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Abstract — Benthic diatoms are widely used in Europe and worldwide to access ecological status of running
waters. One of key goals of Water Framework Directive is to classify rivers and streams using biological
quality elements and type specific reference conditions. According to system B which incorporates additional
abiotic descriptors, there are 24 water types in Croatia. For biological analyses 92 rivers and streams with 140
sampling points were chosen and sampled for benthic diatoms and water chemistry simultaneously. Self orga-
nizing map (SOM) analysis was used to define biotypes from species composition and abundance of benthic
diatoms. Grouping of samples in SOM resulted in 10 distinctive groups. Based on their geographical position
and site characteristics, groups represent sites with similar properties (as waterbed, catchment size, altitude,
size of stream) belonging to different ecoregions in Croatia. Analysis of variance revealed statistically signifi-
cant differences (p<0.05) among SOM groups concerning ammonia, nitrates and total phosphorus. Indicator
species analysis (IndVal) singled out species that were significantly characteristic (p<0.05) for SOM and abi-
otic types. Compared to abiotic groups, in which 7 out of 24 have no indicator species, all SOM groups have
one or several characteristic diatom species, thus indicating diatom assemblages as valuable site descriptors.
Canonical analysis of principal coordinates analysis also indicated that SOM grouping of samples is statisti-
cally reliable. Grouping of similar sites, although placed into different abiotic types, makes SOM groups with
its corresponding representative species an easy tool for water quality assessment and description of reference
assemblage.

Keywords: benthic diatoms, self organizing map, Water Framework Directive, water typology.
Abbreviations: BMU — best matching unit, SOM — self organizing map,

Introduction

According to Water Framework Directive (WFD), Eu-
ropean Union member states have to achieve a good eco-
logical status for all streams whose catchment area exceeds
10 km?. Since the assessment is to be performed by observ-
ing deviations from the reference conditions, one of the key
goals of the Water Framework Directive was to classify riv-
ers and streams using biological quality parameters and to
describe hydromorphological, physicochemical and bio-
logical type specific reference conditions (EC 2000). That
should be determined using five biological quality ele-
ments: phytoplankton, phytobenthos, macrophytes, benthic
invertebrates and fish. As commonly dominant phytoben-
thic representatives, benthic diatoms are used worldwide to
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assess the ecological status of running waters (Reid et al.
1995, Acs et al. 2005, Kireta et al. 2012, Martin and Reyes
Fernandez 2012, Kahlert et al. 2016). They are widespread
and can be found in almost any type of running water
which, combined with short generation time and ability to
clearly define nutrient status of their habitat, makes them
great indicators of water quality. Also, they are relatively
easy to sample and their ecological valences and habitats
have been known for more than 100 years (Kolkwitz and
Marsson 1908). During the past decades numerous indices,
mostly based on trophic and saprobic status, have been used
specifically for that purpose (Sladecek 1986, Kelly and Whit-
ton 1995). Unlike the previously set index class boundaries,
water quality assessment according to WFD is performed
by comparison to reference conditions. As different habitats

ACTA BOT. CROAT. 76 (1), 2017



DO BENTHIC DIATOM ASSEMBLAGES REFLECT ABIOTIC TYPOLOGY

in their undisturbed stages support different assemblages, it
is essential to describe reference condition for every type of
habitat (Bennion et al. 2014).

As a starting point, all water bodies should be classified
according to WFD hierarchical water body typology. It is
organized by firstly placing the surface water bodies into
the broad categories such as rivers, lakes, transitional/coast-
al bodies, etc. Two typologies were acknowledged within
those categories: “System A” fixed typology, and “System
B” alternative typology, which comprises a mixture of
obligatory and optional factors (like catchment size, eleva-
tion, flow velocity, granulometric properties of the water-
bed, tufa forming conditions, permanence of flow, etc.).
Abiotic typology is then used as a base for describing type
specific reference conditions. Eventually, water quality is
determined by a comparison of the actual conditions to the
ones that have been referenced.

Using water type system B, 24 different water types
were discerned in Croatia (Mihaljevi¢ et al. 2011). Types
were first separated by region (continental, pannonian and
coastal), then by catchment size, type of waterbed, altitude
of stream flow and stream flow discharge which is deter-
mined from the size, altitude and slope (Tab. 1). Such a
high number of types is a reflection of geographical posi-
tion and shape of the country of which two thirds belong to
karst influenced by high mountains separating the coastal

area from the continent, along with a rather flat Pannonian
area which is extensively used for agriculture.

Croatia has scarce and non-continuous data on attached
diatoms (Plenkovi¢-Moraj 1995) with parts of the country,
especially poorly populated areas, that have never been ex-
plored. This study yielded the first comprehensive diatom
dataset on most waterbodies in Croatia. The aim of this paper
is to investigate relationship between previously determined
24 types of rivers and streams in Croatia and potential bio-
types that are derived from benthic diatom assemblage data.
Considering the number of types in neighbouring countries
and previous data, it is expected that diatom assemblages
will show regional differences along with some differences
from other factors, but will altogether group certain abiotic
types and thus reduce them.

