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Introduction and Objectives 
“in the 19 century the data speak for itself,  

at present its completely different …” 
 
 

The need for better techniques, tools and practices to analyse ecological and 

economic systems within an integrated framework at wider scales has never been so 

great. Currently, individuals of different professions consider scientific predictions 

that are based on highly complicated principles and hypotheses as beyond their 

comprehension and often ignore them (Clark et al., 2001). Scientists are becoming 

more focused on science and research of course than improving their 

communication with the general public (Buckeridge, 2001). The transformation of 

large quantities of disparate data into simple, useable information is seen as a major 

challenge in many current environmental monitoring programmes. Vant (1999) 

identified two key aspects of this, namely, the identification of robust methods to 

summarise large volumes of data without losing the useful information in it, and 

presenting this information to a largely non-technical audience in an understandable 

and compelling manner.  

The task of transforming data into useful information is a major challenge to 

environmental scientists, who were probably attracted to the study of ecosystems 

because of the complexity involved, and now increasingly find themselves having 

to move beyond the security of complicate conceptual models and the jargon of the 

highly technical journals, to communicate with a wider community. 

 Over the last few years, the use of Artificial Neural Network (ANN) techniques 

has provided ecologists with a powerful method for modelling large volumes of 

ecological data (Paisley et al., 2003).Neural networks are powerful computational 

tools that can be used for classification, pattern recognition, empirical modelling 

and for many other tasks. Neural networks can be "trained" to provide the right 
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output (binary, fuzzy, quantitative) if enough input-output patterns are available and 

if these patterns effectively describe the system that is to be modelled.  

The earliest work in neural computing goes back to the 1940's when McCulloch 

and Pitts (McCulloch and Pitts, 1943) introduced the first neural network 

computing model. Reinforcing this concept of neurons and how they work was a 

book written by Donald Hebb. The Organization of Behavior was written in 1949 

(Hebb, 1949). It pointed out that neural pathways are strengthened each time that 

they are used. In the 1950's, Rosenblatt's (Rosenblatt, 1956, 1957) work resulted in 

a two-layer network, the perceptron, which was capable of learning certain 

classifications by adjusting connection weights. The architecture inspired by the 

human brain which contains neuron connected to each other by synapses. The 

artificial analogue of the neuron is the perceptron. (Fig. 1.) 

 
Fig. 1. The structure of the natural neuron and the artificial perceptron 

Although the perceptron was successful in classifying certain patterns, it had a 

number of limitations, which the decline of the field of neural networks. However, 

the perceptron had laid foundations for later work in neural computing. In the early 

1980's, researchers showed renewed interest in neural networks.  

These studies show promising results in modelling complex relationships 

between biological and environmental variables of natural habitats to support 

sustainable environment development (Shanmuganathan, 2005). Bayesian belief 

networks and ANN techniques, namely back propagation and self organizing maps 

(SOM), were found to be successful in calculating a set of biotic indices for 
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monitoring of river quality based on the distribution and abundance of 

macroinvertebrate taxa and environmental parameters of 1995 national survey data 

(Walley et al., 1998). The study concluded that the methods tested to have shown 

considerable potential for use in river quality classification and river management. 

Modelling Patterns in Environmental Data (MOPED) uses SOM techniques for 

modelling patterns within fish species distribution and elevation of sampled 

freshwater systems in a region (Jowett, 2001). MOPED also was found to be 

capable of predicting the biological assemblages that should be present in certain 

streams. Onkal-Engin et al. (2005) successfully applied a back-propagation ANN 

algorithm to develop an electronic nose for the purpose of controlling sewage 

odours in wastewater treatment plants.  

Ecosystem analysis and prediction with empirical statistical and analytical 

methods are often limited by the spatial complexity and temporal dynamic character 

of ecological processes. This is one reason for the typically non-linear interrelations 

of variables and species with data being not normally distributed. Artificial neural 

networks provide an attractive alternative tool for analysing ecological data and for 

modelling due to their specific features such as non-linearity, adaptivity, 

generalisation and model independence (no a-priori model needed). ANNs have 

been applied to various fields of aquatic sciences and engineering, such as 

modelling water quality (e.g. Daniell and Wundke, 1993; Maier and Dandy, 

1996a,b; 1997; Lachtermacher and Fuller, 1994; Schizas et al., 1994; Maier, 1995; 

Winkler and Voigtlander, 1995; Kaluli et al., 1998; Wen and Lee, 1998) and 

relating community characteristics with environmental variables (e.g. Chon et al., 

1996; Lek et al., 1996; Recknagel, 1997; Recknagel et al., 1997, 1998; Guegan et 

al., 1998; Lee et al., 1998; Maier et al., 1998).  

An important aspect of an ANN model is whether it needs guidance in learning 

or not. Based on the way they learn, all artificial neural networks can be divided 

into two learning categories - supervised and unsupervised. In supervised learning, 

a desired output result for each input vector is required when the network is trained. 
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An ANN of the supervised learning type, such as the multi-layer perceptron, uses 

the target result to guide the formation of the neural parameters. It is thus possible 

to make the neural network learn the behaviour of the ecological system. In 

unsupervised learning, the training of the network is entirely data-driven and no 

target results for the input data vectors are provided. An ANN of the unsupervised 

learning type, such as the self-organizing map, can be used for clustering the input 

data and find features inherent to the problem. (Burke,  and Ignizio, 1992) 

The biological monitoring of the water currents in several countries provided 

large volume datasets during the last decades. In case of large volume of data, the 

traditional multivariate statistical methods like cluster analysis and ordination is 

difficult to interpret and present the information. Self Organizing Map is a novel 

approach for the visualization of high-dimensional data. Self-organizing Map is a 

data visualization technique invented by Professor Teuvo Kohonen which reduces 

the dimensions of data through the use of self-organizing neural networks. SOM 

converts complex statistical relationships between high-dimensional data items into 

simple geometric relationships on a low-dimensional display. Thus, it compresses 

information while preserving the most important topological and metric 

relationships of the primary data items (Kohonen 2001). The main advantages of 

the SOM are the better data visualisation and noise reduction (Vesanto and 

Alhoniemi 2000). Mangiameli et al. (1996) compared SOM and several hierarchical 

clustering methods, and found SOM superior to hierarchical clustering in both 

robustness and accuracy. In addition, the two-level clustering approach (SOM 

neural network followed by K-means clustering) was developed and successfully 

applied to cluster data (Vesanto and Alhoniemi 2000; Beccali et al. 2004). SOMs 

are increasingly popular tools in ecology, and have been used to describe bentic 

algal assemblages in France and Luxembourg (Gosselain et al. 2005, Rimet et al. 

2005a, 2005b). The self-organizing map (SOM) is an efficient tool for mining non-

linear data and has been extensively used for patterning community data since 

1990s (e.g., Chon et al., 1996, Giraudel et al., 2000, Kwak et al., 2000; Levine et 
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al., 1996; Park et al., 2003, 2005). Chon et al. (1996) classified benthic 

macroinvertebrate communities in polluted streams with the SOM and elucidated 

community patterning according to anthropogenic disturbances and locality of the 

sample sites. Chon et al. (2002) further implemented the SOM to a large-scale data 

collected in different river systems in the Korean Peninsula for 16 years. The large-

scale data were accordingly arranged to reveal the impact of environmental 

disturbances. In this study, we further elaborated to show the trained SOM as a 

means of providing a comprehensive view on ecological states of the communities 

and to use the SOM as a tool for assessing biological water quality. Further articles 

which summarise the application of the SOM in ecological application( Kaski et al., 

1996, Kalteh et al.,2008, Ceregrino and Park, 2009) 

The Hungarian routine monitoring program for chemical parameters has been 

monitored in running and standing waters for more than 40 years already. 

Unfortunately in the early years the only two biological components which were 

stored in a database were the index value and the chlorophyll-a content of the given 

samples. In 2000 the author of the theses started to build a database for storing the 

taxa list in digital form. Since then the system became the part of the Hungarian 

monitoring program. In 2001 there has been an initial start in the qualitative 

monitoring of macroinvertebrates, as a first step towards implementation of the 

Water Framework Directive (European Union, 2000) requirements. In 2005 other 

biological elements of the WFD were involved in the national monitoring program 

such as phytobenton and macrophytes. At present all of these biological quality 

elements have a relevant database to store the taxalist and sampling event features. 

From the presented publications the author’s main interests and responsibilities, 

as well as the main goals of the PhD thesis were the followings: 

Characterize selected Hungarian running waters according to their 

characteristic phytoplankton assemblages with the help of SOM techniques 

(Paper 1) 
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Construction of useable biological database for storing relevant 

ecological information on phytoplankton and phytobenton biological 

elements (Paper 4, 5) 

Characterize the upper Danube section based on their characteristic 

diatom communities by SOM methods (Paper 2) 

Describe the differences and similarities of the periphyton of Lake 

Velencei on different substrate using SOM statistics (Paper 3) 

. 
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Material and methods 
“Gagnants and Perdants” 

 1.1 Statistical methods 

SOM algorithm 

For statistical analysis in Paper 1, 4 and 5 we used the SOM algorithm which can 
make a projection of the database into a two dimensional hexagonal map. Closely 
related communities were placed into neighbouring hexagons by their similarities, 
while samples with different communities were in distant hexagons. The SOM can 
display the groupings of samples and species together; therefore, each species can 
be evaluated by its importance (Kohonen, 2001). The SOM Toolbox 
(http://www.cis.hut.fi/projects/somtoolbox) was used to implement the SOM under 
a MATLAB™s environment. 
In this chapter I would describe the algorithm in details. We followed the 
abbreviations of the publication Giraduel (Giraduel and Lek , 2001). 
The SOM consists of two layers: input and output layers connected by connection 
intensities (weights).(Fig. 2.) 

 

 

Output layer 
Virtual units 

Input layer  
Sample units 

SU1 SUp SU2 SUj 

 
Fig. 2. The structure of the SOM neural network 

Input layer gets information from data matrix, while output layer visualizes the 
computational results. When an input vector is sent through the network, each 
neuron of the network computes the distance between the weight vector and the 
input vector. The output layer consists of output neurons, which are usually 



Neural networks in ecology 10 

arranged into a two-dimensional grid for better visualization. The best arrangement 
for the output layer is a hexagonal lattice, as it does not favour horizontal and 
vertical directions as much as a rectangular array (Kohonen, 2001). 

The ecological data usually contains a matrix of sample units (SU) and species 
composition data as like in table 1.  

 
Table 1.An ecological data matrix, i species (sp1,…, spi) are observed in SUp sample units 
(SU1,…, SUp), Xip species weight (like abundance etc.) 
 Species / variables/ 
 Sp1 ------------------- Spi

SU1 X11 ------------------- Xi1

SU2 X12 ------------------- Xi2

 
 

 Sa
m

pl
e 

un
its

 

 SUp X1p ------------------- Xip

 
This is the input layer of the SOM. The goal of the SOM is to make the output 

layer consist of virtual units (VU) with the virtual species weight (prototype vector 
or codebook vector) as seen in table .2.  

 
Table 2. .The SOM data matrix, i species (sp1,…, spi) are observed in VUp virtual units 
(VU1,…, VUp), Wip weight vector (species abundance etc) 
 Species / variables/ 
 Sp1 ------------------- Spi

VU1 W11 ------------------- Wi1

VU2 W12 ------------------- Wi2

 
 

 V
irt

ua
l 

un
its

 

VUp W1p ------------------- Wip

 
The algorithm of the SOM process can be described as: 

• Step 1: Epoch t=0, the virtual units VUp are initialized, weights drawn 
from the input dataset. 

• Step 2: A sample unit SUj is randomly chosen as an input unit. 
• Step 3: Using some metric, the distances between SU and each virtual 

unit are computed. 
• Step 4: The virtual unit VUc closest to the input SUj is chosen as the 

winning neuron. VUc is called the Best Matching Unit (BMU). 
• Step 5: The virtual units VUp are updated with the learning rule: 
• Step 6: Increase time t to t+1. If t<tmax then go to step 2 else stop the 

training. 
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In step 1, the user decide the size of the map, this is an important question 
because if the map is too big there would be empty cells in the final map, whereas if 
the size is too small there would be less distinct groups as expected. The optimal 
numbers of nodes according to Vesanto (Vesanto, 2000) can be calculated as: 

dSUNn 5=  
Where Nn is the number of nodes in the final map and SUd is the number of sample 
units. 
There are two ways to initialize the weight vectors. The first is to give each weight 
vector a random value based on the SU, the second is to make a linear gradient from 
the weights. 
 
In step 3, the distance or the measure of dissimilarity between stations can be 
chosen. Usually the conventional Euclidean distance is widely usable but is not the 
only possibility. Some measurements that take into account the difficult problems 
of double zero or scale (e.g. binary data) can also be used. However, the use of the 
learning rule has to be made very prudently. If Euclidean distance is not used, the 
learning equation has to be adapted in order to be compatible with the chosen 
distance or the measure of dissimilarity (Kaski, 1997). For instance Giraudel and 
Lek (2001) used the Whittaker’s relative transformation for absolute distance 
(Whittaker, 1952), as suggested by Orlóci (1978) in this way the learning rule 
should also change as seen in table 3.  
 
Table 3. The equation for selecting the BMUs and the learning rules 

Distance Learning rule 
2
1

1

2)(),( ⎥
⎦

⎤
⎢
⎣

⎡
−= ∑

=

p

j
ijji wxwxd  

Euclidean 

 
)]()()[()()1( twtxthtwtw ikijckikik −+=+  

Euclidean learning rule 

 

∑ ∑∑= −−

−=
n
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n
l

li
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n
l
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ji x

x
x

xSUSUD
1 11

),(  

Whittaker 
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)1(
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n
l
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ik

Modified learning rule 
 
In step 5, in the Euclidean learning rule the function hck(t) is the neighbourhood 
function. During the learning process, the BMU defined in step 4 is not the only 
updated unit. In the grid, a neighbourhood is defined around the BMU and all units 
within this neighbourhood are also updated. Several choices can be made for the 
definition of the neighbourhood function (see Kohonen, 2001). The most often 
neighbourhood is the Gaussian function: 
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⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛ −
−⋅=

)(2
exp)()( 2

2

t
rr

tth ck
ck σ

α   

||rk – rc || is the Euclidean distance on the map between the winning unit 
VUc and each virtual unit VUk.  
σ is a decreasing function of time, which defines the width of the part of 
the map, affected by the learning.  
α is the ‘learning-rate factor’, 

Both factors are decreasing functions of the time and converge towards 0. The 
learning is broken down into two parts: 

1. the ordering phase: during this phase, the virtual stations are widely 
modified in a large neighbourhood of the BMU with large values of α and σ 

2. the tuning phase: when this second phase takes place, only the virtual units 
adjacent of the Best Matching Unit are modified. This phase is much longer 
than the former one and σ  is decreasing very slowly towards 0. 

It is recommended that the number of steps in the tuning phase has to be 500 times 
the number of units in the output layer. 

When the learning process is finished, a map with S hexagons is obtained and 
in each hexagon, there is a virtual station in which the weights/species composition 
has been computed.  
Then, this map can be visualised in different ways: 

• The sample units can be mapped. The BMU is computed for each sample 
unit and label the corresponding hexagon. 

• The species composition of each virtual unit can display the distribution of 
each weights/species. The SOM map of the variables called component 
planes 

• The two presentations can be mixed to display the sample units and the 
weights/species distribution on the same map. 

 
Structuring index (SI) 
 
In order to characterise the VU groups we used the Structuring Index (SI) which 
was originally developed to define the species that show the strongest influence on 
the organization of the SOM map (Park et al., 2005). Tison et al. (2004, 2005) used 
the SI to evaluate relevant diatom species in the classification of diatom 
communities. The set of species showing high SI can be considered as the indicator 
species. Taxa showing strong gradient display have high SI values, whereas species 
showing weak gradient present low SI values. Thus, the higher the value of SI, the 
more relevant the variable is to the structure of the map. The index calculation 
based on the weight vectors of the SOM see Fig. 3. 
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Fig. 3. topological distance of the SOM 
output units used in the SI calculation 
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1

 

This equation calculates the SI value, 
where  
wij and wik are the connection weights of 
the ith species in the SOM units,  
||rj−rk|| is the topological distance 
between units j and k , 
S is the total number of SOM output unit. 

Then based on the SI value of each variable it is possible to order them by these 
properties and select the ones with high values. These variables are responsible 
mostly for the topology of the SOM therefore can regard as indicators. This is a 
very useful function if we are working with large number of variables or species. 
An example of the visualization can be seen in Fig. 4. On this example the data of 
paper 1 were used. The two SOM component plane represent two variables one 
(TIB) shows high gradient which expressed as colour gradient from red to blue, red 
means high abundance of the given variable, whereas blue means low value. The 
second variable (M) shows very small gradient distribution. These distributions are 
also expressed in the SI index values. 
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Fig. 4. The SI profile of a SOM map and the relevant component planes showing 
high or low gradient distribution, values of the component planes are abundances 
where red means high and blue express low values.  
 
 



Neural networks in ecology 14 

Clustering of the SOM 
 

The map obtained after the learning process of the SOM represents all the SU 
assigned to neurons so that similar samples are located close to each other and far 
from those dissimilar. However, it is not easy to distinguish subsets because there 
are still no boundaries between possible clusters. 
Therefore, it is necessary to subdivide the output neurons into different groups 
according to their similarity. 
One frequent clustering is based on the U-matrix algorithm (Ultsch, 2003), which 
calculates the distance of a weight vector (w) to its neighbours in the SOM, and 
displays the cluster structure of the map units. Supposing the map has a size of m 
columns and n rows, the following value (Mx,y; U-matrix) is calculated for all 
positions as 

 
where H is the number of neighbour units ranging from 2 to 6, depending upon the 
location of the virtual unit. The values are rescaled between 0 and 1 for visual 
comparison. The matrix presented as a grey-scaled picture based on the calculated 
values: bright areas with low values depict short distances while dark areas with 
high values represent long distances to the surrounding neighbours. High values of 
the U-matrix indicate groups’ boundaries, while low values reveal groups 
themselves as seen in Fig. 5. 

 
Fig. 5. U-matrix of the SOM, darker cells indicate more distance between 
neighbouring cells.  
 
For clustering the SOM we can use several conventional clustering techniques 
however in our work we used the K-means clustering technique. K-means 
clustering is an algorithm to classify or to group objects based on attributes (in this 
case species composition) into K number of group. The grouping is done by 
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minimizing the sum of squares of distances between data and the corresponding 
cluster centroid as the square error of each data point is calculated and clusters 
reformed such that the sum of square errors is made to be minimum. Details of the 
methodological background can be found in Vesanto and Alhoniem (2000) or 
Beccaleti al. (2004). 
For determining the suitable cluster size we used Davies-Bouldin Validity Index. 
(Davies and Bouldin, 1979) This index is a function of the ratio of the sum of 
within-cluster scatter to between-cluster separation, it uses both the clusters and 
their sample means. The index calculated as follows: 

, 

where n - number of clusters, S n - average distance of all objects from the cluster to 
their cluster centre, S(QiQj) - distance between clusters centres. The ratio is small if 
the clusters are compact and far from each other, consequently, Davies-Bouldin 
index will have a small value for a good clustering. 
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 1.2 Ecological Databases 
 

A database is a structured collection of records or data. The most commonly 
used database model today is the relational model. The relational model was 

introduced by E. F. Codd in 1970 (Codd, 1970) and make database management 

systems more independent of any particular application. A relational database 

contains multiple tables, which are connected to each others by relations.  

The basic data structure of the relational model is the table, where information 

is represented in columns and rows. Thus, the "relation" in "relational database" 

refers to the various tables in the database; a relation is a set of tables. The columns 

can be expressed as various attributes of the entity (sampling date, site name etc.), 

and a row is an actual instance of the entity (like 2009.05.27., Concó, Ács). 

One of the strengths of the relational model is that any value occurring in two 

different records implies a relationship among those two records. It also minimizes 

the redundant information. 

 

There are three type of identifying parent-child relationships (Fig. 6.): 

• 1:1 when the two table has the same unique key, 

• 1:∞ when the first table is connected to the second by a foreign key, thus 

one table has many instances on the other, practically it occurs such in Fig. 

6. when one Sampling_location table has multiple 

Sampling_event_phytobenton instance 

• ∞:∞ when both tables have multiple instance in each other, like the 

connection between sampling events and taxonlists 
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dynamic

1-       1 

dynamic 

Switchboard 
static

static

Fig 6. The phytobenton database structure of the ECOSURV Project, which 
represents the different connection types among tables and static and dynamic 
variables. 
 

Practically the ∞:∞ or “many to many” connection is not exist in the most of 

the database management software such as Access. So these features are solved by 

tables called switchboard which contains foreign keys from both tables.  

According to variable types there can be static and dynamic ones. Static 

variables are like attributes of sampling sites (eg. site name GIS coordinates) or taxa 

names, whereas dynamic ones are like attributes of sampling events (eg. sampling 

date, substrate type) or species abundances which could change to survey to survey. 

(Fig. 6.) 

The author produces several ecological databases in connection to surface 

water monitoring. One of the biggest achievements was the ECOSURV database, 

which were used in Paper 5. The ECOSURV was a PHARE project co-funded by 

the EU and Hungary’s Ministry of Environment and Water, implemented by an 

international consortium led by ARCADIS Euroconsult, was the first in the EU to 
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provide a nation-wide overview of the ecological status of the water bodies. 

Sampling and assessment methods have been selected for all biological elements 

including fish, macrophyte, phytoplankton, phytobenton and macroinvertebrates. 

(Arcadis, 2005) The final database contains 70 tables and thousands of individual 

records. Some form of the database can be seen in Fig. 7. 

 
 

a, 
 

b, 

 
 

 

c, 
 

d, 

Fig. 7. Selected forms from the ECOSURV database, a, Chemical sampling 
events form; b, hydromorphological information; c, Sampling locations form; d, 
Data export form. 
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Results 
“although our results are in contradiction with the hypotheses and 

statistically not significant, but from the figures its clearly visible …” 
 
Paper 1. 
 
 The phytoplankton database of the Middle Danube Basin was analysed and 

evaluated in order to describe the characteristics algal assemblages of the rivers. 

The dataset were extracted from the database of the Hungarian monitoring network 

and academic institutions. The database which has been included in the analysis 

contains the results of 1897 phytoplankton investigation from 189 locations. 

Implementing the SOM method we can identify the different algal communities 

which characterise different river types.  

 
Fig. 8. Clusters of the SOM based on 
codon abundances  
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Fig. 10.  Seasonal distribution of the selected clusters. Roman letters means the cluster 

numbers, vertical axis represents the months, while horizontal axis the number of samples 
belonging to that given month. 
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The algal communities were described as different ratios of algal functional 

groups. Since some of the groups are in close relation with certain types of 

environmental pressure it is also possible to highlight those rivers or river sections 

(or those periods) which are far from the expected good ecological status. We 

identified eight clusters or river types. (Fig. 8.) 

Type I. This is the most frequent phytoplankton type which is representative 

for the upper section of rivers. The dominant codon is the TB (bentic diatoms) with 

more than 70 % of the total biomass abundance (Fig. 9.). This association has no 

seasonal preference. The most frequent taxa are Nitzschia palea, Nitzschia 

fonticola, Navicula capitatoradiata, Surirella brebissonii, Diatoma vulgaris.  

