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Abstract 

Biodiversity is important in maintaining ecosystem viability and the knowledge 
on how biodiversity is regulated and maintained is a prerequisite for the 
sustainable management of natural resources. Using three different diversity 
indices (macrozoobenthos community index, number of functional traits, 
community heterogeneity), we evaluated the role of physical water properties 
(water temperature, salinity, and velocity), coastal topography (depth and coastal 
slope), ice scouring (ice cover and duration) and eutrophication (water 
transparency, phytoplankton biomass) on benthic macrophyte and invertebrate 
communities in a brackish water ecosystem of the Baltic Sea. The analyses were 
performed at multiple spatial scales in order to identify scale-dependent 
relationships between the environment and biota as well as to promote our 
understanding of the patterns of macroalgal and invertebrate diversity in the 
coastal seascapes. The studied indices responded well to the changes in ambient 
environment and the links between environmental variables and indices were 
always the strongest at 5 km spatial scale. In general ice conditions, coastal 
topography and eutrophication had the strongest and physical water properties 
had the weakest effect to the studied indices. The eutrophication induced effects 
were the strongest at seascape scales and these are the scales at which the 
impacts of eutrophication on coastal biota should be assessed. 
Keywords: biodiversity, bioindication, eutrophication, climate change. 
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1 Introduction 

The cumulative effects of multiple human stressors such as resource extraction, 
pollution, habitat destruction, spread of non-indigenous species, and climate 
change have ever-increasing negative impacts on ecosystem integrity. Elevated 
biodiversity, however, are believed to play an important role in safeguarding 
ecosystem integrity and services under perturbed conditions over long periods of 
time [1, 2]. These ecological effects of biodiversity make the increased 
biodiversity a valuable asset to humans. Thus, it becomes important to monitor 
biodiversity and define the contribution of local hydrophysical, geomorphology 
and weather conditions as well as human induced eutrophication to the 
variability of biodiversity. 
     The Baltic Sea is a seasonally varying system with prominent gradients in 
abiotic variables [3]. Salinity is considered to be the most important regional 
factor setting the distribution limits of algal species. Low salinity values result in 
low species and functional diversity but also in a peculiar mixture of marine, 
limnic and brackish water species in the Baltic Sea area [4, 5]. The area is 
characterized by strong fluctuation in temperature and light. Severe storms and 
ice scour are the prevailing physical disturbances [6–8]. It is generally accepted 
that abiotic environmental factors rather than biotic interactions control the 
benthic algal and invertebrate communities in the Baltic Sea [4, 9, 10]. Among 
anthropogenic pressures the large-scale nutrient enrichment is known to increase 
pelagic productivity, turbidity, sedimentation of organic matter and frequency of 
hypoxia and thereby limit benthic primary production, recruitment as well as 
control the long-term changes of benthic communities in the Baltic Sea area (e.g. 
[11–13]). 
     Knowledge on the relative importance of all these interacting processes on 
benthic communities is only just starting to emerge [14–18]. These studies 
confirm that the degree of interaction between different pressures is not 
consistent but varies across sites or species [19]. In order to conserve and 
sustainably use biological diversity, however, local the pressure-diversity 
relationships need to be established. 
     Different aspects of biodiversity can be measured using various ecological 
indicators. In the current study we focused on three different aspects of 
biodiversity – local species diversity, functional richness and synchronicity of 
seascape diversity. Owing to large natural variability of the Baltic Sea 
environment and the opportunistic character of many benthic species, we expect 
that the variability of indices, which included only the element of diversity, is a 
function of local geomorphology and hydrophysical characteristics of the 
environment. We also expect that such indices are largely unresponsive to local 
human-induced pressures such as coastal eutrophication. In addition some 
analyses also included sensitivities of species to environmental pressures and we 
expect that these indicators primarily reflect the intensity of eutrophication and 
less those variables related to physical water properties. 
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2 Material and methods 