Materials and methods
Sampling design

Data on diatom species composition, in the form of pro-
portion of total diatom valves in each sample, has been
gathered within the two projects for nation-wide survey
covering all relevant important types of running waters
along with concurrent and relevant environmental variables.
The final goal of those projects was to describe water qual-
ity elements for determination of water class category ac-

Tab. 1. Abiotic water types (codes from AB1-AB24) in Croatia according to System B with factor values.

Abiotic type Altitude / m Catchment / km? (zljci?gg?) Region Waterbed
ABI >600 10-100 Q<2 Pannonian silicate
AB2 200-600 10-100 Q<2 Pannonian carbonate-silicate
AB3 <200 10-100 Q<2 Pannonian silicate
AB4 <200 100-1000 2<Q<20 Pannonian silicate
ABS <200 1000-10000 Q>20 Pannonian silicate
AB6 <200 1000-10000 Q>20 Pannonian silicate
AB7 <200 1000-10000 Q>20 Pannonian carbonate
ABS <200 1000-10000 Q>20 Pannonian silicate
AB9 >600 10-100 Q<2 Continental carbonate
ABI10 >600 10-100 Q<2 Continental carbonate
ABI1 200-600 10-100 Q<2 Continental carbonate
ABI12 200-600 100-1000 2<Q<20 Continental carbonate
ABI13 200-600 1000—-10000 2<Q<20 Continental carbonate
AB14 <200 100-1000 2<Q<20 Continental carbonate
ABI15 <200 1000-10000 Q>20 Continental carbonate-silicate
ABI16 200-600 10-100 Q<2 Coastal carbonate
AB17 <200 10-100 Q<2 Coastal carbonate
ABI18 200-600 10-100 2<Q<20 Coastal carbonate
ABI19 <200 100-1000 2<Q<20 Coastal carbonate
AB20 200-600 1000—-10000 Q>20 Coastal carbonate
AB21 <200 1000-10000 Q>20 Coastal carbonate-silicate
AB22 200-600 100-1000 2<Q<20 Coastal carbonate
AB23 200-600 10-100 Q<2 Coastal carbonate-silicate
AB24 <200 100-1000 2<Q<20 Coastal carbonate
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cording to the Water Framework Directive. Investigations
were performed during spring and summer of 2006, 2007
and 2009. Altogether, samples were collected on 140 sam-
pling points from 92 different rivers and streams in Croatia.
Diatom sampling, preparation of slides and counting fol-
lowed CEN standards (European Committee for Standard-
ization 2003, 2004). At least 5 stones were randomly cho-
sen at each site, where diatoms were scraped from a surface
area of approximately 10 cm? using a toothbrush or a scal-
pel (depending on substrate type). Diatoms were acid
cleaned (sulphuric acid and sodium nitrate) and mounted in
Naphrax (Brunel Microscopes, UK). On each slide at least
400 valves were counted using random transects under light
microscopy at a magnification of 1000x. Identification of
diatoms was performed using Krammer and Lange-Bertalot
(1991a, b, 1997a, b) and Lange-Bertalot (2001). As sup-
portive data, a dataset with physical and chemical variables
of the investigated sites was also used. Values of water tem-
perature, pH, conductivity, oxygen concentration, and oxy-
gen saturation were measured in situ using a WTW Multi
3401 handheld multimeter. Concentrations of nitrate, nitrite,
ammonia, orthophosphate and total phosphorus were deter-
mined from the water samples that were simultaneously
collected and measured in the laboratory using standard
methods (APHA 1995).

Self organizing map

In order to analyze the pattern of diatom assemblages
self organizing map (SOM) module was applied according
to Kohonen (2001). The SOM is a neural network analysis
tool which converts complex statistical relationships be-
tween high-dimensional data into a simple, low-dimension
by compressing information while preserving the important
topological and metric relationships in the original data
(Kohonen 2001). The SOM analytical method has been
used in diatom ecology describing benthic algal assemblag-
es in France, Luxembourg and Hungary (Rimet et al. 2004,
Gosselain et al. 2005, Varbiro et al. 2007). The data matrix
consisted of 141 samples and 182 variables as species, with
additional 4 environmental variables. Environmental vari-
ables used for describing abiotic types were used as nomi-
nal variables, and coded as follows: region categories —
continental, pannonian and coastal regions as 1, 2 and 3
respectively; catchment size of 10-100 km? — creeks and
small streams (1), 100—1000 km?— medium sized rivers (2),
1000-10000 km? — large rivers (3) and >10000 km? — very
large rivers (4); type of waterbed with silicates (1), carbon-
ates (2), organic (3) and mixed (4); altitude of stream’s flow
— lowland streams <200 m (1), submountain streams 200—
600 m (2) and mountain streams >600 m (3); stream flow
discharge (determined from the size, altitude and slope) as
3 groups: (1) low (Q<2 m® s7), (2) medium (2 m® s7'<Q<20
m3 s) and high (Q>20 m® s™'). The assemblage data for
each taxon were normalized before the rescaling process by
logarithmic transformation [log (x=1)]. The SOM consists
of two layers: an input layer containing the samples and its
variables, and an output layer containing so-called virtual
units (VU). A VU can be considered a virtual sample unit
with its virtual set of variables. In selection phase, weights