Type II. Members of the TB group are dominating type I1 (Fig. 9.) but the 

elements of the Wo and W1 functional groups (Chlamydomonas reinhardtii, 

Euglena spp.) indicate organic pollution. This type is also characteristic for 

upstream sections of rivers. Only a slight seasonal preference for early spring and 

autumn can be found.  

Type III. This is typical plankton of small rivers with the dominance of TB and 

D (Fig. 9.) codons. This assemblage occurs on those river sections where the 

retention time due to hydro-morphological changes or upper stream reservoirs 

enables real phytoplankton to develop.  

Type IV. This association can be referred to as "Danube type" summer 

plankton. The most important codons are D, J and C (Fig. 9.). Dominant species of 

this association are Stephanodiscus hantzschii, Cyclotella comta Skeletonema 

potamos and Nitzschia acicularis from codon D, Cyclotella meneghiniana from 

codon C, and Scenedesmus species from codon J. However, the favourable season 

of this type is the early summer (Fig. 10). Certain species such as Stephanodiscus 

invisitatus could bloom however, in the Danube during winter (Kiss and Genkal, 

1993).  
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Type V. This type could be mainly found on the lower section of the river 

Tisza with the dominance of Y codon (Fig. 9.). Cryptomonas reflexa, C. marssonii, 

C. rostratiformis, Rhodomonas minuta become dominant in this section. 

Development of this association is absolutely independent from the seasons. (Fig. 

10.) 

Type VI. The characteristic functional group of type VI is Wo (Fig. 9.). The 

dominance of this group is due to very strong organic pollution. Chlamydomonas 

spp., Euglena viridis, Polytoma uvella, Spermatozopsis exultans are typical 

elements of this assemblage. This type of plankton is usually dominant in winter 

and early spring (Fig. 10.)  

Type VII. This type is a mixture of a very divers association with the presence 

of relatively rare groups like Lo, HI, L,, S, (Fig. 9.). The occurrence of this type is 

expected in slow flowing channels and small rivulets in late winter and summer. 

The bimodal character of the type VII is cause by the Lo functional group. This 

plankton type frequently occurs in the summer epilimnion of lakes (Reynolds et al., 

2002). Several dinophytes, however, can be important members of the winter 

phytoplankton (Grigorszky et al., 1998). Therefore it would be necessary to 

separate certain oligotherm Peridinium tax   

Type VIII. The dominant codon of this type is the W1 (Fig. 9.) which is 

according to Reynolds characteristic for small organic pools. Frequent taxa are the 

metaphytic Phacus and Trachelomonas spp. This type is typical in slow-flowing 

rivulets and channels which are under the risk of organic pollution and have rich 

macrophyte vegetation. Development of this type is expected in summer.  
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Paper 2. 
 

In this paper the investigation of the benthic diatom flora of the River Danube 

is presented. The investigations include samples from the source streams to the end 

of the Hungarian stretch during a three years period. Characteristic diatom 

assemblages were established using SOM algorithm.  

K-means clustering of the SOM allocated 5 different sample groups (clusters) (Fig. 

11a). With few exemptions, the first, second and third clusters fell in the German-

Austrian stretch, whereas the fourth and fifth clusters fell in the Slovakian-

Hungarian stretch. Temporal differences were less pronounced: the five clusters 

were mainly organized by the sampling localities. The first cluster was formed by 

some sampling points scattered along the German and Austrian stretches, including 

the tributaries Enns and Lech. The second cluster comprised the sampling points 

around the source of the Danube such as the Breg and Brigach sources and streams, 

the first stretch of the River Danube after the fusion of Breg and Brigach, 

furthermore the tributaries Ipel, Morava and Garam. The third cluster was formed 

by the sampling sites on the lower part of the Austrian stretch. The fourth cluster 

was mostly built up by Slovakian, and the fifth by the Hungarian sampling sites, 

although the clustering is not perfectly unambiguous.  

The character species of the five sample clusters were defined (Fig.11a.). We found 

that the clusters 1 and 2 were characterized by Achnanthidium minutisimum 

(AMIN), Denticula tenuis (DTEN), Nitzschia fonticola (NFON), Psammothidium 

bioretii (ABIO), Melosira varians (MVAR), Planothidium subatomoides (ASAT). 

The character species of cluster 3 is Amphora pediculus. (APED), while character 

species of the clusters 4 and 5 are Nitzschia dissipata (NDIS), Navicula 

cryptotenella (NCTE), Cocconeis placentula var. euglypta (CPLA), Rhoicosphenia 

abbreviata (RABB), Nitzschia inconspicua (NINC)(Fig. 11b.). However, not all of 

these species had equally high SI values. Thirteen species had higher SI values, 

these were Amphora pediculus, Achanthidium minutissimum, Cocconeis placentula 
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var. euglypta, Nitzschia inconspicua, N. dissipata, Denticula tenuis, Rhoicosphenia 

abbreviata, Navicula tripunctata (NTPT), Navicula cryptotenella (NCTE), 

Staurosirella pinnata (FPIN), Nitzschia fonticola (NFON), Melosira varians and 

Nitzschia amphibia (NAMP).  

Considering the average relative abundance values of the character species of 

the five cluster groups it is obvious that the main difference between the cluster 

groups is not so much the species composition, but rather the different relative 

abundance ratios of the different species in the different clusters. This arrangement 

is also well in agreement with the poorer water quality of the lower, and the better 

water quality of the upper stretch. 
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Fig. 11. a, Clusters of the sampling site by K-means clustering of the SOM. b, Individual 
SOM maps of the characteristic species. Scale bars showing the species calculated 
abundances by the learning process of the SOM in percentage. Abbreviations of the species 
can be found in the text. 
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Paper 3. 
 
The periphyton of the Lake Velencei which is a diverse and dense community were 

investigated in this article. The main interest was to distinguish the differences of 

periphyton communities according to the different substrate type. 

More than 120 algal species were found in this study, most of them are diatoms. 

According to the SOM analysis based on algological data (species composition 

and their abundance), samples of different substrata formed two distinctive groups. 

Old reed (OR), andesite (A) and granite (G) were grouped together, respectively, 

and polycarbonate (PC) and green reed (GR) clearly separated from the other three 

in May (Fig. 12.). Achnanthidium minutissimum and Navicula cryptotenella, a 

pioneer colonist diatom species were found to be vigorously dominant on all 

substrata. 

In November, based on the SOM analysis, 

granite and andesite come together with green 

and old reeds comprised one group, plexi and 

polycarbonate the other. These similarity was 

due to the presence of A. minutissimum, 

strongly dominating both plexi and 

polycarbonate substrata. Characteristic 

species were also Fragilaria pulchella and 

Nitzschia perminuta for this type of 

substrates, while for green and old reed a 

clear gradient of increasing of Nitzshia palea 

and Gomphonema olivaceum var. olivaceum 

can be viewed from the SOM component 

planes. (Fig. 13.)  
 

Fig. 12. Clustered SOM based on species composition, the last letter means the 
month(may=M, November=N) The first letter represents the substrate (old 
reed=OR, green reed=GR, granite=G, andezi t=A, polycarbonate=PC) 
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Fig. 13. The component planes of the SOM, the vertical bars represent species abundances 
in percentage. Achnanthidium minutisimum (AMIN), Cymbella affinis var. affinis (CAFF), 
Cymbella cistula (CCIS), Cymbella lacustris (CLAC), Cocconeis placentula var. euglypta 
(CPLA), Denticula tenuis (DTEN), Fragilaria pulchella (FPUL), Gomphonema olivaceum 
var. olivaceum (GOLI), Navicula cryptocephala (NCRY), Nitzschia palea (NPAL), 
Navicula permitis (NPER), Rhoicosphenia abbreviate (RABB). 
 
Paper 4. 
 

Monitoring of the naturally occurring algal communities in rivers provide 

data on species composition, species number, diversity, or quantitative occurrence 

of the algae. Experts of administrative institutions who are responsible for water 

quality management need simple numerical values rather than species lists or 

scientific evaluation of the assemblages. Since up to now, little attention has been 

attended to the application of the phytoplankton for evaluation of ecological state of 

the rivers, the present study aims to show a new assessment method. The method is 
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based on the functional group of algae, described for lakes by Reynolds (Reynolds , 

2002),  represented in the potamoplankton and provides a single index number (Q). 

The index has been tested on phytoplankton data of different rivers, and proved to 

be more sensitive than the earlier used saprobic index.  

To achieve an index, each species in the sample must be assigned to the 

appropriate functional group. Then the relative share of each functional groups are 

calculated. Relative shares are then multiplied by the factor number. The sum of 

these scores is the index. The reference values of the upper river sections are close 

to 5, while those of the lower river stretches are approximately 4. The method has 

been tested with hundreds of phytoplankton samples, it is simple, and after applying 

to a phytoplankton database can be computerised easily.  

The new assessment method has been tested by using different datasets from 

Hungarian rivers that contain phytoplankton data against the Pantle-Buck index 

(Pantle & Buck, 1955), which is the officially accepted qualification method in 

Hungary and several other countries in Europe.  

 
Paper 5. 
 
In this study the results of the first nation wide survey of benthic river diatoms is 

presented. The dataset is robust as the primary sources of uncertainty in diatom 

training sets (choice of site and substrate for sampling, inter-operator differences in 

diatom taxonomy and counting techniques (Besse-Lototska et al., 2006) were 

eliminated as much as possible. Moreover, parallel with the diatoms, investigations 

were made on other biological quality elements, including macro-invertebrates and 

fish. In total, nearly 500 taxa were found in the 339 sites. This certainly does not 

include all diatom taxa in the inland waters of a country like Hungary, which 

probably has number between 1000 and 2000 'conservative' taxa. The present study 

provided a relatively homogeneous diatom data set for the whole country, which is 

lacking in most of the other European countries. 
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Many of the diatom taxa were very rare and occurred only in one or in a few 

samples. The commonest genera are Navicula (104 taxa), followed by Nitzsclzia 

(go), Fragilaria (43), Achnanthes (41), Gomphonema (30) and Cymbella (26). The 

most common taxa are listed in Table 2. The most common species, Achnanthidium 

minutisimum, is also the most common freshwater diatom species in the world. The 

majority of the other common taxa are characteristic of eutrophic, alkaline waters. 

Some of these are tolerant to organic pollution (e. g. Gomphonema parvulum, 

Nitzschia paleacea), others require cleaner waters (e. g. Achnanthes biasolettiana, 

Gomphonema micropus). Meridion circulare is one of the very few diatom species 

which are characteristic for running waters (Van Dam et al., 1994). Species from 

acidic or oligotrophic waters are rare in the dataset: the most common one is 

Eunotia bilunaris. The study shows that despite the intensive human use of over 90 

% of the area of the country, natural variation is still the predominant factor 

responsible for the composition of river diatom assemblages.  

The diatom database used in the paper was part of the ECOSURV database. The 

author of the theses was responsible for building the database structure as well as 

providing the relevant data matrixes. The structure and the connection between the 

tables involved in the analysis can be seen in Fig. 14. 
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Fig. 14. The table structure of the diatom database used in the analysis in Paper 5. 
The variables on the left side considered as static whereas on the rights side the 
dynamic variables can be seen. 

A better understanding of the relationships between diatom assemblages and 

environmental factors (including stressors) will be gained by a more time-intensive 

monitoring of selected stations in the present network.  
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Summary 
 

The need for better techniques, tools and practices to analyse ecological systems 

within an integrated framework at wider scales has never been so great. The 

biological monitoring of the water currents in Hungary provided large volume 

datasets during the last years thanks to the EU Water Framework Directive (2000). 

For easy handling the data of the monitoring it is essential to store them in an 

appropriate ecological database. This database should be capable of the storage of 

relevant static and dynamic variables from the ecosystems and should also allow the 

production of matrix inputs for ecosystem analysis. In case of large volume of data, 

the traditional multivariate statistical methods like cluster analysis and ordination 

are difficult to interpret and present the information. Self Organizing Map is a novel 

approach for the visualization of high-dimensional data. 

In the theses I described in details the SOM algorithm as well as the basic 

structure of an ecological database. By combining the database structures and the 

SOM algorithm we were able to characterize frequent Hungarian running water 

types according to their characteristic phytoplankton assemblages.  

I constructed the phytoplankton and phytobenton database which is presently in 

use in the environmental authorities, and is concerned as National Database.  

By the application of SOM methods we characterized the upper Danube section 

based on their characteristic diatom communities, and described the differences and 

similarities of the periphyton of the Lake Velencei on different substrates.  
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Összefoglalás 
 

A doktori értekezés előzményei és célkitűzései; 

 

A 2001-ben bevezettet EU Vizkeretirányelv, melynek célja a felszíni és felszín 

alatti vizek jó ökológiai állapotának elérése 2015-re, több élőlénycsoport rendszeres 

monitorozását irja elő, mely tevékenység nagy mennyiségű ökológiai adatot 

eredményez. A rendszeres adatgyűjtés és az így keletkező adatok adatbázisba 

rendezése nemcsak a strukturált adatfeldolgozást teszi lehetővé, hanem az adatok 

kiértékelésében is nagy szerepet kap. A benne tárolt adatok élettartama nemcsak a 

vizsgálat idejére korlátozódik, így azok a későbbi elemzésekben is részt vehetnek.  

Az ökológiai folyamatok tér és időbeli összetettsége, a fajok és a környezeti 

változók közötti nem lineáris kapcsolat és a változók normalitásának hiánya komoly 

kihívást jelent az adatfeldolgozásban és az ökológiai folyamatok feltárásában. A 

mesterséges neurális hálózatok vonzó alternatív eszközzzé váltak az ökológiai 

adatelemzés során, mert számos előnyös tulajdonsággal rendelkeznek, mint például 

a nem-linearitás, adaptivitás, általánosítás és modell függetlenség (nem szükséges a-

priori modell). A neurális hálózatok alkalmazása, - bár már az 1950-s években 

megtörténtek a kezdeti lépések - csak az utóbbi évtizedekben terjedt el és vált az 

ökológusok által is használt statisztikai eszköztár részévé. A neurális hálózatok erős 

és hathatós segítséget nyújtottak az ökológiai modellezésben, osztályozási feladatok 

megoldásában és a mintázatelemzések során (Paisley et al., 2003).  

A neurális hálózatokat számos hidrológiai és hidrobiológiai kutatásban sikerrel 

alkalmazták; így például a vízminőségi paraméterek modellezésében (e.g. Daniell 

and Wundke, 1993; Lachtermacher and Fuller, 1994; Schizas et al., 1994; Kaluli et 

al., 1998; Wen and Lee, 1998) vagy az élőlényközösségek és a környezeti változók 
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közötti összefüggések vizsgálatában (e.g. Chon et al., 1996; Lek et al., 1996; 

Recknagel et al., 1998; Guegan et al., 1998; Lee et al., 1998; Maier et al., 1998). 

Nagymennyiségű adat elemzésénél a hagyományos többváltozós elemzések 

számos esetben nehezen értelmezhetők és eredményik nem jeleníthetők meg 

közérthető formában. A Kohonen-féle Önszervező Térkép Módszer egy olyan 

neurális hálózati típus, amely lehetővé teszi nagymennyiségű, összetett, (több 

dimenziós), adatok elemzését és értékelését. A Teuvo Kohonen által kifejlesztett 

módszer a dimenzió csökkentése révén a kiindulási adatmátrixot kétdimenziós 

hexagonális térképre képezi le, megőrizve a kiindulási adatok topológiai és metrikai 

sajátságait (Kohonen 2001). A módszer legfőbb erénye az adatok szemléletes 

megjelenítése (Vesanto and Alhoniemi 2000). 

 

Anyag és módszer 

 

A statisztikai elemzések elvégzéséhez az önszervező térkép (SOM) algoritmust 

használtuk. Az algoritmus lehetővé teszi nagy adatbázisok sokdimenziós adatainak 

leképezését kétdimenziós hexagonális térképpé. Az egymáshoz közeli térkép 

egységek (neuronok) úgy helyezkednek el a végső térképen, hogy az egymáshoz 

hasonló tulajdonsággal rendelkező neuronok egymás közelében, míg a különbözőek 

a térkép távolabbi pontjain helyezkednek el. A SOM a mintákat és a változókat 

egyidejüleg is képes megjeleníteni, s ugyanakkor a változók fontosságát is 

meghatározhatjuk. (Kohonen, 2001). Az értékelés során a SOM Toolbox modult 

(http://www.cis.hut.fi/projects/somtoolbox) és a MATLAB™ fejlesztői környezetet 

használtuk.  

A SOM neurális hálózat a nem-ellenőrzött tanulási típusú hálozatok 

kategóriájába tartozik, ami azt jelenti, hogy nem adunk meg kimeneti 

paramétert, a csoportok képzését az algoritmus önnállóan végzi. Maga a hálózat 

egy bemeneti (input) és egy kimeneti (output) rétegből áll. A bemeneti réteg 

http://www.cis.hut.fi/projects/somtoolbox
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tartalmazza a mintaegységeket (SU), a kimeneti réteg a virtuális egységekből 

(VU) vagy neuronokból áll. A kimeneti réteg neuronjai a bemeneti réteg 

súlyvektorainak megfelelő mintázatot vesznek fel egy tanulási folyamat során. 

Ez ökológiai analógiára lefordítva annyit tesz, hogy a kiindulási 

mintavételekhez (SU) tartozó faj-abundancia viszonyokra jellemző lesz a végső 

SOM térkép neuronjainak súlyfaktora, azaz minden egyes neuron egy egy 

virtuális faj abundancia listával fog rendelkezni. Az eljárás kellően robosztus, 

lehetővé teszi több ezer mintavételi egység sűrítését néhány virtuális neuronba. 

A végső SOM térkép leggyakoribb ábrázolási módja a hexagonális rács (Fig. 

2.).  

A SOM algoritmusát az alábbik szerint adhatjuk meg: 

• 1. lépés: Ciklus t=0, a virtuális egységet (VUp) inicializáljuk, a súlyokat 

(w) az input adatokból töltjük fel. 

• 2. lépés: Egy mintaegységet kiválasztunk (SUj) véletlenszerűen 

• 3. lépés: Egy megfelelő metrika segítségével meghatározzuk a SUj és 

az összes VUp közötti távolságot. 

• 4. lépés: A SUj-hez legközelebbi VUc lesz a győztes neuron, ez a 

neuront Legjobban hasonlító egységnek (BMU) nevezzük  

• 5. lépés: A virtuális egységek VUp súlyfaktorai a tanulási szabály 

alapján módosulnak, úgy, hogy az új faktorok a SUj bemeneti 

vektorához hasonlítsanak. 

• 6. lépés: Újabb ciklus kezdődik t+1, amíg t <tmax  addig 2. lépésre lép; a 

ciklus akkor fejeződik be, ha eléri a kívánt számú ismétlést .  

Az első lépésben a felhasználó dönti el a térkép méretét. A kimeneti réteg 

neuronjainak oiptimális száma az alábbiak szerint számolható (Vesanto, 2000)  

dSUNn 5=  

Ahol Nn a neuronok száma a végső térképen és SUd a mintavételi egységek száma.  

A 3. lépésben a leggyakrabban használt távolság metrika az Euklideszi.  
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Az 5. lépésben Euklideszi tanulási szabály hck(t) változója a szomszédsági 

függvény. A 4. lépésben kiválasztott BMU neuron nem az egyetlen, amelynek 

vektorait módosítjuk, hanem a szomszédos neuronok is módosulnak. A 

leggyakrabban használt szomszédsági függvény a Gauss féle:  
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||rk – rc ||: az Euklideszi távolság a győztes neuron VUc és a térkép többi neuronja 

VUk.között,  

σ: időben csökkenő faktor azt határozza meg, hogy a térkép mekkora része érintett a 

tanulási folyamatban,  

α: a tanulási faktor. Mindkét faktor idővel csökken, és nullához konvergál.  

A SOM jellemzésére és a karakterfaj elemzések során a strukturális indexet (SI) 

használtuk. Az index azt mutatja meg, hogy az egyes változók (súlyfaktorok) 

milyen mérétékben felelősek a SOM térkép topológiájáért (Park et al., 2005). Azok 

a változók (esetünkben fajok) amelyek nagyon erős grádiens eloszlást mutatnak, 

nagy SI index értékkel rendelkeznek, karakterfajoknak tekinthetők. Az SI értékét az 

alábbiak szerint számolhatjuk: 

∑∑
=

−

= −

−
=

S

j

j

k kj

ikij
i rr

WW
SI

1

1

1

 

ahol wij és wik az ith faj súlyfaktorai, 

||rj−rk|| a topológiai távolság a térkép két j és k neuronja között,  

S a SOM térkép neuronjainak száma.  

Az algoritmus eredményeképpen kapott térkép neuronjait a kiindulási 

mintaegységekkel megfeleltethetjük és ábrázolhatjuk. Bár az egymáshoz hasonló 

minták egymás közelében helyezkeden el, a mintacsoportok elkülönítése nem 

minden esetben egyértelmű.  

A mintacsoportok elkülönítésére számos lehetőségünk van. Használhatunk 

hagyományos klaszterezési technikát. Mi az elemzések során a szakirodalom által 
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ajánlott k-átlag módszert használtuk. A megfelelő clusterszám meghatározása a 

Davies-Bouldin indexet felhasználásával történt (Davies and Bouldin, 1979) 

 

Az ökológiai adatbázis az adatok illetve rekordok stukturált összessége. 

Napjainkban a leggyakrabban használt adatbázis modell a relációs adatmodell. A 

reláció nem más, mint egy táblázat, a táblázat soraiban tárolt adatokkal együtt. A 

relációs adatbázis, pedig a relációk összessége. Ennek alapstruktúrája az adattábla, 

amely sorokból (rekordok) és oszlopokból (mezők) áll. A relációk vagy kapcsolatok 

az adatbázis táblái között állnak fenn. A táblák oszlopai vagy mezői az adatok 

tulajdonságai, pl. mintavételi hely neve, mintavétel dátuma, a sorok vagy adatok 

pedig a konkrét értékeket taralmazzák pl. 2009.05.27., Concó, Ács  

A relációs adatbázis előnye, hogy minimalizálja a tárolt redundáns információt, 

ezáltal csökkenti az adatbázis méretét és az egyszerre kezelt adatok mennyiségét, 

valamint a kapcsolatok révén bármely mező szerinti lekérdezét ill. csoportosítást 

lehetővé tesz.  

 

 

Eredmények 

 

A disszetáció öt tudományos közleményt tartalmaz. A disszertációban 

részletesen bemutattam a SOM algoritmusát, valamint az ökológiai adatbázis 

szerkezetét. A megfelelő adatszerkezet és a SOM statisztikai módszer segítségével 

lehetővé vált magyarországi folyóvíz típusok jellemzése a fitoplakton közösségek 

alapján.  

Létrehoztam egy fitoplakton és egy fitobenton adatbázist amelyet jelenleg is 

használnak a Környezetvéfelmi Felügyelőségek és ezek részei az országos 

monitoring hálózatnak is.  
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A SOM módszer segítségével jellemeztem a felső Duna szakasz diatóma 

közösségeit és a Velencei tavi, különböző aljzaton előforduló perifitonjának 

sajátosságait.  

 

Folyóvízi fitoplankton közösségek  

Use of Self-Organizing Maps (SOM) for characterisation of riverine 

phytoplankton associations in Hungary, (Várbíró et al., 2007) 1.  