2.1 Study area 

This study was carried out in the northeastern Gulf of Riga, the Baltic Sea. The 
Gulf of Riga is a wide, shallow, semi-enclosed brackish-water ecosystem of the 
Baltic Sea. A huge drainage area (134 000 km2) supplies the gulf with fresh 
water, which mostly enters the southern part of the basin. The average salinity 
varies from 0.5−2.0 in surface layers in its southern and northeastern areas to 7 
in the straits. In most parts, however, the salinity is 5.0−6.5 and there is no 
permanent halocline. Due to the shallowness of the gulf, the dynamics of both its 
surface and deep water temperatures is directly coupled with air temperatures. 
The gulf is more eutrophicated as the Baltic Proper. In general, the bottom relief 
of the area is quite flat, with gentle slopes towards deeps. The northern part of 
the gulf is characterized by a wide coastal zone with diverse bottom topography 
and extensive reaches of boulders. The southern part of the Gulf of Riga is more 
exposed; steep and soft substrate prevails ([20] and references therein). 

2.2 Sample collection 

The benthic community sampling and sample analysis followed the guidelines 
developed for the HELCOM COMBINE program [21]. An Ekman-type bottom 
grab sampler (0.02 m2) was used on soft sediment and a diver-operated metal 
frame (0.04 m2) was used to collect samples on hard substrate. A total of 195 
stations were sampled and three replicate frame samples were taken in each 
station once a year in summers 2011 and 2012. During sampling the geographic 
coordinates, depth, and sediment types were recorded. Samples were sieved 
through a 0.25 mm mesh and the residuals were placed in plastic bags. Samples 
were preserved in a deep freezer at -20°C. In the laboratory, all invertebrate and 
macrophyte species were identified in the samples. Dry weights of all taxa were 
obtained after keeping the material 2 weeks at 60°C.  

2.3 Indices  

2.3.1 Macrozoobenthos community index (ZKI)  
The structure of benthic assemblages responds diversely to many kinds of 
stresses because these assemblages typically include organisms with a wide 
range of physiological tolerances, feeding modes, and trophic interactions. In 
order to make this information usable for water quality assessment, the ZKI 
index divides the macrofauna into three distinguished groups according to their 
sensitivity to an increasing stress (including eutrophication). Species belonging 
to class 1 are those that can be found at heavily eutrophicated conditions, species 
belonging to class 2 are those that gain biomass under moderate eutrophication 
conditions, and class 3 species are those typical to pristine conditions. The index 
also takes into account species number at station and compensates this diversity 
term for salinity gradients. The compensation term is based on waterbody-
specific maximum values for species number calculated from the entire content 

Coastal Processes III  79

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 169, © 2013 WIT Press



of national database. The index is currently used when assessing the water 
quality in Estonia in the frame of the EU Water Framework Directive [22]. 
     The equation of the ZKI index is as follows:  
 

0.5    Class1   2   Class2   3   Class3 –  0.5
S

Smax

 

where: 
Class i is a ratio of sum of dry weight of the species belonging to class i to total 
invertebrate biomass at station; S is number of species/taxa at station; Smax is a 
waterbody-specific value of maximum species number at station. 
     The values of ZKI index vary between 0 and 1 i.e. 1 representing the healthy 
communities and 0 representing the most deteriorated communities.  
     There are certain criteria that need to be fulfilled:  
 

(1) The index can be used for soft bottom communities including mixed sand 
sediments. 

(2) Sampling device is either a van Veen or Ekman type benthic grab. 
(3) Depth should be ≥ 5 m and ≤ 30 m. 