82

of output layer were randomly assigned. Then a sample unit
was chosen randomly and a best matching unit (BMU) was
selected by calculating the Euclidean distance between the
weights of the input layer and the weights of the output lay-
er. It is important to note that the selection of the BMUs
was based exclusively on diatom species abundances and
environmental variables were masked out. This was done
by applying a mask function that assigns a weight of 1 to
the biological variables used for the selection of the SOMs
VU and a weight of 0 to environmental variables. In the
learning phase, the BMU weights (variables) in the output
layer defined in the selection phase were updated with the
weights of the input unit. The update process included both
biological and environmental weights. The BMU was not
the only grid unit updated: a neighborhood was defined
around the BMU and all units within this neighborhood
were also updated. In this way the values of environmental
variables can also be visualized on an SOM that was previ-
ously trained, but only with the biological variables (Céré-
ghino and Park 2009). The resulting hexagon map with its
weights was visualized using the SOM toolbox as compo-
nent planes. Each component plane represents variables
that the SOM algorithm has learned. The SOM toolbox
(http://www.cis.hut.fi/projects/somtoolbox) was used to im-
plement the SOM in a MATLAB™ environment. The de-
tailed algorithm of the SOM can be found in Kohonen
(2001) and Lek and Guégan (1999) for ecological applica-
tions. To divide the output SOM into different diatoms
groups according to their similarity, a hierarchical cluster
analysis of the Ward linkage method with Euclidean dis-
tances was used (Park et al. 2004, 2006).

After clustering the SOM the BMUs of the original data
matrix were calculated, thus we could obtain in which clus-
ter a given sampling event would occur. Species which
were important and stable for a given cluster were obtained
using the indicator value index (IndVal) according to Du-
frene and Legendre (1997) based on the original data ma-
trix.

Statistical analysis

To test the differences among assigned groups (both bi-
otic and abiotic), one-way analyses of variance (ANOVA)
with abiotic and SOM groups as grouping factors, followed
by post-hoc Tukey honest significant difference (HSD) tests
were employed with a statistically significant value of
p<0.05. ANOVAs were performed using statistical program
Statistica 9.0. Primer 6 (Clarke and Warwick 2001) was
used to allocate physical and chemical parameters that had
the greatest impact on the assemblage. Firstly, the Bio-Env
procedure which allocates the combination of environmen-
tal variables explaining the highest proportion of variance
within the assemblage was used. For the analysis both
Bray-Curtis similarity matrix of biotic data and of normal-
ized environmental data were used. Afterwards, canonical
analysis of principal coordinates (CAP) was performed. Its
purpose was to find axes through multivariate cloud of
points that either: (i) are the best at discriminating among a
priori groups or (ii) have the strongest correlation with
some other set of variables. Discriminant analysis of CAP
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procedure was used to identify proportion of the samples
that were correctly allocated to both SOM and abiotic types
used as nominal factors of initial matrix. The other way of
using CAP is to analyze how well multivariate data predict
positions of samples along a continuous or quantitative gra-
dient (Anderson et al. 2008). For discriminant analysis only
Bray-Curtis similarity matrix of biotic data was used, and
for canonical analysis, a matrix with normalized environ-
mental data was used additionally.

Results

Typology

Grouping of samples in SOM (Online suppl. Fig. 1) re-
sulted in 10 distinctive biotypes. Based on their geographi-
cal position and site characteristics, groups represent sites
with similar properties (such as waterbed, catchment size,
altitude, size of stream) belonging to different ecoregions of
Croatia (Fig. 1). Most of the samples of group D1 are small
to medium sized streams on higher altitudes on carbonate
waterbed in continental region. Groups D2, D3 and D4
combine small to medium streams on lower (group D3) and
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higher altitudes (groups D2 and D4) on silicate (group D2)
or carbonate waterbed (groups D3 and D4) mostly in coast-
al region. Groups D5, D6, D8 and D10 combine streams on
silica waterbed in continental and pannonian region (group
D5, D6, D8, D10) — they differ in size of stream and its alti-
tude. Sites from groups D7 and D9 belong to coastal region
and combine medium to large lowland rivers (group D7) or
small streams in higher altitudes (group D9) on karstic car-
bonate waterbed (Online Suppl. Tab. 1).