 

A célkitűzésünk az volt, hogy a magyarországi folyóvizek jellemző fitoplakton 

közösségeit a meghatározzuk és jellemezzük. Az adatsor a magyarországi 

monitoring hálózat adatait tartalmazta és ezen adatok adatbázisba történő rendezése 

után vált értékelhetővé.  

Az elemzésben használt adatbázis 1897 mintavétel adatait tartalmazta 189 

mintavételi hely esetében. A SOM módszer segítségével nyolc folyóvíztípust 

lehetett elkülöníteni. Minden típusra meghatároztuk a domináns fitoplakton 

közösséget és jellemeztük az egyes csoportokat. A fitoplakton taxonokat a Reynolds 

féle kodonbesorolás alapján elemeztük (Reynolds, 2002). Néhány csoport szoros 

összefüggést mutatott a környezeti változókkal és lehetővé vált azon 

folyószakaszok illetve fitoplakton közösségek meghatározása, amelyek nem 

megfelelő ökológiai állapotot jeleznek.  

Az általunk meghatározott folyóvízi fitoplankton típusok (2. ábra):  

I. típus A folyók felső szakaszaira legjellemzőbb típus a TIB kodon (bentikus 

kovaalgák), gyakran 100% abundanciaértékkel. Leggyakoribb taxonok a Nitzschia 

palea, Nitzschia fonticola, Navicula capitatoradiata, Surirella brebissonii, Diatoma 

vulgaris.  

II. típus Ebben a típusban is a TIB csoport dominál, de jelentős arányban jelen 

vannak a szerves szennyezésre utaló W0 és W1 funkcionális csoportok fajai 

(Chlamydomonas reinhardtii, Euglena spp.). 
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III. típus Ez a típus a kisebb folyókra jellemző, ahol a víz tartózkodási ideje, 

hidromorfológiai beavatkozások miatt megnő és lehetővé teszi valódi plankton 

kialakulását. Jellemző kodonok a TIB és a D csoportok.  

IV. típus Ez a típus a Dunára jellemző plaktontípus. Jellemző kodonok a D, J 

és a C. Domináns fajok a D kodonba tartozó Stephanodiscus hantzschii, Cyclotella 

comta Skeletonema potamos és Nitzschia acicularis, a C kodonba tartozó Cyclotella 

meneghiniana és a J kodonba tartozó Scenedesmus fajok.  

V. típus Ebbe a típusba a Tisza alsó szakasza tartozik. A domináns kodon az Y, 

jellemző fajok a Cryptomonas reflexa, C. marssonii, C. rostratiformis. 

VI. típus Ebbe a típusba a szerves szennyezéssel terhelt vizek tartoznak. A 

terhelést jellző W0 kodon dominál, jellemző fajok Chlamydomonas spp., Euglena 

spp., (Polytoma uvella, Spermatozopsis exultans.) 

VII. típus A lassú folyású kis csatornák és erek jellemző asszociációja. Több 

relatívan ritka kodon fordul elő benne, például L0, HI, L, S. Szezonálisan bimodalis 

eloszlás jellemzi, azaz a nyári és a téli vegetációs periódusban is dominánsá 

válhatnak a H1 másrészt az L0 (Dinofita) funkcionális csoportok fajai.  

VIII. típus A W1 kodon dominanciája jellemzi ezt a típust, amely Reynolds 

szerint a kis szerves tavak jellemző plantkonja. Gyakori taxonok a metafitikus 

Phacus és Trachelomonas fajok. Ez a típus a dús növényzettel benőtt csatornákra 

jellemző, tipikusan a nyári vegetációs periódusban előforduló asszociáció.  

 

A Duna bentikus kovaalga flórája  

Use of Kohonen Self Organizing Maps (SOM) for the characterisation of 

benthic diatom associations of the River Danube and its tributaries. (Várbíró 

et al., 2007) 

 

Ebben a cikkben a Duna felső szakasza, bentikus kovaalga flórájának 

bemutatása történt meg.  
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A mintavételi helyek a Duna forrásától a Magyarországi szakaszának végig 

terjedtek és három éves periódust öleltek fel. A jellemző kovaalga közösségeket 

SOM módszer segítségével határoztuk meg. Az elkészült SOM térképet k-átlag 

klaszterezési eljárással 5 klaszterre különítettük el. Néhány kivételtől eltekitve az 

első három klasztercsoportba a Német-Osztrák Duna-szakasz került, a 4. és 5. 

csoportok a Szlovák-Magyar szakaszra estek. A mintavételek időbeni különbsége 

nem volt számottevő. A klaszterek a mintavételi helyek szerint alakultak ki. Az 1-2. 

klaszter karakterfajai, melyet a strukturális index segítségével határoztunk meg: 

Achnanthidium minutisimum, Denticula tenuis, Nitzschia fonticola, Psammothidium 

bioretii, Melosira varians, Planothidium subatomoides. A 3. klaszter karakterfaja az 

Amphora pediculus, míg a 4-5. klaszteré a Nitzschia dissipata, Navicula 

cryptotenella; Cocconeis placentula var. euglypta, Rhoicosphenia abbreviata, 

Nitzschia inconspicua voltak.  

 

Aljzat szerepe kovaalga közösségek kialakulásában 

Comparative algological and bacteriological examinations on biofilms 

developed on different substrata in a shallow soda lake (Ács et al.,2008) 

 

A felmérés a Velencei tó gazdag perifiton közössének vizgálatára irányult. Arra a 

kérdésre kerestük a választ, hogy meghatározzuk az eltérű aljzatokon előforduló 

kovalaga közösségek összetételét.  

A SOM analízis alapján a kovalga közzösségek abundancia viszonyai a májusi 

mintavételek esetén két csoportra különíthetők el. Az avas nád, az andezit és a 

gránit aljzatok alkottak egy csoportot, a zöld nád és a polikarbonát pedig egy 

másikat. Az Achnanthidium minutissimum és Navicula cryptotenella, mint pionír 

kovaalga kolonista fajok, erőteljesen meghatározók voltak valamennyi aljzat esetén. 

Novemberben a SOM analízis alapján az avas és a zöld nád az andezit és gránit 

aljzatal alkotott egy csoportot, míg a polikarnonát a plexi aljzattal. Ez a hasonlósága 

az Achnanthidium minutissimum, fajnak volt köszönhető, ami az utóbbi két 
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szbsztráton dominált. További jellemző fajok voltak még a Fragilaria pulchella és 

a Nitzschia perminuta.  A zöld és avas nád jellemző bevonatalgái a SOM 

komponens térképek alapján a Nitzshia palea és a Gomphonema olivaceum var. 

olivaceum voltak.  

 

Folyóvizek fitoplakton alapú minősítése 

A new evaluation technique of potamoplankton for the assessment of the 

ecological status of rivers.(Borics et al., 2007) 

 

A folyóvizek fitoplaktonjának monitorozása során a természetes 

algaközösségek fajszámáról, fajösszetételéről, diverzitásáról nyerünk információt. 

Azon szakemberektől akik, a vízminőség védelem területén dolgoznak nem várható 

el, hogy tudományos részletességű eredményekből és fajlistákból hámozzák ki a 

megfelelő információt. Számukra jól értellmezhető, egyszerű indexeket kell 

kidolgozni. 

Egészen napjainkig kevés sikeres próbálkozás irányult arra, hogy a folyóvizek 

ökológiai állapotát a fitoplankton alapján értékeljük. Jelen tanulmányukban egy 

olyan értékelő rendszert mutatunk be, amely a folyóvizek algaflóráján alapul.  

A módszer az eredetileg állóvizekre kidolgozott fitoplakton funkcionális 

csoprtokon alapul (Reynolds, 2002). Az értékelés eredményeként egyetlen 

számmal, Q index, jellemezzük a vizek ökológiai állapotát. Az indexet különböző 

magyarországi víztesten teszteltük és jóval érzékenyebbnek bizonyult, mint a 

korábban használt szaprobitási index.  

 

Magyarországi felszíni vizei ökológiai állapotának áttekintése bentikus 

kovaalga közösségek alapján  

Implementation of the European Water Framework Directive: Development 

of a system for water quality assessment of Hungarian running waters with 

diatoms (Van Dam et al., 2007) 
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Ebben a cikben az első országos kovalga felmérés eredményei kerültek 

bemutatásra. Az adatsor megfelelően robosztus volt, mert mind a mintavételi, mind 

a mintafeldolgozási, határozáési és számolási hibákat a lehető legminimálisabra 

csökkentettük.  

Ezen felül a diatoma vizgálatokkal párhuzamosan más, a Vízkeretirányelv hatálya 

alá tartozó biológiai minpőségi elem (halak, makroszkípikus vízi gerinctelenek, 

fitoplakton, makrofita) vizsgálatára is sor került, valamint kémiai és 

hidromorfológiai felmérés is készült. Közel 359 kovalga taxon került elő a vizsgált 

339 mintavételi helyről. A leggyakoribb genus a Navicula (104 db faj) volt , amit a 

követett a Nitzsclzia (80), Fragilaria (43), Achnanthes (41), Gomphonema (30) és 

Cymbella (26). A leggyakrabban előforduló taxon az Achnanthidium minutisimum 

volt, amely a leggyakroibb diatoma taxon a világon. A legtöbb előkerült taxon a 

meszes, eutróf vizekre jellemző. Számos a szennyezésre toleráns faj is előfordult 

(pl. Gomphonema parvulum, Nitzschia paleacea), de a szennyezéstől mentes 

vizeket jelző fajok is előkerültek (pl. Achnanthes biasolettiana, Gomphonema 

micropus). A Meridion circulare a kevés tipikusan folyóvízre jellemző kovaalga 

egyike, szintén jellemző volt a mintákban (Van Dam et al., 1994). A savas és 

oligotróf vizekre jellemző fajok ritkán kerülte elő pl. Eunotia bilunaris. Az 

adatelemzésben felhasznált kovalaga adatbázis az ECOSURV project adatbázisának 

része. 

Ezen adatbázis képezi az alapját a jelenleg az országos monitoring hálózat által 

használt minősítő és adattároló rendszereknek. 
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Abstract: The phytoplankton database of the Middle Danube Basin was analysed and eva- 
luated in order to describe the characteristic algal assemblages of the rivers. The dataset were 
extracted from the database of the Hungarian monitoring network and academic institutions. 
We implemented the Kohonen Self Organizing Map (SOM) method by which we can visua- 
lize the assemblages in topology-preserving projection of two-dimensional space. The me- 
thod is capable of evaluating large datasets (more than 1800 samples in the present investiga- 
tion). As a result, we can identify the different algal communities which characterize diffe- 
rent river types. The algal communities were described as different ratios of algal functional 
groups. Since some of the groups are in close relation with certain types of environmental 
pressure it is also possible to highlight those rivers or river sections (or those periods) which 
are far from the expected good ecological status. 
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Introduction 

The traditional multivariate statistical methods, like cluster analysis and ordina- 
tion, are difficult to interpret and cannot well present the information of very large 
data sets. Self Organizing Map (SOM) is a novel approach for the visualization of 
high-dimensional data. SOM converts complex statistical relationships between 
data sets into simple geometric relationships on a low-dimensional display. Thus, 
it uompresses information while preserving the most important topological and 
migic relationships of the primary data (KOHONEN 2001). The main advantages of 
the SOM are the better data visualization and noise reduction (VESANTO & ALHO- 
NIEMI ~ ~ ~ ~ ) . ' M A N G I A M E L I  et al. (1996) compared SOM and several hierarchical 
clustering methods, and found SOM superior to hierarchical clustering in both 
robustness and accuracy. In addition, the two-level clustering approach (SOM 
neural network followed by K-means clustering) was developed and successfully 
applied to cluster data (VESANTO & ALHONIEMI 2000; BECCALI et al. 2004). SOMs 
are increasingly popular tools in diatom ecology, and have been used to describe 
bentic algal assemblages in France and Luxembourg (GOSSELAIN et al. 2005; 
RIMET et al. 2005a, 200%). The method however, has not been used so far to 
analyse riverine phytoplankton assemblages, although the biological monitoring of 
the waterways provided large datasets in several countries during the last decades. 
The EC Water Framework Directive (2000) defines the minimal level for the 
ecological monitoring of surface waters in Europe. The importance of the use of 
macroscopic invertebrates and bentic diatoms as well-known indicator groups in 
rivers is emphasized, but it also indicates that the most relevant elements should be 
applied in the given situation. In the case of eutrophic rivers, the investigation of 
the phytoplankton is at least as important and informative as that of the other 
elements. The problem is that phytoplankton investigations alone are not equal 
with water quality assessment. In most cases, the phytoplankton of rivers is a 
mixed assemblage memorizing the ecological conditions of the upper river seg- 
ments. The phytoplankton assessment has to be based on the evaluation of the 
occurring species, or groups of algae, which groups can be created on the basis of 
their taxonomic relationship (genera, divisions), or on the basis of their similar 
ecological behaviour. The assessment method proposed by BORICS et al. (2007) is 
based on the evaluation of the functional groups of algae (REYNOLDS et al. 2002; 
PADISLK et al. 2005). 

The aim of this study was to show the applicability of the functional groups 
approach to describe characteristic phytoplankton assemblages in riverine ecosys- 
tems and to extract the most frequent assemblage types. 

Material and methods 

Data from 1897 phytoplankton investigations froill 189 locations have been in- 
cluded in the analysis. The investigations were carsied out in Hungarian rivers and 
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rivulets by regional authorities and research institutions during the period 2000- 
2004. 

The original database contained the relative abundance of the species. Since the 
analysis here is based on the relative biomass of the species, cell volume data from 
earlier measurements were used. 

The species were sorted into different algal functional groups. The original list 
of algal functional groups of Reynolds (REYNOLDS et al. 2002) was supplemented 
wj&h some new groups such as TB benthic diatoms (most of the species that belong 
to the Navicula, Nitzschia, Gomphonema etc.); TI, benthic desmids; Tc benthic 
Cyanobacteria (species such as Lyngbia, Oscillatoria). Smaller alterations were 
made on the species pool of the W1 and W2 groups, because species that prefer 
waters of very high organic content including Chlamydomonas reinhardtii, C. 
ehrenbergii, Euglena viridis, Spermatozopsis exultans were assembled into a 
new Wo codon. Detailed explanation of the new functional groups and the total 
list of the codons and their relevant species can be found in B o ~ r c s  et al. (2007). 

For statistical analysis, we used KOHONEN'S Self Organizing Map method. The 
detailed algorithm of the SOM can be found in KOHONEN (2001). CHON et al. 
(1996), PARK et al. (2003) and LEK & GUEGAN (2000) described ecological ap- 
plications. The numbers of nodes were determined as 5x sqrt (number of samples) 
according to VESANTO (2000). 

For clustering the SOM we used the K-means clustering technique. K-means 
clustering is an algorithm to classify or to group objects based on attributes (in this 
case species composition) into K number of group. The grouping is done by 
minimizing the sum of squares of distances between data and the corresponding 
cluster centroid as the square error of each data point is calculated and clusters 
reformed such that the sum of square errors is made to be minimum. Details of the 
the methodological background can be found in VESANTO & ALHONIEMI (2000) or 
BECCALI et al. (2004). 

The Structuring Index (SI) was originally developed to define species showing 
the strongest influence on the organization of the SOM map (see PARK et al. 2005). 
TISON et al. (2004) used the SI to evaluate relevant diatom species in the clas- 
sification of diatom communities. The SI is the value indicating the relative 
importance of each species in determining the distribution patterns of the samples 
in the SOM. Therefore, the set of species showing high SI can be considered as the 
indicator species. 

Results 

The application of SOM and the use of K-means clustering resulted in 8 different 
types of riverine phytoplankton association. (Fig. l a x ) .  These types were deter- 
mined by high structuring indexed codons such as TB, Y, Wo, D, J, C and W1 
(Figs. 2, 3a). Other codons, important in the riverine phytoplankton associations 
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Codons 

Fig. 2. Codons with high structuring index. The values indicate the relative importance of 
each codon in determining the SOM patterns. 

with their abundance of occurrence on the SOM map can be found in Fig. 3b. After 
creating the SOM, we were able to count the number of samples belonging to a 
given virtual hexagonal map unit (Fig. 4), in this way the most frequent was the 
type I, in which 931 samples occurred. The eight plankton associations can be 
defined as follows: 

Type I. This is the most frequent phytoplankton type which is representative for 
the upper section of rivers. The dominant codon is the TB (bentic diatoms) with 
more than 70 % of the total biomass abundance (Fig. 5). This association has no 
seasonal preference. The most frequent taxa are Nitzschia palea, Nitzschia fonti- 
cola, Navicula capitatoradiata, Surirella brebissonii, Diatoma vulgaris. 
Type 11. Members of the TB group are dominating type I1 (Fig. 5 )  but the elements 
of the Wo and W1 functional groups (Chlamydomonas reinhardtii, Euglena spp.) 
indicate organic pollution. This type is also characteristic for upstream sections of 
rivers. Only a slight seasonal preference for early spring and autumn can be found. 
Type 111. This is typical plankton of small rivers with the dominance of TB and D 
(Fig. 5 )  codons. This assemblage occurs on those river sections where the retention 
time due to hydro-morphological changes or upper stream reservoirs enables real 
phytoplankton to develop. 
Type IV. This association can be referred to as "Danube type" summer plankton. 
The most important codons are D, J and C (Fig. 5). Dominant species of this 
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d d 
tolyo cod 

Fig. 3a. Gradient distribution of the most important codons on the SOM. Darker cells 
mean higher abundance of the codon in the hexagonal unit. 

d d d 
folyo.cod 
Fig. 3b. Gradient distribution of important codons on the SOM. Darker cells mean higher 
abundance of the codon in the hexagonal unit. Scale bar refers to relative percentage. 
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Number of samples in the different clusters 

loo0 

I. II. 111. IV. v. VI. VII. VIII. 

Fig. 4. The number of the samples belongs to the different cluster groups. Roman letters 
refer to the cluster numbers. 

Ill VI Vll Vlll 

Fig. 5. Percentage distribution of the different codons according to the SOM clusters. 
Roman letters refer to the cluster numbers. 
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v .  VI. 

Fig. 6. Seasonal distribution of the algal assemblage types. Roman letters mean the cluster 
numbers, horizontal axis represents the months, while vertical axis the number of samples 
belonging to that given month. 
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association are Stephanodiscus hantzschii, Cyclotella comti Skeletonema potamos 
and Nitzschia acicularis from codon D, Cyclotelln meneghiniana from codon C ,  
and Scenedesmus species from codon J. However, the favourable season of this 
type is the early summer (Fig. 6). Certain species such as Stephanodiscus invisi- 
tutus could bloom however, in the Danube during winter (Krss & GENKAL 1993). 
Type V. This type could be mainly found on the lower section of the river Tisza 
with the dominance of Y codon (Fig. 5). Cryptomonas rejlexa, C. marssonii, C. 
rostratiformis, Rhodomonas minuta become dominant in this section. Development 
of th?s association is absolutely independent from the seasons (Fig. 6). 
Type VI. The characteristic functional group of type VI is Wo (Fig. 5). The 
dominance of this group is due to very strong organic pollution. Chlamydomonas 
spp., Euglena viridis, Polytoma uvella, Speimatozopsis exultans are typical ele- 
ments of this assemblage. This type of plankton is usually dominant in winter and 
early spring (Fig. 6.) 
Type VII. This type is a mixture of a very divers association with the presence of 
relatively rare groups like Lo, HI, L,, S, (Fig. 5). The occurrence of this type is 
expected in slow flowing channels and small rivulets in late winter and summer. 
Type VIII. The dominant codon of this type is the W1 (Fig. 5 )  which is according 
to REYNOLDS is characteristic for small organic pools. Frequent taxa are the me- 
taphytic Phacus and Trachelomonas spp. This type is typical in slow-flowing 
rivulets and channels which are under the risk of organic pollution and have rich 
macrophyte vegetation. Development of this type is expected in summer. 

The seasonal distribution of the defined plankton types (Fig. 6) shows, that 
several of them have affinity to a certain period of the year. Types IV and VIII 
develop usually in summer. Type VI occurs in late winter and early spring. Type 
VII has got a special bimodal character with a late winter and mid summer peak. 

Discussion 

The Danube river basin is the second largest system in Europe. Flow regulation and 
river fragmentation has crated hundreds of impoundments in its catchment. These 
lentic habitats, depending on their altitude, depth, trophic state and residence time, 
provide different ecological conditions for the development of specific algal as- 
semblages. It is no exaggeration to say that the diversity of habitats (lakes, im- 
poundments) enables the development of almost all of the functional groups of 
algae, but survival and further development downstream is rather different. With 
the implementation of Self Organizing Map and K-means clustering eight signifi- 
cant algal assemblages were defined and described by their relative contribution of 
algal functional groups (REYNOLDS et al. 2002). Since some of the functional 
groups are closely related to certain types of environmental pressure (organic 
pollution Wo,W1; high nutrient status Y, HI, J; impounding Lo, L,) it is possible 



392 G. Varbiro et al. 

to highlight those river sections or periods which aredmpacted by human activities. 
Evaluation of the dataset validated the separation of the Wo from the Reynolds' W1 
group. The establishment of the Wo group enables the description of the worst status 
of the rivers with serious organic pollution. This status usually occurs in late winter 
and early spring, because mineralization is slow due to low temperatures. Our results 
demonstrate that the abundance of the Wo decreases with elevated water tempera- 
ture, but the occurrence of the W1 shows an increasing tendency (Fig. 6, VI). 

In our dataset, the most frequent algal assemblage was the type I, dominated by 
;;, bentic diatoms (Fig. 3). This can be explained by the short residence time of the 

water bodies in question. 
The bimodal character of the type VII is cause by the Lo functional group. This 

plankton type frequently occurs in the summer epilimnion of lakes (REYNOLDS et 
al. 2002). Several dinophytes, however, can be important members of the winter 
phytoplankton (GRIGORSZKY et al. 1998). Therefore it would be necessary to 
separate certain oligotherm Peridinium taxa from the Lo codon. 

The application of functional groups in lake quality assessment has been proved 
by PADIS~K et al. (2005). Further studies have been started for the application of 
this approach on riverine phytoplankton quality assessment, see BORICS et al. 
(2006). 
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Abstract: Benthic diatom flora of the River Danube was investigated along the river from the 
source streams to the end of the Hungarian stretch during a four-year period. Characteristic 
diatom community assemblages were established using KOHONEN Self-organizing Map 
(SOM) algorithm. We found five sample clusters, arranged according to the location. The 
first three groups are located in the German-Austrian stretch, while the fourth and fifth groups 
are located in the Slovakian-Hungarian stretch. Characteristic species of the clusters 1 and 2 
are Achnanthidium minutisimum (KuTz.) CZARNECKI, Denticula tenuis KUTZ., Nitzschia 
fonticola GRUN., Psammothidium bioretii (GERMAIN) BUKHT. & ROUND, Melosira varians 
AG., Planothidium subatomoides (HusT.) BUKHT. & ROUND, character species of cluster 3 is 
Amphora pediculus (KuTz.) GRUN., while character species of the clusters 4 and 5 are 
Nitzschia dissipata (KuTz.) GRUN., Navicula cryptotenella LANGE-BERT., Cocconeis pla- 
centula var. euglypta (EHR.) GRUN., Rhoicosphenia abbreviata (AG.) LANGE-BERT., Nitz- 
schia inconspicua GRUN. This arrangement is also well in agreement with the poorer water 
quality of the lower, and the better water quality of the upper stretch. 