2.3.2 Number of functional traits (NFT) 
One of the most promising of the recently proposed approaches to measure 
community functional diversity is Biological Traits Analysis. Biological traits 
analysis uses a series of life history, morphological and behavioural 
characteristics of species present in assemblages to indicate aspects of their 
ecological functioning. The roles performed by benthic species are important for 
regulating ecosystem processes and these roles are determined by the biological 
traits species exhibit. The approach aims to provide a description of multiple 
aspects of functioning based on features of the biological ecosystem component. 
It does this by utilising specific species traits as indicators of functioning and 
examining the occurrence of these traits over assemblages. Community structure 
is governed by habitat variability and the biological traits exhibited by organisms 
will provide information about how they behave and respond to stress, thereby 
indicating the state of the environment. 
     Biological Traits Analysis is based on habitat template theory, which states 
that species’ characteristics evolve in response to habitat constrain. Community 
structure is governed by habitat variability and the biological traits exhibited by 
organisms will provide information about how they behave and respond to stress, 
thereby indicating the state of the environment. BTA uses a number of analyses 
to describe patterns of biological trait composition over entire assemblages (i.e. 
the types of trait present in assemblages and the relative frequency with which 
they occur). 
     The index counts the number of functions (biological traits) in the system. 
Higher number reflects elevated functional diversity and, thus, such communities 
are able to provide more ecosystem services compared to those communities that 
have lower number of functions. In the current index the observed benthic 
invertebrate species were classified according to their mobility (mobile and non-
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migratory) and feeding type (suspension feeders, herbivores, deposit-feeders, and 
carnivores) based on literature [23] and field observations. Benthic macrophyte 
species were classified according to their growth form (coarsely branched, 
filamentous, sheet, thick leathery). 

2.3.3 Community heterogeneity (CH) 
The index analyses heterogeneity of communities at the landscape scale. In order 
to do so we quantify the relative importance of scale-specific variability of 
macrophyte and benthic invertebrate communities. Using multivariate data 
analyses dissimilarities between pairs of samples are calculated using a zero-
adjusted Bray-Curtis coefficient (e.g. using PRIMER software package). The 
coefficient is known to outperform most other similarity measures and enables 
samples containing no organisms at all to be included. Then the geographical 
distances between the studied sites are calculated and the distances are related to 
the dissimilarity matrices of biota. The ratio between the distance-based mean 
dissimilarities and its standard deviation is used as a proxy of the community 
heterogeneity at landscape scale. As such the index estimates the complexity of 
the spatial patterns of benthic communities with higher values of the statistic 
indicating more distinct and less variable (i.e. potentially less disturbed) 
communities at the studied spatial scale. 
     The equation of a zero-adjusted Bray-Curtis coefficient is: 
 

  ,
∑ | , . |

2 ∑ , ,
 

 

In the equation dBCC is the Bray-Curtis dissimilarity between the objects i and j; 
k is the index of a variable and n is the total number of variables y. A zero-
adjusted Bray-Curtis coefficient includes a virtual dummy variable being 1 for 
all objects. Consequently, the result is not undefined, when the variables among 
two objects are entirely 0. In the numerator this variable subtracts to zero and in 
the denominator it sums to 2. 
     The equation of the scale-specific community heterogeneity is: 
 

 

 

where mean(dBCCi) is the mean zero-adjusted Bray-Curtis dissimilarity 
coefficient and stdev(dBCCi) is a standard deviation of this mean at a predefined 
spatial scale i. Response variables can be manifold: number of species, 
abundances, biomasses of species, functionality of community etc but in this 
study benthic species biomasses were used. 

2.4 Supporting environmental variables 

The values of water temperature, salinity and water velocity were obtained from 
the results of hydrodynamical model calculations from the early April 2011 to 
the early August 2012. The calculations were based on the COHERENS model 
which is a primitive equation ocean circulation model. It was formulated with 