Environmental variables

One-way ANOVA revealed that SOM groups statisti-
cally significantly differ (F=2.16, p<0.001) concerning com-
bination of all environmental variables. To single out vari-
ables that contributed mostly towards statistical significance,
post-hoc Tukey HSD test was performed. It revealed that
group 6 is statistically different (p<0.05) from all other
groups concerning concentrations of ammonia, nitrates, or-
thophosphates and total phosphorus. Influence of nominal
variables that were the base for abiotic typology can be
seen in component planes of the SOM for the typological
attribute categories (Fig. 2).
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Fig. 1. Map of Croatian investigation sites divided into diatom-based self organizing map (SOM) groups. SOM cluster groups are as-
signed with codes from D1-D10. Lines denote different ecoregions of Croatia.

ACTA BOT. CROAT. 76 (1), 2017

83



KRALJ BOROJEVIC K., GLIGORA UDOVIC M., ZUTINIC P, VARBIRO G., PLENKOVIC-MORAJ A.

Catchment size Altitude

LR

Waterbed Region

at

Fig. 2. Component planes of the self organizing map (SOM) for
the typological attribute categories. Darker cells mean higher val-
ues of the given attributes.

Among abiotic groups ANOVA also revealed statisti-
cally significant differences (F=1.59, p<0.001), but post-hoc
Tukey HSD test did not single out any particular parameter
for any of the groups to be statistically significant (thresh-
old: p<0.05).

Biotic data

One-way ANOVA on diatom abundance data set re-
vealed that for both typologies their corresponding groups
statistically significantly differ one from another (F=138.08,
p<0.001 and F=2.4, p<0.001, for SOM and abiotic groups,
respectively). IndVal analysis was employed to discover
which of the variables species have significant indicator
value for each of the groups. The analysis confirmed spe-
cies with highest abundance and/or frequency within each
SOM group as significant representatives of each group
(Tab. 2), which can also be seen from SOM component
planes (Fig. 3). Unlike SOM groups, some of the abiotic
groups (groups AB4, ABS, AB9, AB12, AB15, AB18 and
AB19) were not represented by any of the species (Tab. 3).

Tab. 2. Self organizing map (SOM) groups with indicator species according to indicator species analysis (IndVal). Abundance is repre-
sented as average percentage (%) of total number of valves of particular species for each site belonging to that group + standard deviation.

Cluster CODE  Species name Abundance  IndVal  p-value
D1 ADBI  Achnanthidium biasolettianum (Grunow) Bukhtiyarova 74.42+4.09 0.64 <0.001
D2 ACAF  Achnanthidium affine (Grunow) Czarnecki 7.36+3.18 0.41 <0.001

CPLA  Cocconeis placentula Ehrenberg 23.51+5.37 0.34 <0.001
CAFF Cymbella affinis Kiitzing 3.55+0.99 0.23 0.01
CALS  Caloneis sp. 0.09+0.06 0.13 0.05
CYMS  Cymbella sp. 1.32+0.65 0.27 0.01
NPAL  Nitzschia palea (Kiitzing) W.Smith 2.45+0.71 0.23 0.02
D3 NRHY  Navicula rhynchocephala Kiitzing 0.22+0.12 0.19 0.01
SPHO  Stauroneis phoenicenteron (Nitzsch) Ehrenberg 0.04+0.03 0.13 0.05
SRMA  Staurosira martyi (Heribaud) Lange-Bertalot 0.56+0.31 0.25 0.01
SSMU  Staurosira mutabilis (W.Smith) Pfitzer 1.67+1.02 0.25 0.01
D4 ENCM  Encyonopsis microcephala (Grunow) Krammer 6.8+1.93 0.42 <0.001
CMTS  Cymatopleura sp. 0.04+0.03 0.20 <0.001
GYAC  Gyrosigma acuminatum (Kiitzing) Rabenhorst 1.54+0.78 0.23 <0.001
GYRS  Gyrosigma sp. 0.17+0.11 0.19 <0.001
D5 NAMP  Nitzschia amphibia Grunow f. amphibia Grunow 0.36+0.27 0.19 <0.001
OROE  Orthoseira roeseana (Rabenhorst) O’Meara 2.19+1.99 0.20 <0.001
PTDS  Planothidium sp. 0.76+0.46 0.20 <0.001
AUGR  Aulacoseira granulata (Ehrenberg) Simonsen 2.75+¢1.19 0.30 <0.001
CYLS  Cyclotella sp. 7.68+4.58 0.51 <0.001
FPYG  Fallacia pygmaea (Kiitzing) Stickle & Mann ssp. pygmaea Lange-Bertalot 7.04+£2.69 0.56 <0.001
GYAT  Gyrosigma attenuatum (Kiitzing) Rabenhorst 1.02+0.61 0.40 <0.001
D6 HHUN  Hippodonta hungarica (Grunow) Lange-Bertalot, Metzeltin & Witkowski 0.56+0.39 0.34 <0.001
NACI  Nitzschia acicularis (Kiitzing) W.Smith 15.23+4.60 0.53 <0.001
NVLC  Nitzschia valdecostata Lange-Bertalot et Simonsen 2.14£1.05 0.40 <0.001
SHAN  Stephanodiscus hantzschii Grunow 10.7£6.59 0.62 <0.001
ADMI  Achnanthidium minutissimum (Kiitz.) Czarnecki 59.95+7.32 0.31 <0.001
D7 ECAE  Encyonema caespitosum Kiitzing 4.82+2.57 0.53 <0.001
ESLE  Encyonema silesiacum (Bleisch) D.G.Mann 2.55+1.58 0.30 <0.001
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Tab. 2. — continued