Introduction 

The River Danube is the largest (2,780 km long, 817,000 km2 catchment area) and 
one of the most important rivers in Central Europe. During a four-year project, 
epilithic algae of the River Danube and its main tributaries were investigated along 
the river from the source streams Breg and Brigach up to the end of the Hungarian 
stretch (Fig. 1, Table 1). These samples were analysed from a taxonomical 
perspective, furthermore, water quality analysis using diatom indices was carried 
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Fig. 1. Map of the River Danube with our sampling points (numbers refer to the sampling 
sites in Table 1). 

out. These results have been published and discussed elsewhere (ACS et al. 2006). 
In the current study, we analysed and evaluated the diatom database of our 

previous study in order to describe the characteristic algal assemblages of the 
River Danube and some of its tributaries using KOHONEN Self-organizing Map. 

Self Organizing Map is a novel approach for the visualization of high-dimen- 
sional data. SOM converts complex statistical relationships between high-dimen- 
sional data items into simple geometric relationships on a low-dimensional display. 
Thus, it compresses information while preserving the most important topological 
and metric relationships of the primary data items (KOHONEN 1995). SOMs are an 
increasingly popular tool in diatom ecology, and have been used to describe algal 
assemblages in France and Luxembourg (GOSSELAIN et al. 2005; RIMET et al. 
2005a, 200%). 

Material and methods 

Epilithon samples were taken in August 2000, 2001, 2002, and in October 2001 
along the Danube and some of its tributaries (close to their mouths) from the 
source streams to the end of the Hungarian stretch (Table 1, Fig. 1). Samples were 
scraped off from stones in three replicates, washed into tap water, homogenized 
and fixed with formaldehyde. Diatoms were treated with HzOz and washed three 
times in distilled water, afterwards mounted in Naphrax. In each sample, 400 
valves were counted and IPS diatom index was calculated using Omnidia Version 
4 (LECOINTE et al. 1993, 1999). 
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Table 1. Sampling points and sampling times. 
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SOM 21 -Sep2006 

Fig. 2. The localization of the sampling Fig. 3. Clusters of the sampling sites by 
sites on the SOM map. Numbers are ac- K-means clustering of the SOM. Num- 
cording to the site numbers in Table 1. bers represent the different clusters. 

For statistical analysis, we used the KOHONEN Self Organizing Map (SOM) 
which can make a projection of the database into a two-dimensional hexagonal 
map. Closely related communities were placed into neighbouring hexagons by 
their similarities, while samples with different communities were in distant hexa- 
gons. The SOM can display the groupings of samples and species together; there- 
fore, each species can be evaluated by its importance (KOHONEN 2001). With this 
method, we were able to distinguish different algal communities which character- 
ize different river sections. It is also possible to select the characteristic species for 
these assemblages. The number of output neurons is an important factor in the 
analysis, we used the suggestion of VESENATO which determines the output number 
as: 

 output = 5z J- 

(VESENATO 2000). The rough tuning phase includes 5000, while the fine tuning 
phase lasted contains 15,000 iterations. 

The Structuring Index (SI) was originally developed to define the species that 
show the strongest influence on the organization of the SOM map (PARK et al. 
2005). RSON et al. (2004) used the SI to evaluate relevant diatom species in the 
classification of diatom communities. The set of species showing high SI can be 
considered as the indicator species. Taxa showing strong gradient display high SI 
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values, whereas species showing weak gradient present l'ow SI values. Thus, the 
higher the value of SI, the more relevant the variable is to the structure of the map. 

Results and discussion 

K-means clustering of the SOM allocated 5 different sample groups (clusters) 
(Fig. 2). With few exemptions, the first, second and third clusters fell in the Ger- 
ma:-~ustrian stretch, whereas the fourth and fifth clusters fell in the Slovakian- 
Hungarian stretch. Temporal differences were less pronounced: the five clusters 
were mainly'organized by the sampling localities. The first cluster was formed by 
some sampling points scattered along the German and Austrian stretches, includ- 
ing the tributaries of Enns and Lech. The second cluster comprised the sampling 
points around the source of the Danube such as the Breg and Brigach sources and 
streams, the first stretch of the River Danube after the fusion of Breg and Brigach, 
furthermore the tributaries of Ipel, Morava and Garam. The third cluster was 
formed by the sampling sites on the lower part of the Austrian stretch. The fourth 
cluster was mostly built up by Slovakian, and the fifth by the Hungarian sampling 
sites, although the clustering is not perfectly unambiguous. 

The character species of the five sample clusters were defined (Fig. 3). We 
found that the clusters 1 and 2 were characterized by Achnanthidium minutisimum 
(KuTz.) CZARNECKI (AMIN), Denticula tenuis KUTZ. (DTEN), Nitzschia fontico- 
la GRUN. (NFON), Psammothidium bioretii (GERMAIN) BUKHT. & ROUND 
(ABIO), Melosira varians AG. (MVAR), Planothidium subatomoides (HusT.) 
BUKHT. & ROUND (ASAT). The character species of cluster 3 is Amphora pedi- 
culus (KuTz.) GRUN. (APED), while character species of the clusters 4 and 5 are 
Nitzschia dissipata (KuTz.) GRUN. (NDIS), Navicula cryptotenella LANGE-BERT. 
(NCTE), Cocconeis placentula var. euglypta (EHR.) GRUN. (CPLA), Rhoicosphe- 
nia abbreviata (AG.) LANGE-BERT. (RABB), Nitzschia inconspicua GRUN. 
(NINC). However, not all of these species had equally high SI values (the higher 
the SI value, the better indicator is the species) (Fig. 4). Thirteen species had 
higher SI values, these were Amphora pediculus, Achanthidium minutissimum, 
Cocconeis placentula var. euglypta, Nitzschia inconspicua, N. dissipata, Denticula 
tenuis, Rhoicosphenia abbreviata, Navicula tripunctata (O.F. MULLER) BORY 
(NTPT), Navicula cryptotenella LANGE-BERT. (NCTE), Staurosirella pinnata 
(EHR.) WILLIAMS & ROUND (FPIN), Nitzschia fonticola GRUN. (NFON), Melosira 
varians and Nitzschia amphibia GRUN. (NAMP). 

Considering the average relative abundance values of the character species of 
the five cluster groups (Fig. 5), it is obvious that the main difference between the 
cluster groups is not so much the species composition, but rather the different 
relative abundance ratios of the different species in the different clusters. The 
source area of the Danube (streams Breg and Brigach and the uppermost stretch 
of the River) are better separated (cluster 2) than the rest of the clusters. 
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Fig. 4. Individual SOM maps of the characteristic species. Scale bars showing the species 
calculated abundances by the learning process of the SOM in percentage (abbreviation of 
species can be found in the text). 
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taxa 

Fig. 5. The highest structuring indexed taxa. APLO = Kolbesia ploenensis (HusT.) KING- 
STON, SOVI = Surirella ovalis B R ~ B . ,  NMEN = Navicula menisculus SCHUMANN, NPAE = 
Nitzschia paleacea GRUN., CANT = Gomphonema angustum AGH., NCPL = Nitzschia 
capitellata HUST. (see more abbreviations in the text). 

4 3 2 
clusters 

Fig. 6. Average taxonomic composition of the clusters (see abbreviations in the text). 
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Fig. 7. IPS index values of River Danube and its tributaries (close to their mouth). 

According to the diatom indices, the water quality of Danube river is generally 
good on the German-Austrian-Slovakian part and moderate on the Hungarian part 
and the water quality of the tributaries (close to their mouth) are good or excellent 
around the sources and, through gradual deterioration. it becomes moderate in 
Slovakia and Hungary (Fig. 7). 

Conclusions 

In conclusion, we found that the SOM was a powerful tool in resolving benthic 
diatom associations of the River Danube. SOM algorithms are a more sensitive 
tool for resolving species assemblage types than conventional clustering methods. 
We found five cluster groups, arranged primarily according to the sampling site; 
the clustering was but little influenced by the sampling time. We have shown 
character species for all five cluster groups, however, at the same time, we have 
shown that the difference between the clusters is more a result of the differences of 
relative abundance ratios between the cluster groups than a true difference of the 
species composition, although the uppermost stretch of the river and the source 
streams was well separated from the lower stretches. The clusters 1, 2 and 3 are in 
the German-Austrian stretch, the clusters 4 and 5 in the Slovakian-Hungarian 
stretch. This separation is also well in accordance with differences in water quality 
between these stretches. 
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Abstract According to the European Water Frame- 
work Directives, benthic diatoms of lakes are a tool 
for ecological status assessment. In this study, we 
followed an integrative sample analysis approach, in 
order to find an appropriate substratum for the water 
qualification-oriented biomonitoring of a shallow 
soda lake, Lake Velencei. Six types of substrata (five 
artificial and one natural), i.e., andesite, granite, 
polycarbonate, old reed stems, Plexiglass discs and 
green reed, were sampled in May and in November. 
We analysed total alga and diatom composition, 
chlorophyll a content of the periphyton, surface 
tension and roughness of the substrata and carbon 
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source utilisation of microbial communities. Water 
quality index was calculated based on diatom com- 
position. Moreover, using a novel statistical tool, a 
self-organising map, we related algal composition to 
substratum types. Biofilms on plastic substrates 
deviated to a great extent from the stone and reed 
substrata, with regard to the parameters measured, 
whereas the biofilms developing on reed and stone 
substrata were quite similar. We conclude that for 
water quality monitoring purposes, sampling from 
green reed during springtime is not recommended, 
since this is the colonization time of periphyton on 
the newly growing reed, but it may be appropriate 
from the second half of the vegetation period. Stone 
and artificially placed old reed substrata may be 
appropriate for biomonitoring of shallow soda lakes 
in both spring and autumn since they showed in both 
seasons similar results regarding all measured 
features. 

Keywords Biomonitoring . 
Natural and artificial substrata . Water qualification 

Introduction 

Surfaces exposed to adequate moisture, mainly solid- 
liquid phase interfaces, provide a niche for microbial 
colonisation, where the majority of microorganisms 
are thought to exist naturally as biofilms (Sutherland 
2001). Biofilms provide both a spatially and 
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temporally heterogeneous milieu, comprising an 
organised, three-dimensional structure of microbial 
commi~nities embedded in an exopolysaccharide 
matrix (EPS), with a network of water-filled channels 
(Jenkinson and Lappin-Scott 2001). Bacteria are 
observed to be the primary colonisers, followed by 
the adhesion of other bacteria and different microor- 
ganisms, among others algae, with each cell 
potentially serving as a new surface for the wide 
variety of further colonising cells (Acs et al. 2000). 
The composition and the architecture of the biofilm 
are s ~ ~ b j e c t  to both intrinsic and extrinsic factors, the 
latter including several physico-chemical attributes 
of the s~~rrounding environment and the nature of the 
substratum. .,- 

Periphytic algal s t~~d ies  in lentic environments 
have lagged behind phytoplankton investigations. 
Nowadays, in several countries of the EU, in studies 
connected to the EU Water Framework Directive 
(WFD, European Parliament 2000, directive 2000/60/ 
EC), benthic algae are considered key organisms for 
the assessment of the ecological quality of water- 
courses. For a long time, palaeolimnology has been 
using transfer functions based on weighted averaging 
which are developed on the basis of the composition 
of the recent flora and fauna as well as on their 
inherent measurable chemical parameters and the 
strength of the model; knowing the composition of 
the fossil flora and fauna, one can infer the environ- 
mental parameters of that time (e.g., Christie and 
Smol 1993; Schnitchen et al. 2006). It is clearly 
visible from these results that the epilithic algal 
community of the littoral zone shows good correla- 
tion with the water quality parameters and can be 
used well in the assessment of trophic condition of 
lakes in bionionitoring. 

In Germany, water qualification investigations 
based on the benthos of lakes have a long history. 
Hofmann (1994) described the basis of the use of 
benthic algae in lakes as the indicator species of 
trophic and saprobic condition, when she noted that 
the difference in species composition on stone and 
plants did not cause significant change to the indices. 
Later, she (Hofmann 1999) developed a new index 
(the trophic index: TI) for more precise assessments, 
which was used subsequently by others also in the 
country (e.g., Seele et al. 2000). Later it was built 
into the national monitoring program, too, and 
developed further (Schaumburg et al. 2005). A lake 

diatom index was created (DIs,,,,). The lake diatom 
index (DIs,,,,) is calculated from two elements. One 
element (module) of which is the TI, while the other 
module is a reference index (reference species ratio, 
RAQ) . Schaumb~~rg et al. suggested stone and the 
surface of the sediment as substrate where the water 
level was at least 30 cm away from the macrophyton. 

In the work of Blanco et al. (2004), the indicator 
role of diatoms was investigated in six Spanish lakes 
of different water qualities for the determination of 
the trophic and saprobic condition of the lakes. The 
indices calci~lated by the OMNIDIA software were 
used in the qualification. Their results showed that the 
investigation of epiphytic algae and the diatom 
indices calculated by OMNIDIA software could be 
used well in the biological monitoring of lake 
ecosystems, too, for the estimation of the ecological 
condition, although the indices were basically devel- 
oped for flowing waters. 

Poulickova et al. (2004) investigated the indicator 
role of the diatoms of the littoral zone in Austrian 
lakes near the Alps; samples were collected from the 
surface of live reed, stone and sediment. The results 
showed that the species composition of the various 
substrates was significantly different that influencing 
the values of the indices. According to her, the most 
suitable substrate in the lake is the live reed, because 
dead reed, stone and sediment accumulate the dead 
diatoms from the previous years. Live reed grows 
anew every year, however, and the community 
developed on it reflects the actual condition. The 
investigations of Grimes et al. (1980) showed imam- 
biguously that there was not a significant difference 
between the diatom composition of the periphyton of 
dead and live reed. 

By comparing the element content of the periph- 
yton of live and dead reed in Lake Balaton and Lake 
Velence with the element content of the reed, Lakatos 
(1983) found significant positive correlation in the 
case of the periphyton growing on live reed, while in 
the case of the dead reed there was not any significant 
correlation. This is an important statement, because it 
indicates that the dead reed serves only as substrate 
for the developing periphyton on it. So until the 
beginning of considerable decomposition, the algal 
composition of the periphyton developing on it 
probably ~eflects more the chemical components of 
the water than the periphyton on a live reed, which is 
in considerable metabolistic connection with the reed. 
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The introduction of an artificial substratum, 
through which more standardised and reproducible 
results were gained, has circumvented this problem to 
a certain extent. Furthermore, artificial substrata have 
been extensively used for the study of freshwater 
periphyton (reviewed e.g., in Kralj et al. 2006). 

A proposal was formulated by King et al. (2006) 
concerning the sampling of benthos of lakes for the 
assessment of ecological conditions. For the proposal, 
she surveyed numerous literatures and summarized 
the most important statements regarding the topic. In 
her opinion, however, the type of the substrate should 
be selected in a way that it is the most characteristic 
substrate of the littoral rt?gion of the lake. In the 
question of the substrate, the available data in the 
literature are not sufficient and are very contradictory. 

The community level BIOLOG (Hayward, Cali- 
fornia, USA) assay is a rapid and cultivation- 
independent method for distinguishing between 
microbial communities based on temporal, spatial 
and physicochemical parameters (Garland 1997). 
Community level physiological profiling (CLPP) of 
bacterial biofilms has proved an effective measure of 
biofilm condition changes due to copper-induced 
toxicity (Massieux et al. 2004). 

Shallow soda lakes are characteristic for the 
Hungarian plane, but also occur elsewhere in Europe 
(e.g., Spain). Up to now, there have been no existing 
guidelines as to the periphyton-based water quality 
analysis of this lake type. The aim of our study was to 
find an appropriate substratum for the biomonitoring 
of shallow, sodic lakes, and to compare the biofilm 
development in an early and late phase of the 
vegetational period. Based on our previous studies, 
Lake Velencei was chosen as a model system for 
gaining new experience on the subject of substratum 
preference. A multidisciplinary approach was followed 
using physical parameters of substrata, community- 
level physiological profiling and microscopic alga 
investigations along with novel statistical tools. 

Materials and methods 

Study site and sample collection 

Lake Velencei is the third largest lake of Hungary 
(24.5 km2) with a 615 km2 water catchment region. 
The lake is situated at the foot of the Velencei 

Mountains (which consists mainly of granite). Its 
proximity to the capital, 45 km SW, makes it an 
important recreation centre. It is a shallow soda lake, 
rich in dissolved salts and generally mesotrophic. The 
water level of the lake is regulated by two reservoirs 
situated in its catchment area and generally fluctuates 
between 140 cm and 160 cm measured at A g h d  near 
our sampling point (N047"1 1121", EOO1 8"34'4Iu). On 
the SW part of the lake, a large reed-belt can be found 
and the water colour is dark brown. This part belongs 
to a nature conservation area. The middle and NE 
part of the lake is the "open water" area with grey 
water colour caused by mud stirred up by the wind. 
This part belongs to the holiday area. Since the larger, 
open water area of the lake is used for bathing, field 
experiments were conducted here. 

Four different artificial substrata (granite [GI, 
andesite [A], Plexiglass [PI discs (made by Satuna- 
plex Ltd. Balatonfiizfo, Hungary), and polycarbonate 
[PC] slides (made by Arla-plast Ltd. Sweden)) and 
two natural substrata (old reed [OR] stems and living 
green reed [GR] stems) were used for biofilm 
development. The common reed (Phragmites aus- 
rralis (Cav.) Trin ex Steudel) stems located near the 
sample holder served as green reed substratum. The 
additional substrata (with the exception of Plexiglass 
in May, when it was not included) in 10 replicates 
were placed into the same Plexiglass holder (Fig. la), 
which was fixed to a rack equipped with a float 
(Fig. Ib) to keep the samples approximately 30 cm 
below the water surface. Biofilms developed on 
different substrata were studied in spring and autumn 
2002. Surface sterilized granite, andesite and poly- 
carbonate slides (12 x 3 x 0.7 cm) and Plexiglass 
discs with a diameter of 3 cm as well as old reed 
stems (all in ten replicates) placed in the same 
distance from one another and in vertical position 
were dipped into the lake water on 15 April and 23 
September. Following 6 weeks' colonization, they 
were collected on 27 May and 4 November, 
respectively. 

At the end of the colonisation periods (in May and 
November), green reed samples from the same depth 
were also collected. Samples were transported to the 
laboratory in a dark cooling box within 2 h of 
sampling. The biofilm from different substrata was 
washed into separate flasks filled with known volume 
of sterilized physiological saline solution (0.89 g 
NaCl I-', pH 8.0) with the help of a sterile brush. 
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Fig. 1 Frames for the artificial substrata (above) and their 
floating holder used in Lake Velencei 

Composite samples-collected from the same type of 
substrata-were divided into subsamples for different 
further analyses. 

Surface tension and roi~ghness of substrates 

In order to determine the surface tension of the 
substrata, advancing and receding contact angles of 
water and formaldehyde droplets on the different 
substrata were measured by a contact goniometer. 
Based on the measured values, the polar and disper- 
sion components of the surface tension were 
calculated according to Fowkes geometrical mean 
equation. Polarity (P) can $9 calculated based on the 
following equation P = %.  100, where y, is the 
surface tension and is its polar component of 
the solid material. 

Determination of roughness was carried out using 
atomic force microscopy (AFM) at a resolution of 

10 x I0  pm. Section analysis provided the roi~ghness 
information on an arbitrary cross section of the 
surface. The typical roughness parameter given to 
characterize the surface roughness is Ra, which 
represents the mean roughness, which is the mean 
value of a s ~ ~ r f a c e  cross section relative to the center 
line. 

Algal abundance and identilication 

A part of the biofilm samples was preserved in 
Lugol's iodine solution. The quantitative deterniina- 
tion and the identification of algae were completed by 
Utermiihl's (1958) method, according to the statistic 
instructions of Lund et al. (1958). For identification 
of diatoms, samples were treated with H202 and 
mounted i n  Naphrax. 

Chlorophyll-a analysis 

Another part was prepared on the day of sampling for 
chlorophyll rr measurement. Following the method of 
Coodwin (1976) the chlorophyll a content was 
extracted by cc methanol and measured by a 
photometer at 653, 666 and 750 nm. The chlorophyll 
a concentration was calculated by the following 
equations: C, = 17.12 x Ehhh - 8.68 x E6s3r and the 
chlorophyll 0 concentration (pg ~ m - ~ )  = m x C, x 
1000 x M-' x t-I, where m was the volume of 
methanol used for the extraction (ml), M was the 
volume of the sample filtered onto the glass fiber 
filter (ml), and t was the area of substrates (cm2). 

Carbon source i~tilisation of bacterial 
comniunities 

From the third part of the biofilm samples, a sole- 
carbon-source-utilisation test of bacterial communi- 
ties was carried out. In order to inoculate BIOLOG 
GN2 niicroplates, an initial lo-' biofilm dilution was 
prepared by suspending wet biofilm-equivalent to 
10 g of dried matter-in 100 ml of sterile saline 
solution. Serial dilutions were prepared LIP to a 
dilution factor of lo-'. A 20 ml aliquot of each 
dilution was shaken for 10 min and left settling for 
10 min, in order to avoid interference in the assay by 
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co-extracted biofilm components, causing unspecific 
turbidity and absorbance. From the diluted biofilm 
samples, 150-150 kt1 volumes were inoculated into 
the wells of BIOLOG GN2 microplates, providing 95 
different carbon sources and a redox indicator 
(tetrazolium violet). The majority of carbon sources 
on the BIOLOG GN2 plates were carbohydrates (30), 
carboxylic acids (24) and amino acids (20). Polymers 
(5), amineslamides (6) and miscellaneous compounds 
(10) were represented in lower numbers (Preston- 
Mafham et al. 2002). The detection of substrate 
utilization-based on the reduction of the tetrazolium 
dye and therefore the optical density values-was 
measured at 595 nm with an ELISA Reader (Lab- 
systems Multiscan PLUS), after incubation at 25OC 
from 24 h to 96 h. The type and number of the carbon 
sources utilised by the bacterial communities were 
evaluated according to Garland and Mills (1 99 1 ). 

Statistical analysis 

Diatom diversity and evenness values were calculated 
using the Shannon-Weaver index. The self-organiz- 
ing map (SOM) method introduced by Kohonen 
(2001) was used for grouping the samples and 
evaluating the structure of diatoms and the epiphyton. 
SOM can make a projection of the database into a 
two-dimensional hexagonal map. Closely related 
communities are placed into neighbouring hexagons 
by their similarities, while samples with different 
communities are in distant hexagons. The SOM can 
display the groupings of samples and species 
together; therefore, each species can be evaluated 
by its importance. The number of output neurons is 
an important factor in the analysis. Using the 
suggestion of Vesenato (2000), we determine the 
output number as Nolltpur = S x J G .  The rough 
tuning phase includes 2,000, while the fine tuning 
phase contains 8,000 iterations. 

The structuring index (SI) was originally devel- 
oped to define the species that show the strongest 
influence, according to the the organization of the 
SOM map (Park et al. 2005). Tison et al. (2004) used 
the SI to evaluate relevant diatom species in the 
classification of diatom communities. The set of 
species showing high SI can be considered as the 
indicator species. Taxa showing strong gradient 
display high SI values, whereas specie5 showing 

weak gradient present low SI values. Thus, the higher 
the value of SI, the more relevant the variable is to 
the structure of the map. For clustering the SOM we 
used the K-means clustering technique, an algorithm 
for classifying or grouping objects based on attributes 
(in this case species composition) into K number of a 
group. The grouping is done by minimizing the sum 
of squares of the distances between data and the 
corresponding cluster centroid as the square error of 
each data point is calculated and clusters reformed 
such that the sum of square errors is made to be 
minimum. The SOM Toolbox (http:Nwww.cis.hut.fi/ 
projects/somtoolbox) was used to implement the 
SOM under a MATLABs environment. 