Coastal Processes III  81

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 169, © 2013 WIT Press



spherical coordinates on a 1′×1′ minute horizontal grid and 30 vertical sigma 
layers. The model was forced with hourly meteorological fields of 2 m air 
temperature, wind speed, wind stress vector, cloud cover and relative humidity. 
The meteorological fields were obtained from an operational atmospheric model. 
The model was validated against water level, temperature, salinity and water 
velocity measurements from the study area [24]. 
     Finnish Meteorological Institute provided ice cover and thickness over the 
study area for 2010–2012. Ice cover and thickness were produced on daily basis 
at a nominal resolution of 500 m and were based on the most recent available ice 
chart and synthetic aperture radar (SAR) image. The ice regions in the ice charts 
were updated according to a SAR segmentation and new ice parameter values 
were assigned to each SAR segment based on the SAR backscattering and the ice 
thickness range at that location. 
     Based on bathymetry charts (available at the Estonian Marine Institute, 
University of Tartu) the inclination of coastal slopes was calculated at 50 m pixel 
resolutions using the Spatial Analyst tool of ArcInfo software [25]. High values 
of coastal slopes indicate the occurrence of topographic depressions or humps at 
the measured spatial scale. Low values refer to flat bottoms. 
     The Simplified Wave Model method was used to calculate the wave exposure 
for mean wind conditions represented by the ten-year period between 1 January 
1997 and 31 December 2006 [26]. A nested-grids technique was used to take 
into account long-distance effects on the local wave exposure regime. The 
resulting grids had a resolution of 25 m. In the modelling the shoreline was 
divided into suitable calculation areas, fetch and wave exposure grids were 
calculated and subsequently the separate grids were integrated into a seamless 
description of wave exposure along the study area. This method results in a 
pattern where the fetch values are smoothed out to the sides, and around island 
and skerries in a similar way that refraction and diffraction make waves deflect 
around islands. 
     As a proxy of eutrophication we used the MODIS satellite derived water 
transparency (kd) and water chlorophyll a values. The frequency of satellite 
observations was generally weekly over the whole ice-free period, however, 
several observations were discarded due to cloudiness. The spatial resolution of 
satellite data was 1 km. False zeroes were removed from the data prior to the 
statistical analysis. 
     The ESRI Spatial Analyst tool was used to calculate the average, minimum, 
maximum and variance of all abiotic and biotic variables (those obtained from 
field sampling as well as from modelling) for local i.e. sampling scale, 2 km, 
5 km and 10 km spatial scales. These values were used to link environmental and 
biotic patterns at larger spatial scales. 

2.5 Statistical analyses 

Ecological understanding is a prerequisite when it comes to selecting model 
environmental variables. It is plausible that traditional statistical modelling itself 
may not be the most rewarding way to disentangle the environmental-species 
relationships as it starts by assuming an appropriate data model and model 
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parameters are then estimated from the data. By contrast, machine learning 
avoids starting with a data model and rather uses an algorithm to learn the 
relationship between the response and its predictors [27]. The novel predictive 
modelling techniques called Boosted Regression Trees (BRT) combine the 
strength of machine learning and statistical modelling. The BRT iteratively 
develop a large ensemble of small regression trees constructed from random 
subsets of the data. Each successive tree predicts the residuals from the previous 
tree to gradually boost the predictive performance of the overall model. 
Although BRT models are complex, they can be summarized in ways that give 
powerful ecological insight. BRT has no need for prior data transformation or 
elimination of outliers and can fit complex nonlinear relationships. What is most 
important in the ecological perspective it automatically handles interaction 
effects between predictors [28]. 
     In this study we established relationships between environmental data and 
biotic indices using the BRT modelling. For BRT modelling the independent 
variables were: sampling depth, water temperature, salinity, velocity, ice cover, 
exposure to waves, coastal slope, chlorophyll a and kd. They were regressed to 
predict the studied indices (ZKI, NFD, CH). For each indices, multiple models 
were run varying both the model learning rate (between 0.01 and 0.0001) and the 
number of trees (between 1000 and 10,000). Then the optimum model was 
selected based on model performance. Typically, optimal learning rates, number 
of trees and interaction depth were 0.01, 3000 and 5, respectively. 

3 Results 

The studied indices (ZKI, NFT, CH) responded to the changes in physical water 
properties (water temperature, salinity, and velocity), coastal topography (depth 
and coastal slope), ice scouring (ice cover and duration) and eutrophication 
(water transparency, phytoplankton biomass) with the BRT models describing 
between 40 and 99% of the variability of indices. Although diversity indices 
reacted differentially to the studied environmental variables, the links between 
environmental variables and indices were always the strongest at 5 km spatial 
scale. In general ice conditions, coastal topography and eutrophication had the 
strongest and physical water properties had the weakest effect to the studied 
indices. Among the studied indices, ZKI and NFT performed better compared to 
CH (Table 1, Fig. 1). 
     Although elevated eutrophication raised ZKI and decreased CH values at all 
spatial scales, the strength of relationship between eutrophication and the indices 
increased with spatial scales. At smaller spatial scales all studied indices 
primarily reflected changes in ice conditions and bathymetry. In contrast to ZKI 
and CH, eutrophication did not have a clear effect on NFT.  