Cluster CODE  Species name Abundance  IndVal p-value
FRAS  Fragilaria sp. 0.29+0.15 0.13 0.05
D7 FSAP Fistulifera saprophila (Lange-Bertalot & Bonik) Lange-Bertalot 0.37+0.17 0.43 <0.001
GTRU  Gomphonema truncatum Ehrenberg 1.13+0.96 0.37 <0.001
AFOR  Asterionella formosa Hassall 14.19+4.61 0.69 <0.001
APEL  Amphipleura pelucida Kiitzing 1.06+0.32 0.29 <0.001
ATRI Achnanthes trinodis (W.Smith) Grunow 1.68+0.74 0.32 <0.001
CCMP  Cymbella compacta @strup 0.82+0.44 0.27 <0.001
CLBE  Cymbella lange-bertalotii Krammer 3.05+1.15 0.38 <0.001
DS DOBL  Diploneis oblongella (Ndgeli ex Kiitzing) Cleve-Euler 7.74+2.53 0.65 <0.001
DVCA  Diatoma vulgaris var. capitulatum Grunow 14.07+£3.91 0.63 <0.001
EPRO  Encyonema prostratum (Berkeley) Kiitzing 5+1.55 0.53 <0.001
ETUR  Epithemia turgida Kiitzing 0.68+0.31 0.21 <0.001
FARC  Fragilaria arcus (Ehrenberg) Cleve 2.23+1.81 0.34 <0.001
GDEC  Geissleria decussis (Qstrup) Lange-Bert. & Metzeltin 1.49+0.57 0.43 <0.001
SSPE Staurosira sp. 0.7+0.27 0.35 <0.001
CPED Cocconeis pediculus Ehrenberg 6.41£1.82 0.21 0.04
D9 ENVE  Encyonema ventricosum (C.Agardh) Grunow 1.45+0.42 0.19 0.03
ADSU  Achnanthidium subatomus (Hustedt) Lange-Bertalot 11.014£5.38 0.19 0.01
CRBU  Craticula buderi (Hustedt) Lange-Bertalot 3.88+2.30 0.22 0.03
FVUL  Frustulia vulgaris (Thwaites) De Toni 0.12+0.09 0.15 0.03
D10 NMEN  Navicula menisculus Schumann var. menisculus 5.98+2.52 0.25 <0.001
NUMB  Nitzschia umbonata (Ehrenberg) Lange-Bertalot 1.274£0.45 0.38 <0.001
SBRE  Surirella brebissonii Krammer & Lange-Bertalot var. brebissonii 1.81+0.96 0.20 0.02
STAN  Stauroneis anceps Ehrenberg 0.05+0.04 0.15 0.03

Tab. 3. Abiotic groups with indicator species according to indicator species analysis (IndVal). Average represents percentage (%) of total
number of valves of particular species for each site belonging to that group. STD — standard deviation.