The diatom index (IBD) was calculated by using 
OMNIDIA V4. software. 

Comparison of the substrate oxidation results 
originating from the different samples was accom- 
plished by statistical analysis (principal component 
analysis [PCA]), using the SYNTAX 2000 software 
package (Podani 2000). 

Results 

Among the tested substratum types, granite had the 
highest surface roughness, polycarbonate and Plexi- 
glass substrata were two orders of magnitude 
smoother (granite: 510 nm, andesite: 420 nm, poly- 
carbonate: 9 nm, Plexiglass: 4 nm) (Fig. 2). The 
polarity values were 76.2 for the granite, 68.4 for 
the andesite, 60.4 for the Plexiglass, 39.2 for the 
polycarbonate and 22.9 for the old reed substrata. The 
old reed substratum had the highest dispersion and 
lowest polar component of the surface tension, while 
granite had the highest polar component and the 
lowest dispersion (Fig. 3). 

Studying the periphyton communities developed 
on different substrata in Lake Velencei, we found 
more than 120 algal species, most of them belonging 
to diatoms. Comparing the species number, Shannon 
diversity and evenness values of the different sub- 
strata, we found the smallest values on the plastic 
substrata in almost all cases (Fig. 4). Certain species 
such as Nuvicula cryptocephala Kutz. and Oedogo- 
niurn capitellarum Wittrock were more dominant in 
the spring, while others such as e.g., Nitzschia palea 
(Kutzing) W. Smith and Ctenophora (Fragilaria) 
l~ulclzella (Ralfs ex Kutz.) Williams et Round 
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Fig. 2 Atomic force micrographs of the surface of the artificial substrata 
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Fig. 3 Polar and dispersal components of the surface tension of 
the different substrata (G = granite. A = andesite. P = Plexi- 
glass, PC = polycarbonate. OR = old reed) 
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Fig. 4 Diversity and evenness of diatom communities on 
different substrata (Div = diversity. M = May, N = November, 
Ev = evenness. G = granite, A = andesite, P = Plexiglass, 
PC = polycarbonate, OR = old reed. GR = green reed) 

dominated in the autumn (Fig. 5). The communities 
grown on Plexiglass and polycarbonate substrata 
were strongly dominated by Aclzncrnthidium minu- 
tissimum (Kutz.) Czamecki. Other characteristic 
species were Microcystis aer~iginoscr (Kiitz.) Kutz. 
for granite, Oedogoniunz cnj>itellntl~n~ for andezite, 
Go~nl>hor~rrncr o l i vace~~~n  var. olivcrceum (Horne- 
mann) BrCbisson for both granite and andezite, 
while for green and old reed no significant differ- 
ences were detected in the dominance of algal 
species. 

According to the SOM analysis based on the 
algological data (species composition and their 
abundance), a strong seasonality can be observed 
(Fig. 6). Substratum types formed five distinct 
groups. In May granite, andesite and old reed formed 
a group, while polycarbonate and green reed formed a 
group, which clearly separating from the ones 
originated in November. In autumn Plexiglass and 
polycarbonate as well as granite, green reed and old 
reed comprised two distinct groups, while andesite 
was loosely connected to the latter (Fig. 6). IBD 
indices displayed the most analogous values on the 
granite, andesite and old reed substrata both in May 
and November, respectively (Fig. 7). 

The chlorophyll n content was highest on the 
granite (326 pg cm-') and andesite (328 pg ~ m - ~ )  in 
May, and on the old reed in November (5 1 pg ~ m - ~ ) ,  
and i t  was the lowest on green reed (24 and 
0.5 1.1g c N 2 )  on both occasions. I 

Microbial BIOLOG substrate utilization patterns 
of biolilm communities developed on different sub- 
strata were compared on the average well color 
developtnent value (AWCD; average of absorbance 
values from 95 wells). With the exception of green 
reed si~bstratum, the AWCD values were higher in 
May than i n  November (Fig. 8). Out of green reed 
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Fig. 5 Dominant alga species in the sa~nples. (MAER = Mi- Willia~ns et Round, GOLI = Gornpltonemn olivncerrrl~ var. 
c.roc:\..rtis trc~r.rr~yirrostr (Kiitz.) Kiitz.. AMIN = Achrm~rthirliron oli~~ncerrrn (Hornemann) Brtbisson. NCRY = Nnvicirln en>/>- 
~ ~ t i r ~ ~ r ~ i . ~ . ~ i r r r ~ r , ~ ~  (Kiitz.) Cz;~rncck+, CPLA = Coccorrc,is ~,Irrc.en- tocel~linln Kutz., NPAL = Nitz.rc11irr pnlen (Kutzing) W.Srnith, 
t~rltr Ehrenbcrg var, lirri~irro (Ehr.) Van Heurck, RABB=Klzoicosl>hnariia crhbrevintn (C.Agardh) Lange-Ber- 
CAFF = Cjrnhrlla c~lfiriis Kutz. CClS = Cyr~zbell~i cistlrln talot. MGRI = Monorn/>hidi~~~n grjffithii (Berk.) Kom.-Legn., 
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substrat~~m, the higher substrate ~~tilization values were IBD 

measured in case of granite and old reed substrata on '8 

both occasions. According to the bacteriological 16 

14 

Fig. 7 Values of the indices IBD (Indice Biologique Diatom- 
Ces) in May and November, based on the benthic diatom 
composition of the different substrata (see abbreviation on 
Fig. 4) 

investigations, carbohydrates (sucrose, u-D-glucose, 
maltose, D-mannitol and D-trehalose) were the most 
preferred among the carbon sources. The number of 
carbon sources characteristic for certain microbial 
communities was the largest in the case of granite 
while this number was lower in the case of the other 
substrata types. Among the carbon sources the 
utilization of D-fructose and D-gluconic-acid was 
characteristic in May, while glycogen, tween 80, 

I I 

D-mannose and D-sorbitol in November. Community 
Fig. 6 Classification of the samples through SOM. the SOM 
virtual units were classifed into four clusters by K-means level physiological profiles (CLPP) based on the 
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examined by PCA. In PCA, microbial communities 
from different substrata served as objects and the 96 h 
absorbance values of carbon source utilization as 
variables. According to the ordination, the first two 
PC axes accounted for 69% and 63% of the variance 
in the data in May and November samples, respec- 
tively (Fig. 9). In May, samples from andesite, granite 
and old reed substrata grouped tightly together along 
PCI, while polycarbonate and green reed clearly 
separated from them. As Fig. 9 indicates, in Novem- 
ber the differences among the substratum types 
increased as the objects scores diverged along the 
PCI. Apart from this, in autumn CLPP of bacterial 
communities from granite arld old reed substrata were 
the most similar to each other with their highest object 
scores for axis 1. 

Discussion 

The potential of epilithic microalgae for deriving 
nutrients from rock substrata has not been extensively 
examined. However, it can be assumed that it 
depends on the rock's chemical composition, poros- 
ity, crystal size and other features. Rosemarin and 
Gelin (1978) related the trend observed in substratum 
specificity to the roughness of the surface. Among the 
different artificial substrata, red granite and lightly 
sandblasted Plexiglass were better than smooth glass. 
Similarly, Kropfl et al. (2006) found that surface 
properties of substrata greatly influence developing 
biofilms. Nevertheless, Rosowski et al. (1986) 
showed that the organic layer developing on the 
substrata may mask the substratum effect already 
after 2 weeks of colonization. 

Differences in the polar and dispersal components 
of the surface tension of the different substrata used 
in our study seemed to influence the composition of 
the mature periphyton. Comparing species number, 
Shannon diversity and evenness values of algae and 
AWCD values of bacterial communities detected on 
the different substrata, we found smaller values on 
the smooth surfaced plastic substrata (Plexiglass and 
polycarbonate) than on the rougher surfaced ones 
(andesite, granite and reeds). As can also be seen 
from the diatom composition, this may have been 
primarily caused by the dominance of A. minirtissi- 
mum on the plastic substrata. 

Based on the results of the SOM analysis, it can be 
stated that the separation of plastic substrata-both in 

AWCD 
--: 

Fig. 8 Differences of the average well color development 
(AWCD) values of microbial communities detected on 
BIOLOG GN2 microplates originating from different substrata 
placed in Lake Velencei (see abbreviation on Fig. 4) 
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May and November-is in good correspondence with 
tlie dominance of certain species. In May, the two 
rocks (granite, andesite) and old reed showed the 
greatest similarity to each other and it was reflected in 
the chlorophyll rr contents, diatom indices and the 
carbon source utilisation test of bacterial communi- 
ties. In November, the most similar periphyton 
comn~unities were also detected on the granite and 
old reed substrata, while the Plexiglass was greatly 
deviant both in algological and in bacteriological 
respects. The analysis of BIOLOG carbon source 
~~tilization patterns revealed n more expressed heter- 
ogeneity among the same type of substrata (e.g., 
rocks, plastics or reeds) %m~npared to the different 
type of substrata, especially granite and old reed. In 
both May and November sample sexies, granite and 
old reed had the most similar and the most diverse 
bacterial coni~n~~ni t ies  according to their BIOLOG 
carbon source i~tilization, respectively. 

Comparing tlie metabolic fingerprints as well as 
ulgologicnl tlntn of biolil~n samples, we found that the 
positions of ob-ject scores and the results of SOM 
analysis of natural substrata indicated that bacterial 
and algal communities developed on green and old 
reed substlxta were more dissi~nilar in May than in 
November. 111 an earlier study performed on green 
and old reed stem surfaces of Lake Velencei in 
summer (ACS et al. 2003) no significant differences 
were loillid in the species composition algae and 
metabolic activities of bacterial communities in 
mature biolilms. These results suggest that the 
differences between them 017 green and old reed 
stems start to diniinish already in summer. 

The obvious separation of the green reed substra- 
turn in this study was probably caused by the 
different colonization phase of tlie periphyton (early 
colonization phase conlniunities differ from mature 
cornni~~nities). There are three different hypotheses 
concerning the interaction between epiphytes and 
their host plants: (a) some studies showed a positive 
nutrient interaction (e.g., Wetzel 1983), when the 
subs t r a t~~n~  is a second nutrient source for the algae; 
(b) others indicate a negative interaction, when the 
niacropliyte releases allelopathic substances that 
inhibit epiphyte growth (e.g.. Anthoni et al. 1980); 
(c) ;I third hypothesis states that macrophytes are only 
a neutral site for attachment (e.g., Cattaneo and Kalff 
1979). Our results based on the aligned algological 
and bacteriological studies on biofilms indicated that 

in May mainly dissimilar or opposite plant-microbe 
interactions could be dominant on green and old reed 
substrata, whereas in November these interactions 
became more. complex and related to each other. As 
Burkholder (1996) also pointed out, each of these 
hypothesized interactions might be true, depending 
on the season, water quality (with respect to nutrient 
content) and plant substratum conditions. Signifi- 
cantly different epiphyte communities have been 
found on natural as opposed to plastic plants in 
mesotrophic and oligotrophic lakes (Cattaneo and 
Kalff 1978), while in eutrophic lakes, they did not 
exhibit any substratum preference (Eminson and 
Moss 1980). 

Summarising, both the algological and bacterio- 
logical investigations showed that periphyton 
developing on stone and reed material were not 
signilicantly different. Especially in the case of old 
reed material where even the diatom indices 
showed similar values. However, it has to be noted 
that in this experiment cut sterilized and artificially 
placed reed was used as old reed substrata rather 
than naturally growing, rooted reed from the lake. 
Using rooted reed might have resulted in greater 
differences of the community composition between 
reed and stone periphyton by November, since 
active microbiological degradation processes would 
have influenced algal composition to a greater 
extent. 

Conclusions 

For water quality monitoring purposes, sampling 
from green reed during springtime is not recom- 
mended, since this is the colonization time of 
periphyton on the newly growing reed. Consequently, 
algal and bacterial composition cannot unambigu- 
ously be in consonance with water quality, but it may 
be appropriate from the second half of the vegetation 
period. Stone and artificially placed old reed substrata 
may be appropriate for biomonitoring of shallow soda 
lakes in both (spring and autumn) periods inasmuch 
as they showed highly similar results regarding all 
measured features. 
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Abstract: Based on the phytoplankton associations described for lakes (REYNOLDS, 2002), 
an assessment method has been elaborated for rivers. All phytoplankton associations were 
evaluated and scored by a number between 0-5. As many rivers can be defined as shallow, 
turbid, mesotrophic ecosystems of short residence time, those associations that prefer this 
type of environment were given high factor numbers, and those that are typical of stable 
hypertrophic lakes have got the lowest values. Highest values were given to those assem- 
blages that contain mainly periphytic diatoms. To achieve an index, each species in the 
sample must be assigned to the appropriate functional group. Then the relative share of each 
functional groups are calculated. Relative shares are then multiplied by the factor number. 
The sum of these scores is the index. The reference values of the upper river sections are close 
to 5, while those of the lower river stretches are approximately 4. The method has been tested 
with hundreds of phytoplankton samples, it is simple, and after applying to a phytoplankton 
database can be computerised easily. Another advantage of the method that it is not restricted 
to a specific geographic region. 

Introduction 

The increasing demand for developing new assessment methods for evaluating the 
ecological status of lakes and rivers has mainly been fuelled by the WFD (2000) in 
the recent years. The Directive does not deem necessary to investigate the phyto- 
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plankton in rivers which is not surprising, because the streams owing to the pre- 
dominance of allochthonous organic material over the autochthonous primary 
production are naturally heterotrophic systems (REYNOLDS 2000). Nevertheless 
several investigations proved (UHERKOVICH 1971; DESCY et al. 1988; Krss 1994; 
DOKULIL 1996; SKIDMORE et al. 1998) that the lower sections of the large, sluggish 
rivers (especially in lowland areas) can be characterized by highly eutrophic phy- 
toplankton. Analysis of the Hungarian water quality database that contains more 
than 60,000 chlorophyll-a data for the Hungarian rivers (V~GH 2002) has also 

'0 
demonstrated the development of eutrophic, and even worse, hypertrophic situa- 
tions in most of the lowland rivers in Hungary (Fig. 1). Undesirable increment of 
the pliytoplankton biomass is at least as problematic in riverine ecosystems as it is 
in lakes, because it may have deleterious effect on the other assemblages of the 
river, and it impairs water uses. 

The basic characteristics of the rivers are, that during their course they change 
their trophic state from heterotrophy to autotrophy. In line with this, the philosophy 
of the river monitoring approaches also have to change. Although the water quality 
monitoring of the streams is usually based on the composition of the macro- 
invertebrate fauna and the benthic diatoms, because of the above mentioned rea- 
sons, the investigation of the liverine phytoplankton for monitoring purposes is 
unavoidable. Methodology of the rheoplankton investigations (including the sam- 
pling, counting etc.) has been worked out in details for decades (UHERKOVICH 
1971; KISS et al. 1995, 1996). These are being appIied as routine techniques by 
those organizations which are responsible for the water quality monitoring. Never- 
theless phytoplankton-based quality assessment of the rivers has not been elabo- 
rated yet, therefore in several countries the old saprobic systems (PANTLE & BUCK 
1955) are in current use. 

The aim of this study is to present a new phytoplankton-based method, by which 
the ecological state of the rivers can be assessed. In compliance with the expecta- 
tions of the WFD, we make an attempt to give the characteristic phytoplankton 
assemblages of the rivers. 

Elaboration of the new assessment method 

Earlier assessment methods tried to characterize the water quality on an absolute 
scale, and gave some kind of "water-goodness" instead of the real water quality. 
The new procedures have to be based on the degree of deviation from a pristine 
ecological state. This approach needs a detailed description of the type specific 
reference conditions for those biological elements which the assessment methods 
are based on. The main problem with this philosophy is to find enough aquatic 
ecosystems of pristine state to the "reference conditions" with the required statis- 
tical certainty. The probability of finding untouched aquatic ecosystems among the 
large lakes and rivers of higher order is virtually zero (REVENGA et al. 2000). 
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Consequently, simplified mechanistic models might be used, besides historical 
data and the expert judgement, to describe characteristic algal types in rivers. 

Basic hydraulic features of rivers are used in a simple model to differentiate 
sections where benthic elements are dominant and where considerable populations 
of euplanktonic elements develop. 

;& Theoretical bases 

The premise is that algae will grow wherever and whenever they have the oppor- 
tunity 'to do so. For the development of any algal population at a given place three 
basic criteria need to be present simultaneously: 
I. inocula of the species, 
2. appropriate environmental variables (temperature, light, nutrients), 
3. sufficient time. 

If any of these is missing, the population has no chance to develop. In standing 
waters, with the exeption of those with extremely high flushing rate, the above 
three criteria are fulfilled for the phytoplankton. In dynamic systems, such as 
pristine rivers, the probability of the coexistence of all the three factors changes 
along the river channel. 
1. The phytoplankton of rivers can be traced back to the inocula from lentic ha- 

bitats that are connected with the main river. Natural "alga-cradles" can be 
the slow flowing or dead arms of the river (KISS 1987, 1997; STOYNEVA 1994; 
SKIDMORE et al. 1998), separated oxbows and swampy areas of the floodplain 
(UHERKOVICH 1971), or the dead zones of the river channel (REYNOLDS 2000). 
The number of such habitats has been reduced as a result of river regulation. 
Similar lentic habitats are created by human activities as impoundments, cas- 
cades, or off-river reservoirs. In many cases these impounded waters mimic 
natural lakes. Contrary to natural lentic habitats, which can inoculate the rivers 
with euplanktic elements mainly during low or high discharge periods, several 
of the artificial water bodies can be considered as continuous chemostats. 
Their efficiency in inoculation of rivers is supposedly higher than that of the 
natural ones. 

2. As far as the appropriate environmental parameters are concerned, rivers 
usually contain sufficient inorganic nutrients (FELFOLDY 1969; KISS 1994) but 
phytoplankton can be frequently light limited because of the suspended par- 
ticles. 

3. Long term investigation of potamoplankton (KISS 1985; KISS et al. 1998; Krss 
& SCHMIDT 1998; SCHMIDT 1994; DOKULIL 1991) provided corroborative evi- 
dence that the hundreds of impoundments built in the Carpathian basin, ex- 
erted dramatic impacts on the phytoplankton composition and biomass by im- 
proving the light climate ( R ~ K ~ C Z I  1989) and by increasing the residence time 
(REYNOLDS & GLAISTER 1993). Except for rivers of higher order, where the 
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Fig. 2. River Tisza and its main tributaries. 

phytoplankton production is curbed primarily by the light conditions, resi- 
dence time is the key factor in the upper and middle sections of rivers. 
Estimation of the residence time for rivers is easier than for lakes, because 

evapotranspiration which is the most problematic component of the water-balance 
of lakes is unimportant. In the case of rivers, the residence time depends on the 
length of the investigated river section and water velocity which can be calculated 
from the slope, the geometric characteristics of the streambed and from the friction 
factor. These traits vary considerably along the river. Consequently, accurate cal- 
culations can only be accomplished at a given point of a river for a given time. 
However the residence time can be estimated with high certainty from field mea- 
surements. The calculated residence times of the River Tisza and its main tribu- 
taries (Fig. 2) are shown in Table 1. The values have been calculated from the 
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Table 1. Calculated residence time and certain hydrological features of the River Tisza 
and its main tributaries. 

Name of 
the river 

Tisza 258 2 172.8 1.5 1 .o 
section 
Middle 349 

;. Tisza 
W 

1 
section 
Lower 

Tisza 338 0.5 43.2 7.8 5.2 
section 

Tisza 

Koros 

Bodrog 

Kraszna 

Zagyva 

Saj6 

Hernid 

Beretty6 

Whole 
river 

section 
Whole 
river 

section 
Whole 
river 

section 
Whole 
river 

section 
Whole 
river 

section 
Whole 
river 

section 
Whole 
river 

section 
Whole 
river 

section 

* Estimated number of phytoplankton generations on the given river section, calculated 
with 1.5 day doubling time. 
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length of the river section and from velocity measurements (LASZL~FFY 1982). 
Velocity of the current is approximately 1.5-2 m s-' in mountainous areas, and 0.5- 
1 ms" in the lowlands at low discharge. For the tributaries of the River Tisza, 
current velocity of 1 m s-' was assumed. Since we aimed for characterizing pristine 
situations, the river-impoundments have not been considered.** 

With respect to the trophic state of the rivers, the last two columns in Table 1 are 
rather surprising. Apart from the lower sections of the Tisza, the residence times of 
the,~ther rivers are rather short (Table 1). If we calculate generation times setting 
the doubling time of centric diatoms, a distinct feature of riverine plankton assem- 
blages, to 1.5 days under ideal conditions (KISS 1996; KISS et al. 1997, 1998; 
SKIDMORE et BI. 1998) the number of the generations attainable is also very small. 
Consequently, the hypertrophic state of these rivers is not explicable. The phyto- 
plankton of natural rivers with short residence time should consist of benthic algae, 
mainly diatoms (tychoplanktic elements). Nevertheless, euplanktic elements are 
expected to dominate in the middle or in the lower segments of the large rivers, and 
the plankton is akin to those of shallow, eutrophic lakes (REYNOLDS et al. 1994). 

Due to the anthropogenic modification of the river corridors the phytoplankton 
species composition and biomass of the rivers in the Carpathian Basin differs 
considerably from the picture outlined above. The chlorophyll-a data of the Hun- 
garian water quality database (V~GH 2002) and hundreds of algological investiga- 
tions prove that even rivers of second or third order with residence times as short as 
one or two days, can be highly eutrophic, and their phytoplankton assemblages 
mainly consist of euplanktic elements. These characteristics indicate that lake-like 
conditions prevail at the upper segment of the river basin. The different impound- 
ments, the artificial lakes, ponds, and off-river reservoirs that are in connection 
with the main river channel exert influence on the natural riverine assemblages 
(THORNTON et al. 1996). The phytoplankton of the small and medium lowland 
rivers may entirely loose their riverine character, and comprise an eclectic mixture 
of the different types of eutrophic lake-phytoplankton. For the water quality and 
the water-use, however, it is important which types of the limnetic phytoplankton 
become dominant in rivers, because development of nuisance algal blooms 
(Cyanobacteria) may have deleterious effect on the aquatic biota and can cause 
health problems. 

** The calculated residence times appear to be rough estimations but it is worth mention- 
ing that the values concerning the River Tisza are in accordance with those that were 
measured during the cyanide pollution in February 2000. It took the contaminated water 
14 days to pass along the entire river section. Although the accident lasted only a few 
minutes, the contamination extended for 60 hours at the lower section. This furnishes 
evidence for the existence of the dead zones, which in this case contributed to the enlarge- 
ment of the residence time by 20 %. 
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Evaluation of the assemblages 

Elaboration of a phytoplankton-based quality assessment method needs the evalua- 
tion of phytoplankton associations in rivers. Therefore, we evaluate here the oc- 
currence of the elements of the phytoplankton assemblages (REYNOLDS et al. 2002; 
PADISAK 2003) by estimating how far, or rather, how close these limnetic assem- 
blages are to those types that can be considered as reference algal assemblages of 
rivers. We focus on those environmental elements that are specific for rivers (short 

; residence time), or important from the environmental point of view (trophic state, 
toxic algae). We also consider that the phytoplankton of the rivers is quite similar 
to those of the shallow, turbid lakes (REYNOLDS et al. 1994). Finally, the assem- 
blage is' characterized numerically by a compound factor (F) estimated from the 
following components. 