4 Discussion 

Our study clearly indicates that relationships between the environment and 
diversity indices are scale-dependent. At small spatial scales, in general, the 
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Table 1:  The separate contribution of the studied environmental variables in 
the BRT models calculated at 5 km scale. Model total denotes 
explained deviance of the full model, * denotes local spatial scale 
of an environmental variable, ** 2 km, *** 5 km and **** 10 km 
spatial scales, respectively. 

  ZKI NFT CH 
Chlorophyll a  16.580654**** 14.809846** 4.073755*** 
Coastal slope 11.392201*** 14.537923** 10.349796*** 
Depth 12.238943*** 15.508000* 0.721811*** 
Exposure 11.838919*** 6.853526* 1.124282*** 
Ice cover  12.193292* 9.417511** 0.672768*** 
Ice duration 18.378936**** 10.641423*** 0.291130*** 
Ice thickness 11.224727* 50.438830*** 0.790414*** 
Salinity 6.189562* 22.760270*** 29.542174*** 
Water temperature 15.399426*** 6.923844* 3.224029*** 
Water transparency (kd) 9.923706*** 17.521697* 5.869383*** 
Velocity 10.698818* 11.900348** 2.722367*** 
Model total  0.9236652*** 0.995716*** 0.205100*** 

 

 

 

Figure 1: Functional relationship between environment and the indices at 
5 km spatial scale. Only the best four variables are shown. 
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indices reflect changes to local ice conditions and/or coastal topography. At 
larger spatial scales, however, the indices follow well the variability in coastal 
eutrophication. Thus, these are the scales where eutrophication processes are 
likely to have the largest effects on coastal environment and at which the impacts 
of eutrophication on coastal biota should be assessed. 
     These results are a direct consequence of strong natural disturbances 
operating at local spatial scales of the Baltic Sea ecosystems [e.g. 10, 29]. Such 
stochastic disturbances generate a patchy and mosaic seascape pattern − the 
scatter, in statistical terms, that hinders the detection of the eutrophication signal 
at local spatial scales. 
     Our study also showed that elevated eutrophication raised ZKI but decreased 
CH values. This indicates the differential response of eutrophication to local and 
seascape-scale benthic diversity. Locally, the biomass of macrophyte species is a 
function of nutrient availability and that of benthic invertebrates by macrophytes 
[18, 30–32]. Thus, an increasing eutrophication of the Baltic Sea ecosystem 
relaxes competitive interactions for food and increases a chance of any benthic 
species to be observed. Consequently, local species diversity increases with 
eutrophication [20]. Too high a nutrient loading, however, is known to cause 
hypoxia and irreversible changes in communities [33]. Nevertheless, such 
conditions are not met in the study area. 
     In contrast, there was an inverse relationship between eutrophication and CH. 
If ZKI is genuinely a local diversity index then CH reflects patchiness in the 
seascape. It is known that an increased eutrophication tends to homogenize the 
seascape patchiness by increasing the cover of filamentous algae irrespective of 
physical water properties and local topography [e.g. 30]. Besides, eutrophication 
deteriorates underwater light conditions and therefore further reduces overall 
biological diversity as in such a low-light environment only a few algal and 
associated invertebrate species can be found [34]. Consequently, an inverse 
relationship between eutrophication and CH is expected. 
     To conclude, despite of a presence of multitude natural disturbances and an 
opportunistic character of the majority of benthic species inhabiting the Baltic 
Sea, the studied diversity indices responded surprisingly well to changes in 
natural abiotic environment as well as to eutrophication. The eutrophication 
induced effects were the strongest at seascape scales. These are the scales at 
which the impacts of eutrophication on coastal biota should be assessed either in 
the frame of EU Habitat Directive or Marine Strategy Framework Directive with 
list of indicator classes and favourable reference values (GES targets) yet to be 
set.  
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