Abiotic group  Species Average STD p-value
Achnanthidium affine (Grunow) Czarnecki 8.4 0.101 <0.01
Cocconeis placentula Ehrenberg 30.0 0.202 <0.05
AB1 Craticula cuspidata (Kiitzing) Mann 5.8 0.115 <0.05
Cymbella tumida (Brébisson) Van Heurck 3.6 0.072 <0.05
Gomphonema gracile Ehrenberg 3.0 0.060 <0.05
Diatoma tenuis Agardh 0.5 0.012 <0.05
AB2 Navicula trophicatrix Lange-Bertalot <0.1 0.001 <0.05
Sellaphora pupula (Kiitzing) Mereschkowksy 4.8 0.081 <0.05
AB3 Achnanthidium subatomus (Hustedt) Lange-Bertalot 18.5 0.227 <0.05
Aulacoseira granulata (Ehrenberg) Simonsen 23 0.033 <0.05
ABS .
Gyrosigma sp. 0.2 0.003 <0.05
Asterionella formosa Hassall 353 0.483 <0.05
AB6 Cymbella stuxbergii (Cleve) Cleve 1.2 0.017 <0.01
Fallacia pygmaea (Kiitzing) Stickle & Mann 12.3 0.173 <0.05
AB7 Asterionella formosa Hassall 32.7 0.463 <0.01
Encyonema ventricosum (Agardh) Grunow 5.9 <0.05
ABI10 Nitzschia dissipata (Kiitzing) Grunow 4.8 <0.05
Nitzschia sp. 1.2 <0.01
Achnanthidium biasolettianum (Grunow) Bukhtiyarova 62.2 0.400 <0.05
ABLL Aulacoseira ambigua (Grunow) Simonsen 0.2 0.004 <0.05
Cymbella subhelvetica Krammer 0.1 0.003 <0.05
Nitzschia linearis W.Smith 0.2 0.004 <0.05
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Tab. 3. — continued

Abiotic group  Species Average STD p-value
Didymosphenia geminata (Lyngbye) Mart.Schmidt 0.1 0.002 <0.05
Encyonema ventricosum (Agardh) Grunow 2.7 0.028 <0.05
Gomphonema olivaceum (Hornemann) Brébisson 39 0.059 <0.05
ABI3 Navicula slesvicensis Grunow 0.5 0.010 <0.05
Nitzschia palea (Kiitzing) W.Smith 7.5 0.110 <0.05
Surirella ovalis Brébisson 0.1 0.001 <0.05
Aulacoseira italica (Ehrenberg) Simonsen 7.4 0.127 <0.01
Campylodiscus noricus Ehrenberg 0.1 0.003 <0.01
ABI4 Fragilaria crotonensis Kitton 6.1 0.106 <0.01
Ulnaria ulna var. acus (Kiitzing) Lange-Bertalot 7.9 0.137 <0.01
ABI16 Gomphonema acuminatum Ehrenberg 0.2 0.005 <0.05
Cymbella compacta Qstrup 2.6 0.046 <0.01
Denticula tenuis Kiitzing 8.4 0.135 <0.05
Epithemia argus (Ehrenberg) Kiitzing 0.1 0.001 <0.01
ABI7 Gomphonema pala Reichardt 0.2 0.003 <0.01
Gomphonema subclavatum Grunow 0.2 0.004 <0.05
Navicula hofmanniae Lange-Bertalot 6.0 0.056 <0.05
Cyclotella ocellata Pantocsek 5.6 0.083 <0.05
AB20 Navicula cryptotenelloides Lange-Bertalot 2.9 0.051 <0.01
Cyclotella ocellata Pantocsek 4.0 0.080 <0.05
Encyonema caespitosum Kiitzing 5.9 0.119 <0.05
AB21 Melosira arenaria Moore ex Ralfs 12.5 0.250 <0.05
Urosolenia eriensis (H.L.Smith) Round & R.M.Crawford 0.2 0.004 <0.05
Encyonopsis microcephala (Grunow) Krammer 27.8 <0.01
AB22 Sellaphora minima (Grunow) Mann 1.2 <0.01
Epithemia sp. 0.6 0.012 <0.05
Frustulia creuzburgensis (Krasske) Hustedt 1.7 0.034 <0.05
AB23 Nitzschia palea (Kiitzing) W.Smith 5.4 0.063 <0.05
Stauroneis smithii Grunow 0.3 0.007 <0.05
Navicula antonii Lange-Bertalot 24 0.041 <0.01
Navicula weinzierlii Schimanski 1.0 0.018 <0.05
Reimeria sinuata (Gregory) Kociolek & Stoermer 0.4 0.008 <0.05
AB24 Surirella angusta Kiitzing 0.3 0.005 <0.05
Surirella linearis W.Smith 0.1 0.001 <0.05
Surirella ovalis Brébisson 0.1 0.001 <0.05
Surirella sp. 4.1 0.071 <0.05

Bio-Env procedure showed that the main environmental
variables describing the data set were nitrogen fractions NH,*
and NO;~ and total P (Rho=0.235; significance level of sam-
ple statistic=0.1%, number of permutations performed 999).

CAP procedure in Primer that corresponds to canonical
analysis of principal coordinates (to test correlation to en-
vironmental variables) did not completely confirm those
results (Fig. 4). The results show strong and significant cor-
relations between the diatom abundance and the environ-
mental variables (p=0.001). First canonical correlation was
0.74 and the second one was 0.67. CAP axis 1 was corre-
lated with oxygen saturation (r=0.924) and CAP axis 2
with total P (r=0.571) and NO;~ (r=0.490).
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Discriminant CAP analysis showed that 10 SOM groups
are indeed distinguishable one from another. First two ca-
nonical correlations are quite high (8,=0.90 and 6,=0.76).
Diagnostic showed that the choice of 3 PCA axes includes
34.29% of total variation, i.e. that many samples were cor-
rectly classified, with values of Q° "HQ° =3.17 (p=0.001)
and 9,=0.81 (p=0.001).

