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A B S T R A C T   

The main aim of this study was to investigate the application of benthic diatoms and the efficiency of diatom 
indices in water ecological assessment of rivers in Serbia, as well as the influence of trout farms on rivers water 
quality. Research was conducted in one year period along the Crnica and Radovanska rivers (Eastern Serbia), in 
11 sampling sites (taking into account the position of trout fish farms that are built on both rivers). Results 
showed that fish farms affect the physical and chemical parameters, as well as diversity of the epilithic diatom 
assemblage along the rivers. Canonical correspondence analysis (CCA) indicated that among tested physical and 
chemical parameters, conductivity “EC”, water hardness “WH”, sulfates “SO4

2-”, ionized ammonia fraction “NH4
+”, 

nitrates “NO3
–“, “pH”, mud, stone and depth were the most important variables affecting the distribution of 

diatom species. A total of 206 epilithic diatom taxa were recorded in the Radovanska and 170 in the Crnica River. 
Based on diatom indices, trout fish farms have no significant negative impact on the water quality of the 
investigated rivers (indices are not enough sensitive). Redundancy analysis (RDA) showed a high degree of 
correlation between the majority of indices which mostly indicated to good water quality of studied rivers. TID 
and TDI were the only two indices indicating moderate and poor water quality of both rivers. Water quality based 
on the TIDRS, the first proposed diatom index for Serbia was differ in two classes in most sites compairing with 
TID.   

1. Introduction 

The importance of diatoms in rivers and streams is primarily re-
flected through their fundamental role in food chains, oxygenation of 
surface waters and biogeochemical cycles. They are significant factors of 
biodiversity and genetic diversity in aquatic ecosystems (Smol and 
Stoermer, 2010). Analysis of diatom assemblages is a very useful tool in 
preserving and sustainable management of water resources (Mogna 
et al., 2015). Many countries for the assessment of water quality take 
into account only diatoms (Poikane et al., 2016). The two most impor-
tant features of diatoms that make them ideal bioindicators capable to 
indicate early pollution are a rapid response to environmental changes 

and narrow ecological valence toward specific environmental factors 
(Karacaoğlu and Dalkıran, 2017). By analyzing diatoms, a picture of 
general condition, ecological integrity and water quality of a particular 
aquatic ecosystem can be obtained (Taylor et al., 2007). They are 
extremely good indicators of trophic state, acidity and organic pollution 
of water. The diatom assemblage structure is strongly affected by the 
concentration and ratio of nutrients in water. Many studies have shown 
that changes in biomass and diversity of diatoms reflect changes in the 
concentration of nitrogen and phosphorus in rivers and streams (Bere 
et al., 2016). 

Discharge waters from fish farms have a major impact on the water 
quality of rivers, changing the concentration of ions and dissolved 
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oxygen. This further leads to many other changes that affect different 
groups of organisms (Stojanović et al., 2017). Globally, production of 
farmed fish has increased intensively in recent decades (Naylor et al., 
2000). In Serbia, in the 19th century, there was only one larger fish farm, 
while during the 20th century, this number was constantly growing 
(Gavrilović and Dukić, 2002). There are currently about 130 trout farms 
in the country (Božanić et al., 2018). The increasing anthropogenic in-
fluence has led to the creation and application of diatom indices 
worldwide. They can be defined as a way of expressing changes in water 
quality (Watanabe et al., 1986; Kelly and Whitton, 1995; Lobo et al., 
2004; Hurlimann and Niederhauser, 2006; Coste et al., 2009). 

Diatom indices values should be carefully interpreted in the water 
quality assessment of surface waters, taking into account many factors, 
such as the region where the particular index was originally used, the 
choice of substrates from which the sampling is carried out, as well as 
the degree of expertise of the person performing the analysis (Solak and 
Àcs, 2011). Differences between diatom indices occur due to diatom 
different sensitivity to the type and degree of pollution (different indices 
are designed to detect different types of pollution) (Wang et al., 2014). 
Also, differences in the indicator taxa lists that are taken into account in 
their calculation (different taxa are used to calculate different indices 
depending on the region where they are designed) have a major impact 
on the results of calculating diatom indices. Therefore, their applica-
bility in regions different from their place of origin must be investigated 
and tested in detail (Xue et al., 2019). 

