=sensitivity (true positive
rate) in %, Spec.=specificity (true negative rate) in %, given for the arbitrary defined
threshold value (P). Species notation as in Fig. 2.

AUC (95% Cl) P CCR Sens. Spec.

Arcisl 0.917 (0.910–0.924) 0.50 85.6 76.6 88.5
Astbor 0.826 (0.815–0.838) 0.20 73.2 80.6 71.9
Batpil 0.816 (0.799–0.833) 0.15 78.0 63.4 79.2
Corvol 0.810 (0.803–0.836) 0.15 78.7 72.0 79.4
Diarat 0.829 (0.818–0.840) 0.50 77.3 73.8 79.4
Halspi 0.747 (0.733–0.761) 0.30 71.7 58.4 75.9
Hetfil 0.848 (0.837–0.859) 0.30 76.3 70.1 77.8
Hydulv 0.811 (0.799–0.823) 0.40 75.9 62.4 80.5
Hydven 0.902 (0.891–0.914) 0.15 87.9 73.8 88.7
Lagkor 0.900 (0.893–0.908) 0.40 84.4 81.7 85.0
Macbal 0.746 (0.734–0.759) 0.50 67.4 72.2 62.4
Myaare 0.809 (0.798–0.821) 0.40 75.2 59.1 81.1
Mytedu 0.783 (0.771–0.795) 0.40 71.2 71.4 71.0
Ponaff 0.942 (0.935–0.949) 0.16 87.4 92.1 82.8
Ponfem 0.772 (0.754–0.790) 0.15 79.7 63.1 82.4
Pygele 0.790 (0.778–0.802) 0.50 72.5 62.5 76.9
Sadent 0.857 (0.841–0.874) 0.20 77.8 79.6 76.0
Scoarm 0.786 (0.774–0.798) 0.40 72.3 78.6 65.7
Terstr 0.836 (0.825–0.847) 0.30 77.7 65.4 80.0
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engineers and their role in ecosystem functioning (Mermillod-Blondin
and Rosenberg, 2006; Crain and Bertness, 2006) suggest that without
taking into account the distribution of common benthic invertebrates
regarding thebackground environment and limitingvariables in aquatic
ecosystems, it is impossible to build a rigorous, predictive concept of
conserving and restoring damaged ecosystems, tomeet the challenge of
answering such questions as why do species occur in or avoid a par-
ticular region; why are they frequent or rare; which species are
responsible for particular ecosystem functions across environmental
gradients; how can the consequences of changing habitats be qual-
itatively and quantitatively assessed, and whether these consequences
will be alike in various environments.

The present exercise has confirmed, that salinity, depth and
substrate type are all important in determining the distribution of
most characteristic macrobenthic species on a large-scale of the whole
Baltic Sea. Simple empirical (logistic regression based) habitat suitabil-
itymodels allow to satisfactorily predict the distribution ofmacrofaunal
species even based solely on modelled salinity, depth and rough
substrate class information.

Models performed comparatively well in the whole Sea, however
their applicability outside the Baltic should be considered at least
questionable. They require further development, calibration and
validation, and adjustment to environmental patterns known for the
region to be applied to, e.g. inclusion of other abiotic variables.

The present exercise is only a first step. Implementation of other
variables (e.g. characterizing oxygen and temperature fluctuations,
total organic content, and nutrient supply) would obviously increase
the model applicability.

Information on the ecological potential of a habitat suitability is
utmost important for scientifically sound marine spatial planning (for
instance, accounting for precautionary principal, high potential areas
should be avoided when planning new marine constructions, as
suggested in Degraer et al. 2008).

The roles played by many macrofaunal species are influenced by
density, not just occurrence (Thrush et al. 2003). “Factor ceiling” or
quantile regressions can be sufficient for modelling of this parameter.
Huston (1994) concluded that the effects of competition, predation, and
general physical disturbance are alike in that individuals were removed
from the assemblage. However, the presented models are aiming to
reveal only the general patters. In absence of major anthropogenic
impacts habitat suitability and thus ecological potential are far more
temporally stable compared to fluctuating macrobenthic community
structure. Presented habitat suitability maps predict the specific
ecological potential of a habitat for a species (the background) rather
that a realized ecological structure, with limitations defined by the
predictors considered, their range, and the specified scale, and can be
considered as a complementary to observations (Degraer et al. 2008).

Further development, rejection of such general averaging, assim-
ilation of more detailed data and accounting for temporal sequences
are indispensable to be able to provide a basis for more particular
inferences directed towards management.
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Appendix A 

Predicted probability of occurrence and measured abundance vs. abiotic factors for five 
selected species: Arctica islandica, Hediste diversicolor, Pygospio elegans, Tubificoides 
benedii and Scoloplos armiger 
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A. islandica, predicted probability of occurrence and measured abundance vs. abiotic factors 
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H. diversicolor, predicted probability of occurrence and measured abundance vs. abiotic factors 
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P. elegans, predicted probability of occurrence and measured abundance vs. abiotic factors 
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S. armiger, predicted probability of occurrence and measured abundance vs. abiotic factors 
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T. benedeni, predicted probability of occurrence and measured abundance vs. abiotic factors 
 

    

    

    
 

    
 
 
 



Appendix B 

Scatter plots of abundance density values for 19 macrobenthic species representative for the 
Baltic Sea vs. environmental factors (depth, salinity, sediment class/median grain size, near-
bottom oxygen concentrations, total organic content in sediments: measured data for 
environmental variables – black dots, modelled – gray dots). Species abbreviation: Astbor, 
Arcisl, Batpil, Corvol, Diarat, Halspi, Hetfil, Hydulv, Hydven, Lagkor, Macbal, Myaare, 
Mytedu, Ponaff, Ponfem, Pygele, Sadent, Scoarm, Terstr stand for Astarte borealis, Arctica 
islandica, Bathyporeia pilosa, Corophium volutator, Diastylis rathkei, Halicryptus spinulosus, 
Heteromastus filiformis, Hydrobia ulvae, Hydrobia ventrosa, Lagis koreni, Macoma balthica, 
Mya arenaria, Mytilus edulis, Pontoporeia affinis, Pontoporeia femorata, Pygospio elegans, 
Saduria entomon, Scoloplos armiger, Terebellides stroemi 



B1 

 

 

 

 

 



B2 

 

 

 

 



B3 

 

 

 

 



B4 

 

 

 

 



B5 

 

 

 

 

 



Appendix C 

Modelling results compared with the observed data for the 19 macrobenthic species 
representative for the Baltic Sea. Symbols indicate the observed species abundance (ind/m2) 
with their size corresponding to the value of abundance density (the maximal value observed 
for each cell of a regular 20 km grid is plotted in order to simplify visualization). Colour fields 
show the modelled probability of occurrence. 
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