Discriminant CAP on abiotic groups showed that abiot-
ic typology is also relevant — with first two canonical corre-
lations being 0.91 and 0.74 (3, and §,, respectively). Al-
though permutation test revealed high statistical significance
(Q°,’HQ’,=4.85 (p=0.001) and §,>=0.84 (p=0.001), abiotic
grouping correctly allocated only 19.29% of samples.
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Tab. 4. Relationship among benthic diatom-based SOM (self organizing map) groups and abiotic typology for Croatian rivers and streams.

Sum represents a number of sites belonging to the group/site.

Croatian abiotic type

AB AB AB AB AB AB AB AB AB AB AB AB AB AB AB

AB AB AB AB AB AB AB AB AB sum

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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D2 3 1 2 1 2 9
D3 1 ! ! 11 2 3 116
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= D5 2 1 2 1 1 1 1 10
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2 D6 13 3
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Fig. 3. Component planes of the self organizing map (SOM) for
characteristic diatom species. SOM cluster groups are assigned
with codes from D1-D10. Darker cells mean relative higher abun-
dance of the given diatom species. Abbreviations of diatom names
are the same as in Tables 2 and 3.

Finally, all investigated sites plotted according to envi-
ronmental variables and biotic data were efficiently associ-
ated with both biotic (SOM) and abiotic groups (Tab. 4).

Discussion

Determination of water quality according to WFD great-
ly depends on reliable typification of waterbodies, which
includes entire range of hydrological, geographical, physi-
cal, chemical and biological characteristics of sampling
sites. Since the status itself is derived by comparison to ref-
erence conditions, it is essential to have all sites and their
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Fig. 4. Canonical analysis of principal coordinates (CAP) ordina-
tion plot relating benthic diatom assemblages to environmental
variables.

corresponding reference assemblages described and grouped
into usable groups. As abiotic typology in Croatia resulted
in 24 different types, which in relation to surface area seem
rather high, especially in comparison to Germany (20 types,
Schmedtje et al. 2001), Hungary (26 types, Van Dam et al.
2007), Great Britain (14 types, Davy-Bowker et al. 2006)
or Sweden (11 types, Davy-Bowker et al. 2006), it was ex-
pected for some types to group together. SOM analysis re-
vealed 10 groups according to diatom assemblages, which
is a number of types comparable to other countries.

As shown in SOM component planes, type of waterbed,
altitude, size of catchment area and type of stream (its size)
were variables influencing the development of diatom as-
semblage, as also shown in the other studies (Biggs 1995,
Pan et al. 2000, Potapova and Charles 2003). All of those
variables are in a direct relation to measured physical and
chemical parameters of an investigated site, although there
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are other variables, such as type of vegetation, size of sub-
strate or exposure, that also greatly influence the nutrient
availability. Altitude is usually related to flow velocity
which also greatly influences the development of the as-
semblage (Primc-Habdija et al. 2001). Size of the catch-
ment area and size of the stream, in a way, reflect the num-
ber of tributaries which bring additional nutrients to the
stream. Subsequently, it also extends the possible presence
of settlements such as industrial zones and agricultural es-
tates which greatly influence nutrient inflow. Increasing
phosphorus levels can be mainly related to those variables
and not exclusively to the natural sources phosphorus lev-
els. As published in many other studies (Bothwell 1989,
1988, Stanley et al. 1990) phosphorus, both as orthophos-
phate and total phosphorus, was shown to be an important
factor in the development of benthic diatom assemblage.
Phosphorus and nitrogen fractions have been generally con-
sidered to be most critical variables (Hutchinson 1957), as
shown in Bio-env and CAP procedures.

Composition of diatom assemblages and the character-
istic (indicator) species as Achnanthidium, Cymbella, Ency-
onopsis or Nitzschia species, from this set of Croatian sam-
ples closely corresponded to those observed in other
geographical areas (Tison et al. 2005, Park et al. 2006,
Tornés et al. 2007, Dohet et al. 2008, Tornés et al. 2012).
Diatom assemblages are influenced by many variables in-
cluding those that are site specific at various temporal and
special scales (DeNicola et al. 2004, Pan et al. 2004), as
well as those that reflect human interventions in the envi-
ronment.

Statistically, both types of typology proved to be signifi-
cant, but abiotic typology resulted in several groups being
without one or several discriminant species. On the other
hand, SOM groups had several characteristic species for
each of the groups.