Water Framework Directive (WFD) has been adopted by the Euro-
pean Union countries as a reaction to the predicted loss of biodiversity 
and increased anthropogenic factors (WFD, 2000). It is a pioneering 
legislation that aims to protect and promote sustainable all surface 
waters (rivers, lakes, transitional and coastal waters), as well as 
groundwater (Carvalho et al., 2019). The main purpose of the WFD is to 
establish a Europe-wide implementation of a comprehensive framework 
to protect the sustainability of water resources (Pander and Geist, 2013). 
This can be achieved by integrating chemical, physical and chemical and 
biological quality components (WFD, 2000). All member states and 
candidate countries are obligated to include the WFD into national 
legislation. 

Compared to most European countries, benthic diatoms have 
recently been used in the ecological status assessment of surface waters 
in Serbia. Therefore, this study was conducted to test the diatom indices 
and the influence of trout farms on rivers water quality in Serbia. There 
are no data on previous research of diatoms from the Radovanska River 
and very scarce data about diatoms from the Crnica River (Ranković 
et al., 1995), so this research is of great importance also from a floristic 
point of view. Also, one of the aims was to identify the environmental 
variables that can explain the distribution and community composition 
of epilithic diatom assemblages in the Radovanska and Crnica rivers. 

2. Material and methods 

2.1. Description of investigated rivers and sampling sites 

The Radovanska River is a typical mountain river in Eastern Serbia. It 
is formed by connecting three streams at 642 m above the sea level. The 
length is about 20 km, with an average drop of 32.33‰. Also, it is an 
underground river that sinks in the gorge, into the Pećur cave (Gav-
rilović and Dukić, 2002). The fish farm is located just below the source of 
the Radovanska River, at 820 m above sea level. The total production 
area is 1643 m2, and the total production capacity of juveniles and fish 
for consumption is 60 t. Trout farming pools are placed in four levels, 
and there are a total of eight. This fish farm is specific because it uses 
renewable sources for obtaining electricity throughout the year, in the 
form of water and solar energy (Stojanović, 2017). For the purposes of 
this research, 5 sites were selected along the investigated part of the 
Radovanska River. The first site (RR1) was located at the source from 
which the trout fish farm is supplied with water, and four sites 

downstream from the trout farm (Fig. 1). 
The Crnica river is the tributary of Velika Morava River. It has a 

length of 31.8 km and a drainage area of 338 km2. The Crnica River 
springs in Sisevac, on the western side of the Kučajske Mountains, at 380 
m above sea level. Near the main spring (karst spring “Staro Vrelo”), 
there are three more karstic springs that are used for water supply of 
surrounding villages (Gavrilović and Dukić, 2002). The temperatures of 
these waters range from 24.7 ◦C to 29 ◦C (Milić, 2006). The fish farm on 
the Crnica River is one of the leading producers of California trout in 
Serbia, whose annual production is 70 t of fish and 600.000 juveniles. 
The production area of the fish farm is 4200 m2, with a total of 43 pools 
of different dimensions (Stojanović, 2017). In the dry season, when the 
amount of water drops drastically, the fish farm includes a pump that 
allows the return of water from the farm outlet, in order to compensate 
for the required amount of water. For the purposes of this research, 6 
sites were selected along the investigated part of the Crnica River. The 
first two sites were located before the fish farm, and four sampling sites 
downstream from the farm (Fig. 1). The basic characteristics of sampling 
sites along the Radovanska and Crnica rivers are shown in Table 1. 

2.2. Dynamics and sampling method 

The sampling was conducted 6 times along each river during one 
year from April 2011 to May 2012, in 11 sites. Algological samples (66) 
were collected from each site by selecting 5 medium-sized stones from 
constant parts of the rivers. The epilithic diatom assemblage was scraped 
with a toothbrush in plastic bottles of 100 ml volume and was conserved 
by formaldehyde to a final concentration of 4% in each sample. 