Each functional group of algae (REYNOLDS et al. 2002) was assigned to trophic 
state, turbulence and residence time on a scale from 0 to 5, on the basis of: 
1. trophic state: (hypertrophic 0; eutrophic 1; mesoeutrophic 2; mesotrophic 3; 

oligo-mesotrophic 4; oligotrophic 5), 
2. turbulence character: the habitats of the codons were scored by their turbu- 

lence preference (totally standing waters like pools among macrophytes 0, 
lentic 1, slightly lotic (mixed epilimnion) 2, medium lotic (mixed layers) 3, 
lotic 4 (well mixed layers), highly lotic 5), 

3. residence time, needed for the development of the given assemblage. Lower 
values were given to those assemblages that need relatively long time for their 
development. We can conclude to this from the biomass of the algal species 
belonging to the assemblage. Species of large biovolume usually can be domi- 
nating in the late stage of succession, whereas small-celled, invasive species 
are mostly the members of young, pioneer associations. During the estimation 
of this number the succession sequence of the codons (REYNOLDS 2002; 
PADISAK 2003) was also considered (climax assemblages 1, pre-climax assem- 
blages 2, transitional assemblages 3, pioneer assemblages of lakes and rivers 
4, benthic codons 5). 

4. As a highly subjective element, we also estimated how the occurrence of the 
given assemblage in the riverine ecosystem is "undesirable", that is, indicates 
pollution, or may be toxic. Higher values were given to the lower risk. 
The designated values of each element were summed and on the basis of this, on 

a scale ranging from 0-5 the assemblages were classified (Table 2). A high value 
of the factor (F) indicates that the occurrence of this functional group in the 
riverine phytoplankton can be considered as natural. 

The list of the functional groups (REYNOLDS et al. 2002) and its updated version 
(PADISAK 2003) has to be augmented with those groups that are characteristic 
elements for the potamoplankton. Tychoplanktic elements that contain originally 
benthic species have been inserted into the assemblages. These species can be 
dominant even in low discharge periods. 



A new evaluation technique of potamo-plankton 473 

Table 2. Calculation of the F numbers. 

Sum of the points Factor number 

Three tychoplanktic groups have been established: 
e The TB group contains benthic Bacillariophyceae species. 
e The TD group consists of benthic Desmidiales. 
e The Tc group contains benthic Cyanobacteria. 
Already REYNOLDS et al. (2002) noted that the W1 and W2 groups need to be 
refined. In harmony with this, a new functional group Wo has been created, in 
which those organisms were collected, that prefer waters of extremely high organic 
content and are capable of surviving even under septic conditions. The natural 
representatives of these habitats are the shallow oxbows on the floodplain, while 
the artificial ones are the sewage treatment ponds. Because of this new functional 
group some alterations were necessary in the species pool of the WI and W2 
groups. Details of the functional groups are shown in Table 3. 

For the assessment of the ecological state of the rivers, an assemblage index 
(Q) has been developed. Calculation of the Q index follows the suggestions by 
PADISLK et al. (2005): 

where p, is the relative share of the i-th functional group equal to n,/N, where nl is 
the biomass of the i-th group and N is the total biomass, and F is the factor number 
from Table 3. The theoretical maximum of Q is 5, the minimum is 0. 

Relationship between Q and the different river types 

River typology based on hydrogeology and geochemistry in Hungary revealed 26 
types (KVVM 2005). The results of a nationwide ecological survey of the Hun- 
garian waters (Arcadis Euroconsult 2005) suggest that several of the 26 types can 
be amalgamated. Surprisingly, this proved to be true even for the macro- 
invertebrates, although this group is quite sensitive to small differences between 
the physical characteristics of riverine habitats. It also holds for those biological 
elements - like phytoplankton - which are more or less independent from the 



Table 3. Evaluation of the functional groups of algae. The first three columns were elaborated by REYNOLDS et al. (2,092) and PADISAK (2003) 

Codon Characteristic species Habitat Nutrient Turbulence Time Risk Sum of Factor 
status sufficient (inverse the points (F) 

for the scale) 
development 
of the given 
assemblage 

Clear, often well-mixed, 4 4 4 5 17 4 
base poor, lakes 

A Urosolenia (Rhizosolenia), 
Cyclotella comensis, 
C. glomerata 

Vertically mixed, meso- 3 4 4 5 16 4 
trophic, small-medium 
lakes 

B Aulacoseira subarctica, 
A. islandica, Stephanodiscus 
neoastraea, S. rotula, 
Cyclotella comta 

Asterionella formosa, Aulacoseira 
ambigua, Stephanodiscus 
neoastrea, Cyclotella mene- 
ghiniana, C. stelligera 

Well mixed, eutrophic 
small-medium lakes 
and rivers 

Synedra acus, Nitzschia spp., 
Stephanodiscus hantzschii, 
Cyclotella ocellata, 
C. pseudostelligera 

Shallow, enriched turbid 1 
waters, including rivers 

Enriched standing waters, 1 
or slow-flowing rivers 
with emergent macrophytes 

Tc Epiphytic cyanobacteria 
Oscillatooria, Phomtidium, 
Lyngbya, Rivularia 

TI, Benthic (epiphytic) desmids and 
filamentous green algae, Benthic 
diatoms 

Enriched standing waters, 2 
or slow-flowing rivers 
with emergent macrophytes 

TB Nitzschia spp., Navicula, Gom- 
phonema, Didymosphaenia, 
Fragilaria, Achnanthes, Surirella 

Highly lotic environments 3 
including rivers and 
rivulets 



Table 3 (continued). 

N Tabellaria, Cosmarium, Mesotrophic epilimnia 3 3 1 4 b 11 3 
Staurodesmus, Xanthidium 

P Fragilaria crotonensis, Aulaco- Eutrophic epilimnia 
seira granulata, Staurastrum 
pingue, S. chaetoceras Pediastrum 
duplex, P simplex, Coelastrum spp. 

T Geminella, Mougeotia, Tribonema, Deep, well-mixed 
Planctonema, Closten'um epilirnnia 
aciculare, C. acutum v. van'abile 

S1 Planktothrix agardhii, Limnothrix Mixed layers 
redekei, L. planctonica, Pseud- 
anabaena limnetica, Plankto- 
lyngbya limnetica, P. contorta 

S2 Spirulina, Arthrospira, Shallow, mixed layers 
Raphidiopsis 

SN Cylindrospennopsis, Anabaena Warm slightly mixed 
minutissima layers 

Z Synechococcus, Pseudodictyosph Clear, mixed layers 
aerium, Ckoriocystis 
Single celled prokaryotic 
pikoplankton 

X3 Koliella, Chrysococcus, Shallow, clear, mixed 2 
eukaryotic pikoplankton layers 

X2 Plagioselmis (Rhodomonas) Shallow, clear, well mixed 3 
Chrysochromulima layers in mesoeurophic lakes 

X1 Ankyra, Monoraphidium Shallow well mixed layers 1 
in enriched conditions 



Table 3 (continued). 
i'. 

Codon Characteristic species Habitat Nutrient Turbulence Time Risk Sum of Factor 
status sufficient . (inverse the points (F) 

for the scale) 
development 
of the given 
assemblage 

Y Large microflagellates, Usually, small, well mixed, 1 4 4 4 13 3 
(Cryptomonas) enriched lakes 

Yph Phacotus Small, Ca-rich, alkaline lakes 1 2 3 3 9 2 

E Dinobryon, Mallomonas, Usually small, oligotrophic, 3 2 3 4 12 3 
Synura basepure lakes or hetero- 

trophic ponds 

F Colonial Chlorococcaleans Clear epilimnia 4 2 2 4 12 3 
(Botryococcus, Pseudo- 
sphaerocystis, Coenochlorys, 
Oocystis), Elakatothrix 

G Volvox, Eudorina 

J Scenedesmus, Golenkinia, Tetra- 
strum, Crucigenia, Actinastrum 
Micractinium 

K Aphanothece, Aphanocapsa 

H1 Anabaenajlos-aquae, 
Aphanizomenon Jos-aquae 

H2 Anabaena lemmermannii, 
Gloeotrichia echinulata 

Short, nutrinent-rich water I 
columns, small pools among 
macrophytes 

Shallow, enriched lakes, 2 
ponds and rivers 

Short, nutrient-rich columns 2 

Dinitrogen fixing 
Nostocaleans 

Dinitrogen-fixing Nosto- 3 
caleans of larger meso- 
trophic lakes 



Table 3 (continued). 

U Uroglena Summer epilirnnia 4 1 1 8 2 
2 Q* 

Lo Peridinium, Woronichinia, Summer epilimnia in 3 1 1 2 7 1 
Merismopedia mesotrophic lakes 

LM Ceratium, Microcystis Summer epilimnia in 1 1 1 2 5 1 
eutrophic lakes 

M Microcystis, Sphaerocavum Daily mixed layers of small, 0 2 1 0 3 0 
eutrophic, law latitude lakes 

R Planktothrix rubescens, P. Metalimnia of meso- 3 2 1 0 6 1 
mougeotii trophic, stratified lakes 

V Chromatium, Chlorobium Metalimnia of eutrophic, 0 0 3 0 3 0 
stratified lakes 

WO Chlamydomonas, Spermatozopsis, Small ponds of extremely 0 1 3 0 4 1 
Pyrobotrys, Chlorella, Polytoma, high organic content 
Oscillatoria chlorina, 
Beggiatoa alba 

W1 Euglena, Phacus, Lepocinclis, Small, organic ponds 1 1 
Gonium pectorale, G. sociale 
(Pandorina morum) 

W2 Trachelomonas, Strombomonas, Shallow, mesotrophic, well 2 3 .  
Dysmorphococcus spp. Small mixed lakes 
dinoflagellates Peridinium, 
Glenodinium, Gymnodinium, 
other metaphytic species 

Ws Synura Small, mesotrophic, mixed 3 3 2 4 12 3 
lakes, pH neutral 

Q Gynostomum Small, humic lakes 2 2 1 1 6 1 
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quality of the substrate. The species composition of the rheoplankton depends 
primarily on the inocula present at the upper river-segment, the light climate 
and the residence time. Consequently, the number of the river types, based on 
the characteristic phytoplankton assemblages, will be much smaller than those 
made on the basis of hydro-geological and geochemical characteristics. 

In case of a pristine river, phytoplankton assemblages that can be considered as 
reference depend primarily on the residence time. Residence time, however, is not 

;&onstant at the given point, but changes with the actual current velocity, therefore 
must be considered when defining the reference assemblages. In general, the TB 
functional group can be considered as a reference assemblage in the upper river 
segments' and along the river it is enriched with other phytoplankton elements, in 
natural rivers mainly with those, that have high factor number (F = 4). The value of 
the Q index decreases downstream. 

On basis of the residence time 6 main river types are proposed that are more or 
less in accordance with MEYBECK'S (1996) system. These types and the recom- 
mended Ecological Quality Ratio (EQR) values are shown in Table 4. Boundary 
values would be preferably derived from detailed analysis of large data sets. This 
approach is not feasable here because of the lack of data and the heterogeneity of 
the existing datasets. Therefore, the boundary values have been extracted from the 
theoretical contribution of the assernblages that belong to F = 5,4 ,3  or 2 categories 
(Table 5) in the phytoplankton. These example distributions explain the relatively 
high EQR values in certain river types. 

Table 4. Proposed river types and Ecological Quality Ratio (EQR = Q15) values for diffe- 
rent water quality classes. 

River type Code of Stream Residence EQR 
the type order' time (day) 

Brooks and 1 
small streams 

Streams 2 

Small rivers 3 
(lowland 
streams) 

Rivers 4 

Large rivers 5 

Very large 6 
rivers 

moderat 
excellent good e poor bad 

1-5 < 2  1 0.99 0.97 0.95 <O.OS 

Depending on local conditions 
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Table 5. Relative share (%) of the assemblages belong to the'functional groups F = 5,  4, 
3, and 2, and the calculated Ecological Quality Ratio (EQR) values. This table contains 
example distribution of the different functional groups. 

5 4 3 2 EQR 

Case studies 

The new assessment method has been tested by using different datasets from 
Hungarian rivers that contain phytoplankton data against the Pantle-Buck index 
(PANTLE & BUCK 1955), which is the officially accepted qualification method in 
Hungary and several other countries in Europe. Some of the databases had to be 
supplemented with biovolume data. In such cases cell-volumes from earlier inves- 
tigations were used. 

Data from the following rivers were considered: River Kosely at Hajd~iszovht, 
River Tisza at Tiszalok, and River Danube near God. The two methods are in 
accordance when their values move to opposite direction. 

River Kosely at Hajduszovat, riv.-km 46.0 

Lowland, calcareous, small river with yearly average water discharge 1.0 m3 s-' in 
East Hungary (type 3 in Table 5). This small streamlet carries the effluent of the 
sewage treatment plant of the city of Debrecen (average wastewater load 50,000 
m3 day-') and it is one of the most polluted rivers in this region with high organic 
content, but with relatively small hydromorphological alterations. 

Compared to the saprobic index, the Q values exhibit a much wider range 
(Fig. 3). The Q values indicated better quality in several cases, when the saprobity 
was a-mesosaprobic or a-P-mesosaprobic. This can be explained by the frequently 
occurring pennate diatoms, Navicula rhyncocephala and Nitzschia palea, belong- 
ing to the TB group, which have the highest factor value (F = 5) in the new 
assessment system while these species were considered as a-mesosaprobic indi- 
cators in the saprobic system. The TB group will have to be refined again on the 
basis of the pollution tolerance. 
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Fig. 3. Quality assessment of the River Kosely on basis of the Q and S (PANTLE & BUCK 
1955). The thick line at 4.5 indicates the good-moderate boundary. 

River Tisza at Tiszalok, riv.-km 518.2 

This is a lowland, calcareous, large river with yearly average water discharge 540 
m3 s-' (type 4 in Table 5). Sampling point is just upstream of the Tiszalok barrage, 
which is situated at the upper part of the middle river-segment. Compared to the 
Pantle-Buck index, the Q values fluctuate at a much larger scale (Fig. 4). In 
situations when water-quality is worse, both methods coincide, because those 
phytoplankton groups that have low F numbers have usually high S values in 
the saprobic system. Since the highest factor number (F = 5) was given exclusively 
to the representatives of the TB group, the Q values higher than 4, refer to the 
dominance of benthic diatoms. The large number of Q values that exceed 4 in- 
dicate, that this section has frequently been in good ecological state despite im- 
pounding which increases residence time. The Q index, however, indicates bad 
quality situations in several cases when the saprobic index points to favourable 
water quality. The reason is that some groups, like Cyanobacteria, have low 
saprobic values, and consequently, refer to relatively good water quality. In the 
present method they have low values as well (F = 0, or F = I), but here they 
indicate undesirable water quality situations. 

River Danube at God, riv.-km 1669 

Lowland, calcareous, large river with average discharge 2,300 m3 s-' at God (type 
5 in Table 5). Sampling was carried out at the middle part of the Hungarian river 
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Fig. 4. Quality assessment of the River Tisza on basis of the Q and S (PANTLE & BUCK 
1955). The thick line at 4.0 indicates the good-moderate boundary. 

section. The Q values (Fig. 5 )  indicate that the phytoplankton of the river consists 
primarily of euplanktic species during the vegetation period. The estimated resi- 
dence time at the sampling point of >20 days at low discharge allows the devel- 
opment of assemblages B, C, and D, which are dominated mainly by centric 
diatoms (F = 4). The values lower than 4 indicate the dominance of P and F 
assemblages. The saprobic index proved to be insensitive during the whole inves- 
tigation period. 

Supposedly, the residence time was long enough for the development of char- 
acteristic riverine phytoplankton in the large and very large rivers even in the 
earlier, pristine situation, but the stream regulations by damming and impounding 
at the upper river basin considerably reduced flow rate and increased residence 
time. The composition of the phytoplankton under pristine conditions is therefore 
difficult. Re-investigation of samples collected from the River Danube in the late 
1950s proved, that several taxa that now are considered as "new and dominant" 
elements of the algal flora (e.g. Skeletonema potamos), were present in the plank- 
ton (KISS 1986). Although the ratio of these euplanktic elements must have been 
lower in the past than nowadays, we have the opinion that the phytoplankton of 
large pristine rivers consisted of these elements during low discharge periods. The 
meso-eutrophic state must have been a natural characteristic of the very large 
pristine rivers. Probably large European rivers were potentially eutrophic in the 
middle of the last century, but their actual trophic state was mesotrophic as a result 
of high concentration of the suspended solids (KISS 1985, 1997). 
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Fig. 5. Quality assessment of the River Danube on basis of the Q and S (PANTLE & BUCK 
1955). The thick line at 3.5 indicates the good-moderate boundary. 

Discussion 

Monitoring of the naturally occusring algal communities in rivers provide data on 
species composition, species number, diversity, or quantitative occurrence of the 
algae. Experts of administrative institutions who are responsible for water quality 
management need simple numerical values rather than species lists or scientific 
evaluation of the assemblages. Much of the monitoring activities concentrated on 
bentic Bacillariophyceae species in the recent years, and numerous indeces have 
been developed for characterizing the quality of the rivers (DESCY 1979; COSTE in 
CEMAGREF 1982; WATANABE et al. 1988; KELLY & WHITTON 1995; SCHIEFELE 
& SCHREINER 1991; LENOIR & COSTE 1996; ROTT et al. 1997). These methods 
became widely used in the last decades, but their applicability in large, deep, slow- 
flowing rivers (because of the lack of appropriate substrate) is problematic. Never- 
theless, this type of the rivers is usually enriched with nutrients and - pending the 
hydro-meteorological situations - can be characterized by highly eutrophic phy- 
toplankton. High phytoplankton biomass may occur in smaller water currents as 
well, consequently the phytoplankton as a tool in the water quality assessment 
should not be ignored. Since up to now, little attention has been attended to the 
application of the phytoplankton for evaluation of ecological state of the rivers, the 
present study aims to show a new assessment method. The method is based on the 
functional group of algae represented in the potamoplankton and provides a single 
index number (Q). The index has been tested on phytoplankton data of different 
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rivers, and proved to be more sensitive than the earlier uses saprobic index. After 
calculating the Q, the Ecological Quality Ratio (expected by the WFD) could also 
be given. 

Conclusions 

As an evaluation it is worth mentioning the strengths and weaknesses of the 
m e h d .  
Strengths of the method: 
0 It has been elaborated on the basis of the fundamental hydrological character- 

istics of the rivers. 
0 Applicability is not restricted to a geographic region. 
0 It is sensitive. 
o It is capable of indicating different anthropogenic impacts (organic pollution, 

impoundment, occurrence of toxic elements). 
o It can be computerized easily. 

Weaknesses of the method: 
o It is difficult to define those river stretches where the given associations are 

expected to occur or to be dominant (supposing natural conditions). 
o Efficiency of the lentic areas as the "cradles" of the euplanktic species is not 

known. 
0 It is also not known how much the "dead zones" (REYNOLDS et al. 1991; 

REYNOLDS 2000) enlarge the residence time. 
The factor numbers have been given by expert judgement. 

0 Those species that have not been mentioned in the Reynolds' system (REY- 
NOLDS et al. 2002) are sorted into the groups on the basis of expert opinion. 

o During the testing, average biomass data were used. 
In case of a water bloom, the method may indicate good or excellent ecological 
state. 

o The boundaries cannot be set by analysing the variation of the given biological 
indicator (Q) along a pressure gradient (as it suggested by the ECOSTAT (2005) 
document), therefore the boundary setting is subjective. 
The method has been tested with hundreds of phytoplankton samples, it is 

simple, and after applying to a phytoplankton database it can be computerized 
easily. 
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Abstract: The purpose of the paper is (1) to make an inventory of the diatom assemblages of 
the Hungarian running water types; (2) to assess relationships between the species composi- 
tion and environmental variables; (3) to adapt existing metrics to the Hungarian situation; and 
(4) to present a map of the of diatom inferred quality of the country's running waters. In 
spring 2005, diatom samples were taken in 339 streams. Samples for analysis of water 
chemistry were taken at most of the stations. The diatom species composition was investi- 
gated using standard methods and 496 taxa were found. Ordination by detrended correspon- 
dence analysis (DCA) revealed that current velocity, altitude, shading, oxygen and alkalinity 
are master variables for the species composition of diatoms. Nutrients are of less importance 
in determining the diatom distribution over the whole country, but regionally they can have a 
considerable impact. Twelve diatom river types (IndVal method) were distinguished. The 
existing physiographic river typology is too detailed for diatom assemblages. Human impact 
has caused shifts in the assemblages. For the estimation of water quality in the running 
waters, the IPS (Index of Pollution Sensitivity) was calculated and the class boundary limits 
were adapted to the Hungarian geomorphology. Different class boundaries are set for high-, 
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mid- and low-altitude streams. Using these boundaries, 81 % of the streams have a high or 
good quality. Poor or bad conditions of the streams are often due to domestic sewage load, but 
industrial pollution may also be important. Provisionally, reference sites are selected. 

Key words: Water Framework Directive (WFD), phytobenthos, diatoms, ordination, cluster 
analysis, master variables, IPS, water quality assessment. 

Introduction 
*V 

An important biological quality element (BQE) for the estimation of water quality 
in the European Water Framework Directive (WFD) is the phytobenthos (European 
Union 2000). In each of the member states metrics (indices) for the calculation of 
water quality (Ecological Quality Ratio, or EQR) have to be developed. As diatoms 
represent the most important component of the phytobenthos, the taxonomic com- 
position of attached diatom assemblages is used for the calculation of the EQR in 
many countries, as is shown by several papers in this volume. 

The WFD recommends that assessment of water quality should be simple, 
straightforward and robust, i.e. the information that is given by the diatom-inferred 
water quality should be related to the most important stressors for the water bodies 
in question. The construction of yardsticks or metrics to calculate Ecological 
Quality Ratio's thus needs a strong insight in the environmental variable(s) that 
are responsible for the taxonomic composition of diatom assemblages of the 
relevant water types. 

Although Hungary has a long tradition in research on taxonomy and ecology of 
attached diatoms (e. g. PANTOCSEK 1901; CHOLNOKY 1929; SZEMES 1956; PADISAK 
1982; ACS & KISS 1991) recent evaluations are scarce (BUCZK~ & ACS 1994; ACS 

et al. 2004; Kovkcs et al. 2006). A nation-wide survey of diatom assemblages 
covering all important types of running waters with concurrent and relevant en- 
vironmental variables was absent until now, as it is for most of the countries in the 
world. Hungary is a rather flat country, where over 80 % of the surface area is used 
for agriculture. So, diatom assemblages in Hungarian streams should be rather 
similar to those in most western and central European countries. 

Therefore, we started an inventory of diatom assemblages in 339 Hungarian 
streams, in order to assess the relationships between the species composition of the 
diatom assemblages and measured environmental (chemical, physical) variables by 
means of multivariate analyses. These relationships provide evidence for the mas- 
ter variables regulating the species composition of diatoms. These relations will be 
used to test whether the existing diatom indices (e. g. PRYGIEL et al. 1999) can be 
applied in Hungary. Subsequently, boundaries for ranges of metrics describing 
different classes of water quality will be set and used to map the quality of diatoms 
in Hungarian surface waters. Moreover, cluster analysis will be used in order to 
describe the taxonomic composition of the diatom assemblages of the water types 
in a compact way and to explore the correspondence between diatom-based river 
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types and physiographic river types. 
The diatom results will be compared with surveys of fish and macro-inverte- 

brates, which were performed at the same river locations in the so-called ECO- 
SURV-project (ARCADIS 2005). All technical details and full results of this paper 
are to be found in VAN DAM et al. (2005). 