Typical species for SOM group D1, small to medium,
mountain, continental streams on carbonate waterbed, Ach-
nanthidium biasolettianum (Grunow) Bukhtiyarova is a
species reported from upstream, low human impact sites at
siliceous streams (Soininen et al. 2004). Presence of A. bi-
asolettianum in carbonate streams can be explained by the
fact that all streams from group D1 belong to continental
part of Croatia that is not karstic and carbonates are prevail-
ing but are not exclusive in the waterbed.

Similar sized streams, but on carbonate mostly karst
waterbed, belong to groups D3 and D4 whose indicative
species Cymbella affinis Kiitzing and Encyonopsis micro-
cephala (Grunow) Krammer were reported from Mediter-
ranean mineralized headwaters in Spain (Tornés et al. 2007)
and Pyrenean calcareous springs (Sabater and Roca 1992).
Also, Cymbella species seem to have high tendency to in-
habit such calcium-rich waters, as reported from numerous
streams in USA by Potapova and Charles (2003).

Species typical for group D2 (mountain, siliceous head-
water streams) are Achnanthidium affine (Grunow) Czar-
necki and Cocconeis placentula Ehrenberg. Those two spe-
cies are most common in the streams with higher velocities,
A. affine as a primary colonizer and C. placentula as a tight-
ly attached, flow resistant species (Hoagland et al. 1982,
Plenkovi¢-Moraj and Jasprica 2000, Kralj et al. 2006).
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Groups D5, D6 and D10 represent mostly lowland, larg-
er or smaller silicate rivers and streams impacted by agri-
culture (predominantly in Pannonian region) or urban set-
tlements as shown by typical planktonic species like
Aulacoseira granulata (Ehrenberg) Simonsen and Nitzschia
acicularis (Kiitzing) W.Smith with a benthic species Na-
vicula menisculus Schumann, all favoring greater nutrient
load (Acs and Kiss 1991, Acs et al. 2003).

Group D8 showed statistically proven differences in
many aspects from all other groups. As a group it is speci-
fied by the lack of a common descriptive species and pres-
ence of species like Achnanthes trinodis (Ralfs) Grunow in
Van Heurck, Cymbella lange-bertalotii Krammer, Encyo-
nema prostratum (Berkeley) Kiitzing or planktonic 4sterio-
nella formosa Hassall. Group D8 proved to be specific be-
cause it encompasses sites in lower reaches of large rivers
that can be considered almost as lentic sites.

Achnanthidium minutissimum (Kiitzing) Czarnecki as a
characteristic species in group D7, (small, mountain, karstic
creeks) reflects more the nature of sites than their nutrient
load. The species is known as an early colonizer that favors
high flow velocities (Primc-Habdija et al. 2001, Kelly 2002,
Kralj et al. 2006, Stenger-Kovacs et al. 2013, B-Béres et al.
2016) and is commonly reported as a dominant species of
similar habitats.

Group D9 collects sites from Istra, the largest Croatian
peninsula that differs from the rest of Croatian coast (Pre-
logovi¢ et al. 1995), consisting of upper reaches of small
karstic streams and a few continental streams. Although dif-
fering significantly, they share a species Nitzschia palea
(Kiitzing) W.Smith, commonly reported from sites affected
by agriculture and industry (John 2002, Soininen 2002).
Therefore, group D9 encompasses streams affected by high
artificial nutrient load.

Since complete data set included mostly undisturbed
and slightly disturbed sites, due to war in Croatia at the be-
ginning of 1990s and consequential deterioration of entire
industry, all of the data, except from extremely disturbed
sites were used. That approach ignores the differences in
disturbance to similar sites, but general trends which can
help in further research and monitoring were observed.
Benthic diatom assemblages do reflect abiotic typology by
grouping similar sites and therefore reducing the number of
types. That reduction implies that diatom comminutes sim-
plify abiotic groups, as also shown in Hungary (Van Dam et
al. 2007). Also, the fact that this study described typical as-
semblage for each SOM group, in comparison to many un-
defined abiotic groups, as well as practicality of considering
only 10 in comparison to 24 groups, makes this approach
valuable contribution towards description of biotypes and
easier determination of water quality according to WFD.

Conclusions

As particular species have different ecological prefer-
ences, some with narrow and some with wide ecological
valences, diatom assemblage itself does not seem to show
clear preference to particular type of stream. Diatom assem-
blage clearly groups similar types of rivers and streams, in-
dicating that for estimation of water quality purposes there
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is a need to reduce a number of stream types that naturally
occur in some area. Statistically significant grouping of dia-
toms into SOM groups with several characteristic species in
this study has shown that diatom assemblages can be used
as valuable site descriptors. Grouping of similar sites, al-
though they initially, according to abiotic typology, belong
to different types, makes SOM groups with its correspond-
ing representative species an easy tool for determination of
water quality and description of reference assemblage.
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