Materials and methods 
*%> 

Selection of sampling stations 

For the purpdses of the implementation of the WFD 25, physiographic natural 
types of running waters are distinguished in Hungary on basis of their altitude, 
geology, substrate and dimensions. An additional type for artificial water bodies 
(channels) is added (Table 1). 

Table 1. Description of Hungarian physiographic river types and number of sites included 
in this study. 

Type Altitude Geology Substrate Dimension Sites 

1 high silicious rough small 18 
2 high calcareous rough small 19 
3 high calcareous rough medium 6 
4 mid calcareous rough small 22 
5 mid calcareous rough medium 21 
6 mid calcareous rough large 10 
7 mid calcareous rough very large 3 
8 mid calcareous medium small 34 
9 mid calcareous medium medium 18 
10 mid calcareous medium large 7 
I 1  low calcareous rough small 5 
12 low calcareous rough medium 10 
13 low calcareous rough large 12 
14 low calcareous rough very large 5 
15 low calcareous medium small 20 
16 low calcareous medium very small (very flat area) 19 
17 low calcareous medium very small (flat area) 10 
18 low calcareous medium medium 27 
19 low calcareous medium large 19 
20 low calcareous medium very large 15 
2 1 low organic fine 4 
22 low organic medium 3 
23 low calcareous rough very large 12 
25 low calcareous medium very large 2 

26 artificial channel 14 
unknown type 4 

total 339 
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Sampling sites were selected proportionally among the WFD types, as evenly 
over the country as possible, and across the whole gradient from nearly pristine to 
highly impacted streams. Large streams were sampled at more than one site. In 
total 339 sites were sampled all over the country. Hungary has an extensive net- 
work of national and regional water quality monitoring stations (PADISAK et al. 
1991), which covers the main rivers (Danube, Tisza, Drhva) and their tributaries. 
These stations were used as much as possible. However, in smaller streams, parti- 
cularly in the more remote areas, no permanent monitoriug stations exist; thus 

*V additional stations were established. Heavily shaded stream sections and sections 
directly below point sources and villages were avoided as much as possible for 
sampling. 

Sampling and laboratory analysis 

Sampling was performed from March to July 2005. The largest number (163 
samples) was taken in April, while 67, 80 and 26 samples were taken in March, 
May and June, respectively. In July three supplementary samples were taken at 
locations where few diatoms were present in the previous samples. Permanency, 
altitude and the presence of diffuse pollution (arable land) in the watershed above 
the sampling stations was estimated from topographical and land-use maps. Cur- 
rent velocity, width, and depth were measured or estimated visually in the field. 
Data on the presence of point sources of pollution and sewage inflows were 
obtained from regional water managers. Valley form was recorded in the field 
on a six-point scale (V-shaped [I] to flat [6]). Shading of shoreline and recent 
removal of aquatic vegetation were recorded in the field. 

Water temperature, pH, conductivity and oxygen were measured at the site with 
calibrated equipment. Samples for routine laboratory determination of total dis- 
solved solids (TDS), total suspended solids (TDS), loss on ignition (LOI), chemi- 
cal oxygen demand (COD), of alkalinity (bicarbonate), calcium, chloride, Kjel- 
dahl-nitrogen, ammonium, nitrite, nitrate, total phosphorus and silicate were taken 
at 225 out of the 339 sites and transported to a laboratory for analysis with standard 
Hungarian methods. 

Diatom sampling was carried out according to recommendations by KELLY et 
al. (1998). Natural stones (but sometimes also concrete or bricks) were the pre- 
ferred substrate (168 samples), but particularly in lowland stretches other sub- 
strates had to be sampled in the absence of stones: from Phragmites stems (79), 
other emergent macrophytes (54), tree stems (24) and other substrates (15). 

Diatom samples were treated with hot hydrogen-peroxide method and then 
were mounted in Zrax or Hyrax. They were identified at least to species level 
according to KRAMMER & LANGE-BERTALOT (1986-1991) and LANGE-BERTALOT 
(1993) by four different analysts. We retained the 'old' names as much as possible 
as the flood of 'new' names is often not informative for applied limnologists 
(LANGE-BERTALOT 1998). Comparability of their identifications was ensured by 
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preliminary intercalibration. A minimum of 400 valves 'were counted on each 
slide. 

Data processing 

Prior to all calculations, the abundance values of diatom taxa in the samples were 
transformed into percentage abundance values by dividing the number of valves of 
a tqson in a sample by the total number of valves counted in the sample and 
multiplying this quotient by 100. 

Diatom-based indications of water quality values were calculated using the 
formula for the IPS or Index de PolluosensitivitC Specifique (COSTE in CEMA- 
GREF 1981) with the Omnidia-program (LECOINTE et al. 1993). Updated indica- 
tor values for nearly all taxa were obtained form M. COSTE (pers. comm.). More- 
over, weighted average indicator values for R (acidity), H (salinity), N (organic 
nitrogen), 0 (oxygen), S (saprobity), T (trophic state) and M (moisture) were 
calculated according to VAN DAM et al. (1994). 

As data on chemical variables were not available for all sites no direct ordina- 
tion (canonical correspondence analysis or CCA) could be performed on the whole 
dataset. To include all diatom data and all chemistry data, an indirect ordination 
method, detrended correspondence analysis (DCA) was applied, using the compu- 
ter programme Canoco 4.5 (TER BRAAK & SMILAUER 2002) and then environmen- 
tal parameters were related to the DCA axes. The ordination was carried out with 
113 taxa (all taxa with a mean relative abundance >0.05 %), which comprised over 
97 % of the total abundance of the taxa. In each sample, at least 95 % of the total 
abundance was used for the calculations. The default settings of the program were 
used, but detrending was by 2nd degree polynoms (not by segments), percentage 
abundance values were log(x+l) transformed and the importance of species which 
were abundant at one or a few stations and did not occur in the dataset was 
reduced. 

After completing the DCA, Pearson correlation coefficients were calculated 
between the ordination axes and environmental data, including chemistry and 
hydromorphological variables to identify master environmental master variables 
regulating the species composition of diatoms. Prior to calculating con-elation 
coefficients, environmental variables were tested for their skewness by testing if 
the quotient of their mean and median was greater than 1 . I .  If so, these variables 
were log-transformed. 

As a clustering program IndVal analysis (DUFR~NE & LEGENDRE 1997) was 
used. Indicator species* were defined as the most characteristic species of each 
group, which are present in the majority of the given group's sites and were found 

Note that the expression 'indicator species' in this classification method has a different 
meaning form that in the IPS-method. 



344 H. van Dam et al. 

chiefly in this single group. The program calculated an indicator index for each 
species and this index, for a given species, is independent of the other species' 
relative abundances. Euclidean distance was used as a similarity measure, as it 
stresses the importance of the most abundant species. The calculation of the 
indicator value followed the equation: IndVal, = A, * B, * 100, where A, is 
the mean abundance of species i in the sites of group j compared to all groups, 
and B, is the relative frequency of occurrence of species i in the sites of group j. 

 he program compared the observed distribution of the species to the random 
simulation. When this deviation was significant the species was said to be a 
characteristic species for the group of samples where the deviation is detected. 
The significance level of the character species was 0.01, if character species was 
not found on this level, the significance level was changed to 0.05. 

The significance of differences of environmental variables and diatom indicator 
values according to VAN DAM et al. (1994) and number of species between clusters 
was tested with simple one-way analysis of variance, using the data analysis 
package of the Excel spreadsheet program. 

Taxonomic composition 

In the 339 samples a total of 496 taxa (species and varieties) were identified. Many 
of these taxa were vely rare and occurred only in one or in a few samples. The 
commonest genera are Navicula (104 taxa), followed by Nitzsclzia (go), Fragilaria 
(43), Achnanthes (41), Gomphorzema (30) and Cymbella (26). The most common 
taxa are listed in Table 2. The most common species, Ach?zanthes minutissima, is 
also the most common freshwater diatom species in the world. The majority of the 
other common taxa are characteristic of eutrophic, alkaline waters. Some of these 
are tolerant to organic pollution (e. g. Gomphonema pawulum, Nitzschia palea- 
cea), others require cleaner waters (e. g. Achnanthes biasolettiana, Gomphonema 
micropus). Meridion circulare is one of the very few diatom species which are 
characteristic for running waters (VAN DAM et al. 1994). Species from acidic or 
oligotrophic waters are rare in the dataset: the most common one is Eunotia 
bilunaris. 

Ordination 

The first DCA axis accounts for 8.5 % of the total variance; the cumulative 
variance for second and third axes is 13.3 and 17.3 %, respectively (Table 3). 
These values are not extremely high, indicating that the species composition is 
relatively diverse. Such low values are characteristic of really large data sets. 

The first axis (Fig. 1) is highly positively correlated with the water type number 
(size), valley form (higher numbers indicating flatter valleys), and negatively with 
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Table 2. Acronyms, ecology, mean percentage abundance and percentages of occurrence 
of the most common taxa. For each species the sensitivity number (IPSs) and indication 
value number (IPSv) is given (M. COSTE pers. comm., adapted from CEMAGREF 1982). 
Taxa with high IPSs-values (5) are 'clean water species', taxa with high IPSv-values (3) 
are taxa with a narrow ecological range. 

Mean 
Taxon author abundance 

Achnanthes GRUNOW in CLEVE & 1.6 
biasolettiana GRUNOW 

Perc. of 
samples 

17 

Acronym 

A ~ N B I A S  

IPSs IPSv 

ACHNDAON . 
ACHNLAfr 

Achnanthes daonensis LANGE-BERTALOT 0.2 
Achnanthes lanceolata LANGE-BERTALOT 1.4 
ssp. frequentissima 
Achnanthes lanceolatu (BR~BISSON) GRUNOW 0.9 
ssp. lanceolata 
Achnanthes lanceolata (BR~BISSON) GRUNOW 2.5 ACHNLANC 

ACHNLATE 
ACHNMINU 
ACHNPLOE 
ACHNSPEC 
AMRAINAR 
AMRALIBY 
AMRAPEDI 
CANEBACI 
CCNEPEDI 
CCNEPLAC 
CYCLCOMT 
CYLACIST 
CYLAMINU 
CYLASILE 
CYLASINU 
CYPHDUBI 
CYTEATOM 
CYTEMENE 
CYTEPSST 

Achnanthes laterostrata 
Achnanthes nzinutissima 
Achnanthes ploenensis 
Achnanthes sp. 
Amphora inariensis 
Arnphora libyca 
Amphora pediculus 
Caloneis bacillum 
Cocconeis pediculzis 
Cocconeis placentula 
Cyclotella cornta 
Cymbella cistula 
Cymbella minuta 
Cymbella silesiaca BLEISCH ex RABENHORST 0.1 
Cymbella sinuata GREGORY 0.4 
Cyclostephanos dubius (FRICKE) ROUND 0.1 
Cyclotella atomus HUSTEDT 0.4 
Cyclotella meneghiniana KUTZING 0.6 
Cyclotella HUSTEDT 0.1 
pseudostelligera 
Diatoma nzoniliformis 
Diatonza tenuis 
Di~ztoma vulgaris 
Epithe~nia adnata 
Epithemia turgida 
Eunotia bilunaris 
Fmgilaria capucina 
var. gracilis 
Fragilaria capucina 
Fragilaria capucina 
var. rumpens 

DIATMONI 
DIATTENU 
DIATVULG 
EPITADNA 
EPITTURG 
EUTIBILU 
FRLACAgr 

FRLACAPU 
FRLACAm 

Fmgilaria capz~cina (KUTZING) LANGE- 0.8 
var. vaucheriae BERTALOT 
Fragilaria delicatissima Oxl. SMITH) LANGE- 0.1 

BERTALOT 
Fragilaria fasciculata (AGARDH) LANGE- 0.2 

BERTALOT 

FRLADELI 

FRLAFASC 
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Table 2 (continued). 

Mean 
author abundance 

Perc. of 
samples Acronym IPSs IPSv Taxon 

FRLAF'ULC 
FRLASPEC 
FRLAULac 

Fragilaria pulchella 
Fragilaria sp. 
Fragilaria ulna 
var. acus 
Fragilaria ulna FRLAULNA 

*-a 
GOMPHANGU 
GONEANGU 
GONECLAV 
GONEMINU 
GONEMIPU 
GONEOLUM 

Gomphonema clevei 
Gomphonema angustum 
Gomphonema clavatum 
Gomphonema minutum 
Gomphonema inicropus 
Gomphonema 
olivaceum 
Gomphonerna pawulum 
Gomphonema pumilum 

GONEPARV 
GONEPUMI 

GONESPEC 
GONETRUN 

Gomphonerna sp. 
Gomphonema 
truncatum 
Gyrosigma acuminatum 
Meridion circulare 
Melosira variaizs 
Navicula accomorla 
Navicula atomus 
Navicula atomus 
var. permitis 
Navicula 
capitatoradiata 
Navicula cincta 
Navicula contenta 

GY SIACUM 
MEDICIRC 
MELOVARI 
NAVIACCO 
NAVIATOM 
NAVIATpe 

NAVICATO 

NAVICINC 
NAVICONT 

(EHRENBERG) RALFS 
GRUNOW in 
VAN HEURCK 
KUTZING 
LANGE-BERTALOT 
KUTZING 
(BLEISCH) H. L. SMITH 
DONKIN 
(GRUNOW ex VAN 
HEURCK) P.T. CLEVE 
(C. AGARDH) EHRENBERG 
LANGE-BERTALOT 
SCHUM. 
GRUNOW 
(GRUNOW) LANGE- 

NAVICRCE 
NAVICRTE 
NAVIEXIL 
NAVIGOEP 
NAVIGREG 
NAVIHALA 

Navicula cryptocephala 
Navicula cryptotenella 
Navicula exilis 
Navicula goeppertiana 
Navicula gregaria 
Navicula halophila 

NAVILANC 
NAVIMARG 
NAVIMELU 
NAVIMILA 
NAVIMImu 

Navicula lanceolata 
Navicula rnargalithii 
Navicula menisculus 
Navicula minuscula 
Navicula minuscula 
var. murali~ 
Navicula minima 
Navicula mutica 
Navicula phyllepta 
Navicula radiosa 
Navicula reichardtiana 

NAVIMINI 
NAVIMUTI 
NAVIPHYL 
NAVIRADI 
NAVIREIC 
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Table 2 (continued) 

Mean Perc. of 
author abundance samples Acronym IPSs IPSv Taxon 

NAVIS ANA 
NAVISLES 
NAVISPEC 
NAVISUMI 
~UVITRIP 
NAVITRIV 
NAVIVENE 
NITZACIC . 
NITZAMPH 
NITZCAPI 
NITZCONS 
NITZCOTA 
NITZDISS 
NITZFONT 
NITZFRUS 
NITZGRLI 
NITZHEUF 
NITZINSP 
NITZLINE 
NITZPACE 

Navicula salinarum 
Navicula slesvicerzsis 
Navicula sp. 
Navicula submirzuscula 
Navicula tripunctata 
Navicula trivialis 
Navicula veneta 
Nitzschia acicularis 
Nitzschia amphibia 
Nitzschia capitellata 
Nitzsclzia constricts 
Nitzschia co~nmutata 
Nitzschia dissipata 
Nitzschia fonticola 
Nitzschia frustulum 
Nitzschia gracilis 
Nitzschia heufleriana 
Nitzschia inconspicua 
Nitzschia linearis 
Nitzschia paleacea 

NITZPALE 
NITZRECT 

Nitzschia palea 
Nitzschia recta 

NITZSIMO 
NITZSOBI 
NITZSPEC 
NITZTUBI 

Nitzschia rosenstockii 
Nitzschia sociabilis 
Nitzschia sp. 
Nitzschia tubicola 

NITZVERM 
PSAMGRIS 

Nitzschia supralitorea 
Psammothidi~im 
grisclzunum 
Rhoicosphenia 
abbreviata 
Stephanodiscus 
hantzschii 
Stephanodiscus 
minutulus 
Stephanodiscus parvus 

RHSPABBR 

STDIHANT 

STDIMINU 

STDIPARV 

STEPINVI Stephanodiscus 
invisitatus 

STEPTENU 
SURIANGU 
SURIBREB 

Stepharzodiscus tenuis 
Surirella angusta 
Surirella brebissonii 

SURIOVAL 
THSIPSNA 

Surirella ovalis 
Thalassiosira 
pseudonana 
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current velocity, altitude, shading, oxygen and nutrients (nitrate, but also total 
phosphorus and Kjeldahl-nitrogen) (Table 3). Thus, there is a major gradient from 
smaller, fast-running shaded upland streams to more nutrient-rich, larger lowland 
rivers on the first axis. The second axis is correlated highly negatively with average 
width, indicating that the smallest streams are in the left top part of Fig. 1. The 
negative correlation with nutrients indicates that these sites are the most nutrient- 
poor ones in the data set. Consequently, diatoms from nutrient rich waters would 

;&be on the right-hand side of Fig. 1 and species from cleaner waters on the left-hand 
side. The most common species are in the centre of the diagram and the scarce 
ones at the margins. 

It is z&went from the correlation table that nutrient status, including organic 
materials, is not among the master variables in determining the taxonomic com- 
position of diatom assemblages in Hungarian running waters. This is corroborated 
by the fact that none of the diatom indications (IPS or Van Dam indices) has very 
high correlations with the first axis. Only acidity has a fairly high (-0.37) correla- 
tion with the first axis. Diatom indications show that nutrient status and organic 
matter contents are becoming more important on the third and even the fourth axis 
of the ordination. 

Cluster analysis 

The whole set of 339 samples was split into 12 clusters (Fig. 2). In the process of 
cluster analysis the final number of clusters has to be decided by the analysts. We 
tried to identify as many clusters as was meaningful, using our knowledge about 
the ecological and other conditions of the water bodies. In Table 4, a selection of 
species is listed with the clusters placed in their logical order, as appears from 
Fig. 2. In the ordination diagram of Fig. 3 the samples are marked by their cluster 
numbers from Fig. 2 and Table 4. 

A whole suite of more or less common species is present throughout all clusters, 
although no one of these species is a significant indicator for all groups. Twelve 

Table 3. Performance of ordination and Pearson correlation coefficients of ordination axes 
with timing of sampling, environmental variables, human impact and diatom indicator va- 
lues. Average values and number of observations for each parameter are given also. Vari- 
ables in italics were transformed logarithmically. Average values for these parameters are 
geometric means for the untransformed values (all other averages are arithmetic means). 
*** = p 5 = 0.001, ** = p < 0.01, * = p < 0.05. Correlations < -0.4 or > 0.4 are under- 

lined. Fraction as a unit means the fraction of sites that obeys the mentioned physical 
factor or human impact, e.g. 3 % of the sites has point source pollution in the watershed. 
IPS = Index de PolluosensitivitC Specifique (COSTE in CEMAGREF 1981), R, H, N, 0, S, 
T and M are weighted averages of indicator values according to VAN DAM et al. (1994). 
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Variable Average Unit Axis 1 AXIS 2 

Performance of ordination 

Eigenvalue 
Percentage of variance explained 

Timing 
Sampling date 20-4-2005 

Physical factors 
Calceareous substrate 
Wtude 
Valley form (scale 1-6) 
Predefined water type 
Shading . 
Current velocity (max) 

fraction 
m 

% 
m. i l  

m . s-' 
cm 

OC 
m 
m 
m 
fraction 

Current velocity (mean) 
Secchi-depth 
Temperature 
Width 
Mean depth 
Maximum depth 
Permanency 

Maior ions 

pH 
Conductivity 
Loss on ignition 
Total dissolved solids 
Total suspended solids 
Total alkalinity 
Calcium 
Chloride 
Sulphate 

Oxygen economy 
Oxygen 10.3 mg.l--' 
Oxygen saturat~on 97 % 
Chem.oxygen demand 53 mg.l--' 

Nutrients 
Kjeldahl nitrogen 0.97 mgN.1.' 
Ammonium 0.11 mg N.1.' 
Nitrite 0.05 mg N.1.' 
Nitrate 5.66 mg N.1.' 
Total phosphate 0.18 mg P.1.' 
Silicium 3.9 mg.1.' 

Human impact 
Hydrologically modified 0.33 fraction 
Point source pollution 0.03 fraction 
Diffuse pollution 0.87 fraction 
Sewage overflow 0.01 fraction 
Removal of vegetation 0.91 fraction 

Diatom indicator values 
IPS (Ind. Poll. Sensit.) 

R (acidity) 
H (salinity) 
N (organlc nitrogen) 
0 (oxygen) 
S (saprobity) 
T (trophic state) 
M (moisture) 
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GOUPHANG 

CYLACIST 
FRLACAPU 

NITZPACE FRLAULac 
SURIANGU 

NAVlTRlP N'TZDISS 

VIMELU N~TZRECTGONEMINU 

f ~ ~ ~ ~ p " ~ ~  RHSPABSR NAVlvENENAVIPHYL NITZFRUS 

AMRAPEDICCNEPED~ 

ACHNB'AS STEPINVI 

Axis 1 
Fig. 1. First two axes of species scores in the ordination 

species are indicative for the closely related five clusters 2, 7 and 10-12, but most 
indicator species are significant for three or less clusters only. 

The results of the analysis of variance shows that most of the measured envi- 
ronmental variables have significant differences between clusters. The same is true 
for the diatom indicator values. According to the IPS values, the ecological con- 
ditions of most clusters are not very different from each other, although the in- 
dicator species for cluster 2 have low IPS values (polluted water) (Table 5). 

Cluster C10 (13 samples) is differentiated from all the other groups by the 
relatively large presence of the indicator species Diatoma rnonilifomis, Surirella 
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Fig. 2. Dendrogram showing the relationship between the 12 clusters. 

ovalis and Fragilaria capucina var. rumpens. The sites of this cluster are in the 
upper left of the ordination diagram in Fig. 3. It has relatively high concentrations 
of oxygen, low temperatures, phosphorus, Kjeldahl-nitrogen and chemical oxygen 
demand. These are mainly (often shaded) high- or mid-altitude streamlets with a 
high sinuosity. The IPS values are high (clean water), the diatom indicator values 
for oxygen and saprobity are intermediate: the acidity, salinity and trophic indica- 
tions are even high. 

Cluster C7 (36 samples) has only one fairly typical species: Navicula salina- 
rum, which is only present at 5 of the 36 sites. The sites are in the left part of the 
ordination diagram (Fig. 3). It shares its other indicator species with the related 
clusters 2 and 11-12. Current velocity is not particularly high, but a relatively large 
fraction of these streams has torrents. Therefore, oxygen concentrations are rather 
high. However, it has elevated values of calcium, sulphate, nitrogen species, non- 
point pollution and sewage inflow. This agrees with the high values of the diatom 
indices for oxygen, saprobity and trophic state. The IPS values are not particularly 
high. Most of these samples are from high- or mid-altitude ranges. 

Cluster C11 (39 samples) has the aerophilous diatom Navicula contenta as a 
unique indicator species. In a large number of samples, Nitzschia inconspicua is 
present, which is also known to thrive under such conditions. Its centre of occur- 
rence in the ordination diagram is down-left. In comparison with the other clusters, 
it has relative low values for pH (although absolutely high with 7.8), alkalinity, 
Kjeldahl-nitrogen and nitrite, but ammonium and nitrate are high (nitrogen is 
mineralized quite well). Silicate is also high here, probably because this cluster 
has the largest fraction of siliceous geology. Most of the sites are in high- and mid- 
altitude regions. The diatom indices for salinity and moisture are high, indicating 
temporary desiccation with increasing concentrations of solutes. The IPS is inter- 
mediate. 
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Table 4. Cumulative abundance of selected cluster indicator species. Significant (p < 0.05) 
and non-significant cluster indicator species are bordered by solid and non-solid border- 
lines, respectively. For each species the sensitivity number (IPSs) and indication value 
number (IPSv) is given. Taxa with high IPSs-values (5) are 'clean water species', taxa 
with high IPSv-values (3) are taxa with a narrow ecological range. 0 means <I ,  empty 
cells are real zeros. 

Species 

&umber of sites 

Gomphonema pumilum 
Achnanthes laterostrata 
Gomphonema angustatum 
Epithemia adnata 
Navicula mutica 
Navicula accomoda 
N. atomus var. permitis 
N. minuscula var. muralis 
Mer~dlon circulare 
Stephanodiscus pawus 
Cyclofella comta 
Nitzschia capitellata 
Eunotia bilunaris 
Cymbella cistula 
Fragilaria capucina 
Nav~cula cryptocephala 
Cyclotella meneghiniana 
Navicula haloph~la 
Nltzschia amphibia 
Navicula trivialis 
Gomphonema truncatum 
Achnanthes minutissima 
Amphora pediculus 
Gomphonema parvulum 
Gomphonema olivaceum 
Cocconeis placentula 
Nitzschia dissipata 
Nitzschia palea 
Nitzschia paleacea 
Amphora inariensis 
Nav~cula minima 
Navicula atomus 
Stephenodiscus invisitatus 
Cyclotella atomus 
Stephanodiscus minutulus 
Nitzschia inconspicua 
Caloneis bacillum 
Achnanthes ploenensis 
Navicula contenta 
Navicula lanceolata 
Navicula gregaria 
Navicula salinarum 
Diatoma monilifonnis 

Ecology 
lPSs IPSV 

Cluster 
C10 C7 C11 C12 C2 C8 C6 C5 C3 C9 C1 C4 

13 36 39 19 28 29 23 41 12 23 28 48 

Cluster C12 (19 samples) has planktonic diatoms such as Stephanodiscus in- 
visitatus, S. minutulus, Cyclotella atomus and five other, pennate species, including 
Navicula goeppertiana and N. phyllepta as indicator species. The samples are more 
concentrated down-left in the ordination diagram than the in the previous cluster. 
Values for pH, conductivity and major ions are typically low, but total suspended 
solids (turbidity) are high. Nutrient concentrations are low. According to the mor- 
phological parameters, large rivers, like Duna, DrAva and Tisza are in this cluster. 
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Table 5. Averages of environmental data and diatom indicator values. Variables in italics were 
transformed logarithmically. Average values for these parameters are geometric means for the un- 
transformed values (all other averages are arithmetic means). IPS = Index de PolluosensitivitC 
Specifique (COSTE in CEMAGREF 1981), R, H, N, 0, S, T and M are indicator values according 
to VAN DAM et al. (1994). * = variables showing significant differences (p 5 0.05) between clus- 
ters. 

Variable Units C10 C7 C11 C12 C2 C8 C6 C5 C3 C9 C1 C4 Mean 

Number of samples 13 36 39 19 28 29 23 41 12 23 28 48 28.3 
Nffmberof samples for lab. chemistry 10 24 31 6 13 17 14 21 8 23 22 36 18.8 

Timing 
Date of sampling* d-m 1-4 14-4 2-4 23-5 4-5 9-5 25-4 6-5 18-4 3-4 8-4 8-4 20-4 

Physical factors 
Altitude* m 159 140 168 103 135 105 114 99 155 171 183 132 137 
Current velocity (mean)' m.s-' 0.57 0.41 0.55 0.49 0.65 0 30 0.19 0.24 0.61 0.26 0.50 0.22 0.39 
Shadina* % 38 25 36 10 13 12 17 9 38 41 51 18 24 

Temperature* OC 8.4 11.6 8.0 16.9 12.7 15.3 138 16.7 11.3 10.0 9.4 12.5 12.4 
Secchi depth m 0.57 060 0.58 0.56 0.57 0.68 0.66 0.53 0.46 0.71 0.59 0.72 0.61 
Widfh * m 6.2 7.4 4.0 57.4 34.0 9.2 8.3 10.2 4.5 2.5 4.0 7.2 8.0 
Mean depth m 0.7 0.8 0.7 1.6 1.4 1.1 1.2 1.1 0.7 0.8 0.6 1.3 1.0 
Permanency fraction 1.00 0.97 1.00 1.00 1.00 0.97 1.00 0.93 0.92 0.780.89 0.85 0.94 

Maior ions 
pH* 8.2 8.1 7.8 7.8 8.2 7.9 8.0 7.8 8.0 8.3 8.0 7.9 8.0 
Conductivity* IJS.C~.' 646 929 641 440 546 1084 940 1051 896 1031 570 681 794 
Total alkalinity' mmol.l-' 3.9 5.3 3.5 3.6 3.9 6.9 7.4 7.4 4.1 5.6 3.4 4.9 5.0 
Totalsuspendedsolids mg.l--' 22 24 36 51 39 35 31 18 36 29 39 32 31 
Ca^ mg.1~' 76 104 75 59 70 94 88 79 91 124 65 89 87 
CI" rng.1-' 27 39 27 17 29 68 51 74 43 33 21 30 38 
Sulphate' rng.1.' 64 106 67 24 46 111 75 88 85 126 44 55 72 

Oxygen and nutrients 
Oxygen" 
Chemical oxygen demand 
Kjeldahl nitrogen* 
Ammonium 
Nitrite* 
Nitrate" 
Total phospate' 
Silicium* 

Human impact 
Hydrologtcallymodified* fraction 0.08 0.19 0.18 0.25 0.15 0.52 0.41 0.54 0.33 0.04 0.08 0.40 0.29 
Point source pollution* fraction 0.00 0.00 0.08 0.00 0.00 0.03 0.13 0.00 0.17 0.090.000.00 0.03 
Nonpoint pollution* fraction 0.92 0.94 0.82 0.89 0 89 0 93 0.96 0.93 0.83 0.91 0.64 0.79 0.87 
Sewage overflow fraction 0.00 0.03 0.03 0.00 0.00 0.07 0.00 0.00 0.00 0.04 0.00 0.00 0.01 

Diatom indicator values 
IPS (Index of Pollution Sensitivity)' 

R (acidity)* 
H (salinity)' 
N (organic nitrogen)' 
0 (oxygen)* 
S (saprobity)' 
T (trophic state)' 
M (moisture)' 

Number of species in count * 



354 H. van Dam et al. 

The long residence time in these rivers permits the development of planktonic 
diatoms, which partly settle in the phytobenthos. Therefore, the number of species 
in the counts is high. Due to the presence of planktonic diatoms the moisture 
indication is low. 

Cluster C2 (28 samples) has Achnanthes biasolettiana and Navicula minima as 
indicator species. It shares N. atomus and Cyclotella pseudostelligera with the 
previous cluster. Due to many misidentifications by earlier authors, the ecology 
of Achnanthes biasolettiana is not well known, but the species is considered to be 
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Fig. 3. Sample scores on the first two axes of the ordination. Samples are marked by 
cluster numbers of Fig. 2 and Table 4. 
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indicative for meso- to eutrophic water bodies, which is in conflict with the 
ecology of the other species characteristic of this group. The samples are more 
ore less in the same range of the ordination diagram as those from the previous 
cluster. It has relatively high values for pH and total suspended solids, but low to 
intermediate values for major ions. Values for nutrients indicate that this cluster is 
from more eutrophic waters than the previous one, with high concentrations (0.23 
mg 1.') of total phosphorus. The current velocity is high, as is the average width. 
T ~ c l u s t e r  includes sites from the river Duna, but also from smaller streams. Many 
of these are artificial. According to the diatom indicator values, the pH is high 
indeed, and fhe trophic state would be low. This cluster is difficult to interpret 
unambiguously. 

Cluster CS (29 samples) is the first cluster that belongs in the right-hand group 
of samples in the first main split in the dendrogram in Fig. 2, so it does not share 
indicator species with the previous groups, apart from those species that occur 
typically in all groups. The right-hand clusters (1, 3, 4-6, 8, 9) have the diatom 
Cyclotella cornta in common as an indicator, although this diatom from oligo- 
trophic waters is present in relatively few samples. Cluster C8 has no unique 
indicator species, but shares 18 species with the next two clusters, of which 
Achnanthes lanceolata and Fragilaria ulna are the most common. The samples 
are in the down-side in Fig. 3. It has high values for major ions and most nutrients 
in typically small to very large lowland or mid-altitude streams, with modified 
channels with non-point pollution and a relatively high proportion of sewage over- 
flows. The number of species in the count is high, but the IPS is low (pollution). 
The diatom indictor values for organic nitrogen, oxygen, saprobity and trophic 
state are also fairly high, indicating pollution. 

Cluster C6 (23 samples) has unidentified Navicula-taxa and Cyrnbella cistula 
as unique indicator species. It shares Nitzschia gracilis with the next cluster. 
Samples are in the upper right quarter of the ordination diagram (Fig. 3). Values 
for alkalinity (bicarbonate) and chloride are high. Low concentrations of oxygen 
and high values for chemical oxygen demand, Kjeldahl-nitrogen and nitrate in- 
dicate harsh oxygen conditions. Current velocities are low, depths are high and 
morphological parameters indicate modified and artificial medium-size channel 
forms as well as non-point pollution at many of the sites. The number of species 
is, nevertheless, fairly high. The IPS values are not particularly high. The indicator 
values for acidity and trophic state point to relatively acid (pH = 8.0!) and low 
trophic state. 

Cluster C5 (41 samples) has five species with very different ecological proper- 
ties as indicator taxa: species from mesotropic waters, such as Fmgilaria delica- 
tissima and Eunotia bilunaris, to species from more or less brackish waters, like 
Fragilaria pulchella and Nitzschia capitellata. Samples from this cluster are pre- 
sent in the right part of the ordination diagram in Fig. 3. In contrast to the previous 
cluster, the water is turbid (low Secchi depth), but alkalinity and chloride are high 
and the oxygen budget seems to be bad, too. Current velocities are low, due to the 
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high depths and heavily modified hydromorphological conditions. There are 
mainly lowland small to very large rivers with a medium to fine substrate in these 
clusters, although some mid-altitude stations are also included. The number of 
species is fairly high and the dominance is low. The IPS and diatom indicator 
values indicate a high saprobity and bad oxygen budget. 

Cluster C3 (12 samples only) has Navicula mutica and N. accomoda as unique 
indicator species. These taxa are well adapted to waters with a high organic load 
and fluctuating water levels (shallow waters), as are some of the indicator taxa 

'?hared with the next group, e.g. N. atomus var. permitis and N. minuscula var. 
muralis. The sites are concentrated in the lower left part of of Fig. 3. The water 
bodies are shallow (which may be the reason that the reported Secchi depth is low), 
rich in nutrients and low in oxygen, although the current velocity is relatively high. 
The fraction of sites affected by point pollution is relatively high (0.17). Most of 
the sites are small- or medium-sized high- and mid-altitude stations. The number 
of species in the count is low and the IPS and diatom indicator values indicate to 
severe organic pollution and low depth (temporary desiccation). 

Cluster C9 (23 samples) shares three indicator species with the previous clus- 
ter, of which N. atomus var. permitis and N. minuscula var. muralis are adapted to 
organic load and temporary desiccation. Three indicator species are unique for this 
cluster, of which Meridion circulare, one of the very few typical running water 
diatoms, is most common. pH and major ions are high here, as is Secchi depth. 
Oxygen conditions are much better than in the previous cluster. Total nitrogen is 
high, due to high nitrate concentrations. These stations occur in high- and mid- 
altitudes (small streams with rough or medium-fine substrate) with intensive shad- 
ing. The channel form is often more or less natural, but point pollution may be a 
problem at some of the sites. The number of species is relatively low, but the IPS is 
fairly high, which concurs with low values for the diatom indices for oxygen and 
organic nitrogen. 

Cluster C1 (28 samples) is characterized by the unique indicator species Gom- 
phonema pumilum and two species which are shared with the next cluster: Ach- 
nanthes laterostrata and A. daonensis. These species are characteristic of oligo- 
mesotrophic water bodies and that seems also to be the case for G. pumilum. 
Samples are mainly in the upper left quarter of Fig. 3. Major ions and nutrient 
concentrations are in accordance with the autecological observations. Concentra- 
tions of silicate are high here, as a relatively large part of the sites have a siliceous 
bedrock, although there are also calcareous sites. They are often shaded and 
shallow streams with no hydromorphological changes. The IPS is high (good water 
quality) and diatom indicator values for acidity, salinity, organic nitrogen, oxygen 
and saprobity are low. 

Cluster C4 (48 samples) shares Achnanthes laterostrata and A. daonensis with 
the pervious cluster. They are characteristic for oligo- and mesotrophic water 
bodies. Gomphonema angustatum is the only significant unique indicator species 
in this cluster. The ecology of this species is not well known. Samples from this 
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cluster are mainly spread out over the upper half of the orllination diagram. Con- 
centrations of major ions are intermediate and those of nutrients are low. Both 
Secchi depth and mean depth of these sites are high. Nevertheless, there seem to be 
many non-permanent sites in this cluster. Many of them are (straightened) channels 
and current velocity is low. Most of the samples derive from (very) small streams 
with a medium-fine substrate, but some are from very large rivers. The number of 
species in the counts is low and the dominance percentage is high (low diversity). 
The, average IPS has its maximum in this cluster (good water quality). The good 
wat"& quality is also reflected by low values of most of the diatom indicator values. 

Comparison between physiographic river types and diatom river 
ty Pes 

Generally, there was some correspondence between diatom and physiographic 
river types, but the original diatom type is replaced by deviating types, according 
to human impact (Table 6). As an example: in high altitude streams (types 4 and 5) 
the original diatom cluster C10 is replaced by other clusters, including C7, due to 
eutrophication. At the other hand: the clusters C5, C6 and C8 are nearly confined 
to the lowlands and are only rarely found in mid-altitude streams. 

Table 6. Correspondence between Hungarian physiographic river types (see Table 1 for 
definitions) and river diatom clusters according to Table 4. Entries are numbers of 
samples. U = type unknown. 

Hungarian river type 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 u sum 

sum 18 19 6 22 21 10 3 34 18 7 5 10 12 5 20 19 10 27 19 15 4 3 3 9 2 14 4 339 

Class boundaries and the present quality of Hungarian rivers 

For Hungarian running waters, the IPS seems to be a suitable index to use, as the 
major variation in diatom assemblages is due to hydromorphology and concentra- 
tions of major ions. Naturally, as stream order increases, water courses get rich in 
nutrients, and become more and more turbid. Such conditions favour shade- 
adapted species with higher nutrient demand. Presence of these species must not 
be understood as deterioration of the ecological status, without taking into account 
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Table 7. IPS-class boundaries for high-, mid- and low-altitude streams. Symbols cor- 
respond to those in Fig. 4. 

Quality High altitude Mid altitude Low altitude Symbol 

high 17~1PS<20  16 5 IPS 5 20 15.5 <IPS 5 20 0 

moderate 9<IPS .c 13 8.5 5 IPS < 12 8sIPSc11.5 A 
=* 

poor 5s IPS<9  5 SIPS < 8.5 551PS<5 v 
bad IPS c 5 IPS < 5 IPS < 5 q 

the natural variation in expected conditions as stream size increases. Therefore 
there is a decrease in average values of IPS in high attitude streams (14.961, via 
13.98 in mid-altitude streams to 13.52 in low-altitude streams. The IPS has its 
strongest correlation with total phosphorus (r = -0.40), Kjeldahl-nitrogen (-0.39) 
and chloride (-0.38). These variables are also highly intercorrelated. 

Class boundaries for the IPS were not set by the original authors, but generally 
the classification of the related Indice Biologique des DiatomCes (IBD) by PRY- 
GIEL & COSTE (2000), as developed in north-western France, is used for distinction 
of water quality classes. Starting from these class boundaries set (as kept for 
Hungarian high-altitude streams) the adapted class boundaries for these different 
stream types are presented in Table 7. 

Nearly one quarter (23 %) of the sites has a very good (high) quality and 
another 58 % has a good quality, so 81 % fulfil the criteria for phytobenthos for 
the Water Framework Directive. About 15, 4 and 0.6 % of the sites have a mod- 
erate, poor or bad quality, respectively and measures have to be taken at these sites 
for improvement of water quality (Fig. 4). 

Discussion 

The present study is fairly unique, because it is the first time that a nation-wide 
survey of benthic river diatoms has been carried out in any European country. The 
dataset is robust as the primary sources of uncertainty in diatom training sets 
(choice of site and substrate for sampling, inter-operator differences in diatom 
taxonomy and counting techniques; BESSE-LOTOTSKAYA et al. 2006) were elimi- 
nated as much as possible. Moreover, parallel with the diatoms, investigations were 
made on other biological quality elements, including macro-invertebrates and fish. 

In total, nearly 500 taxa were found in the 400 valve counts from 339 sites. This 
certainly does not include all diatom taxa in the inland waters of a country like 
Hungary, which probably number between 1000 and 2000 'conservative' taxa. 
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Fig. 4. Diatom-inferred quality of Hungarian running waters. Symbol-types correspond to 
those in Table 7. Heavily modified water bodies are marked with black symbols. 

Many of the taxa which were not recorded in the present survey (probably some 
hundreds) are naturally rare at the sampling stations, e. g. the larger ones, while 
others are present in habitats that have not been included in this report, like lakes, 
fens, bogs and springs. 

The commonest genus is Navicula (sensu lato), which is present in many dif- 
ferent kinds of water. The second important genus is Nitzschia, indicating that 
many of the sites have a load of organic, biodegradable material. The genera 
Achnanthes and Cymbella are not rare in the dataset and they have many species 
which prefer clean water that is rich in oxygen. 

Reference conditions and river typology 

For a proper development of a system of ecological status classes within the 
implementation process of the Water Framework Directive at first reference con- 
ditions are to be set for each of the biological water quality elements, than relevant 
stressors (human impact) are to be identified and finally metrics have to be con- 
structed. 

Reference conditions do not necessarily equate to totally undisturbed, pristine 
conditions. They include very minor impacts which means that human pressures 
are allowed as long as they are of no or only very minor ecological effects (CIS 
Working Group 2.3 - REFCOND 2003). In this study, it has been assumed that all 
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sites with IPS-values above the threshold values for high water quality in Table 7 
are reference sites. Formally all sites in the dataset should be screened against the 
criteria for the presence of diffuse and point source pollution, morphological 
alterations, flow regulation, etc. as listed by the CIS Working Group. 

During a pilot survey describing reference conditions, the main conclusion 
(supported by more than only one indicator group of organisms) was that the 
number of physiographic river types existing at that time was too high: some 

#-i? 
(especially some lowland types, but also others) have to be pooled, otherwise it 
is impossible to find more or less distinct assemblages of biota that characterize 
types (SZILAGYI 2004). Unfortunately, the number of physiographic river types did 
not change in the ECOSURV project and therefore we faced the same dilemma. 
However, results of this study provide a much more solid basis for developing 
practically the same conclusion. 

Our ordinations have clearly shown that typological elements (stream order [size 
of catchments], depth [temporary desiccation], altitude, current velocity, shading) 
are master variables determining distribution and abundance of diatom taxa and they 
rather clearly separate along such axes. Nutrients and organic content becomes 
important only on the third or fourth axes. Locally they may affect the composition 
of the diatom assemblages seriously, e. g. at the sites in cluster C3. Acidification is 
not important in these streams: with alkalinity values above 3 mmol l-' they are well 
buffered (Table S).This result is promising because it allows the conclusion that 
description of reference conditions for well defined types is possible. 

Cluster analysis of the samples resulted in twelve distinct groups. These groups 
do not accord to the physiographic typology, especially since excellent and poor 
conditions exist in each of them. For example, in cluster-10 samples from highlmid 
altitudes with conditions close to reference are pooled, while cluster 7 contains 
samples from similar types but far from reference conditions. Similar grouping can 
be traced in the big cluster 3-9-1-4. Therefore, diatom assemblages allow differ- 
entiation clearly only between some physiographic 5-7 types that cannot be 
matched with the existing 26 types of rivers. Reduction in types needs considera- 
tion of results from other indicator groups, especially macro-invertebrates. 

Suitability of metrics 

Recently an intercalibration exercise was performed on the phytobenthos scales in 
running waters of twelve central and Baltic European countries (KELLY et al. 
2007). In these countries as many as ten different metrics are used. Many of them 
are based on the IPS (COSTE in CEMAGREF 1982) or on the Trophic Index (ROTT 
et al. 2003). The latter one (TI) has been developed in the predominantly oligo- 
trophic Austrian rivers. 

TI and IPS have their largest discriminating power in the oligotrophic-meso- 
trophic and mesotrophic-eutrophic range, respectively. The IPS seems to develop 
more or less as a standard in the more eutrophic range, due to the inclusion of 
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nearly all common European taxa and to its geographic flexibility; i.e. the possi- 
bility to set different class limits in different regions. Therefore the IPS is becom- 
ing a popular tool in many European countries (e. g. PRYGIEL et al. 1999; HLUBI- 
KOVA et al. 2006; KAHLERT et al. 2006; PICINSKA-FALTYNOWICZ et al. 2006; 
VILBASTE et al. 2006; WOJTAL 2006). 

Comparison with other biological quality elements 

The results from macro-invertebrates and fish from the same sites are entered in 
Table 8. For fish only about half of the sites was sampled and for these sites the 
total score was calculated, using the minimum scores of those for diatoms, macro- 
invertebrates and fish, according to the 'one out all out' principle of the Water 
Framework Directive. 

Table 8. Percentage of sites in each water quality class, using different biological quality 
elements (data from ARCADIS 2005). 

Number Quality 
Biological Quality Element of sites High Good Moderate Poor Bad 

Phytobenthos 339 23 58 15 4 0 
Macroinvertebrates (organic load) 340 1 66 31 I 1 
Macroinvertebrates (general degradation) 340 14 18 24 30 14 
Fish 184 1 22 34 27 16 

All (minimum) 183 0 14 30 31 25 

It is clear that the phytobenthos gives the most positive impression of water 
quality, as it is much less sensitive to hydromorphological changes than the macro- 
invertebrates (general degradation) and fish. The phytobenthos results are more or 
less comparable to those for the macro-invertebrates (organic load). 

Concluding remarks 

The present study provided a relatively homogeneous data set for a whole country, 
and compared to diatoms and diatom studies in most other European countries. 
The study shows that despite the intensive human use of over 90 % of the area of 
the country, natural variation is still the predominant factor for the composition of 
river diatom assemblages. The present survey is a snapshot of this variation at one 
moment in time. A better understanding of the relationships between diatom 
assemblages and environmental factors (including stressors) will be gained by a 
more time-intensive monitoring of selected stations in the present network. 
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