The physical and chemical parameters for the purposes of this 
research were measured directly in the field (water temperature “tw”, 
depth and breadth of the riverbed, velocity “V”, flow rate “Q”, substrate 
type, oxygen “O2”, “pH”, conductivity “EC”) or in the laboratory of the 
Institute of Chemistry, Technology and Metallurgy of the University of 
Belgrade (anions concentrations (sulfates “SO4

2-“, nitrates “NO3
–“ and 

chlorides “Cl-“), total phosphorus “Pu”, orthophosphates “PO4
3-“, ionized 

ammonia fraction “NH4
+”, un-ionized fraction “NH3” and water hardness 

“WH”). The “tw” was measured using a temperature probe that is an 
integral part of the PCE-PCD measuring device and velocity using a 
measuring instrument - speedometer (GEOPACKS Stream Flowmeter, 
UK). The depth and width of the riverbed were measured using a meter. 
The flow rate “Q” was measured by dividing the river profile at the 
sampling sites into several subsections, and then the depth and velocity 
within each section were measured. The flow rate “Q” was then calcu-
lated by multiplying the area of a given section by the mean value of the 
velocity (measured with a speedometer) between two measurement 
points. The analysis of the type of substrate was performed by visual 
assessment, and the composition of the substrate was classified into five 
classes (Stojanović et al., 2019). The “O2”, “pH” and “EC” were 
measured using the PCE-PHD device. The data of physical and chemical 
parameters were used from previous publication (Stojanović et al., 
2019), with difference that mean values of these parameters were 
calculated for six occasions when the diatoms were sampled. 

2.3. Laboratory method and microscopic analysis 

Diatom frustules were cleaned using the method with concentrated 
sulfuric acid (H2SO4), potassium permanganate (KMnO4) and oxalic acid 
(C2H2O4) to remove the organic content (Krammer and Lange-Bertalot, 
1986) and the material was mounted in Naphrax®. 

Microscopic analysis of the permanent slides was performed using a 
Zeiss Axio-Imager M1 microscope with a digital camera AxioCam MRc5 
at a 1600x magnification and Differential Interference Contrast (DIC). 
AxioVision4.8 computer software was used to process diatom 
micrographs. 
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2.4. Data analysis 

The identification of diatom taxa was carried out based on different 
morphometric characteristics of the cell wall. Taxa identification was 
performed using appropriate literature (Krammer, 2000; 2002;; Lange- 
Bertalot, 2001; Lange-Bertalot et al., 2017; Levkov, 2009; Levkov 
et al., 2016) and classification according to the online database 
“AlgaeBase” (Guiry and Guiry, 2017). After qualitative analysis, a 
quantitative analysis was carried out within the diatom epilithic 
assemblage. It was presented in the form of the percentage representa-
tion of each taxon in the sample by counting 400 valves per slide. 

The software package OMNIDIA 6.0.4 was used to calculate seven-
teen diatom indices (Lenoir and Coste, 1996). The water quality 
assessment of the investigated rivers was performed according to the 
boundaries of water quality classes based on the values of diatoms 
indices (Leclercq and Maquet, 1987; Prygiel and Coste, 2000). 
Table with full names of indices, abbreviations and the type of pollution 
indicated by each index is given in Supporting Information (SI) 
(Table S.2). 

For the studied rivers, based on the preliminary list of indicators 
(Vidaković, 2019) formed on the basis of the total phosphorus values 
and the number of valves, the values of TIDRS index are calculated. It is a 
first, last year proposed diatom index for assessing the trophic status of 
running waters in Serbia (Vidaković, 2019): 

TIDrs =
∑n

i=1xᵢsᵢvᵢ
∑n

i=1xᵢvᵢ 

with: xi-relative abundance of taxon i, si-indicator value of taxon i, vi- 
indicator weight of taxon i. 

The TIDRS index was tested for the first time and its values were 
compared with the TID values, which was developed for the rivers of 
Austria (Rott et al., 1999), but is also widely used in Germany, Hungary, 
Poland and Slovenia to assess the trophic status of surface waters. 

Ecological status assessment of the studied rivers was carried 
following the legislation of Serbia (Official Gazette of Republic of Serbia, 
2011). Based on it, ecological status/potential of surface waters in 
Serbia are determined based on biological, chemical and physical and 
chemical, and hydro-morphological parameters. IPS and CEE diatom 
indices (or IPS only) are biological parameters of the ecological status 
assessment of rivers based on phytobenthos in the Republic of Serbia. 
The investigated parts of the Crnica and Radovanska rivers were clas-
sified into appropriate water bodies and watercourses types (Official 
Gazette of Republic of Serbia, 2010). 

2.5. Statistical analyses 

Canonical correspondence analysis (CCA) was performed using 
software CANOCO for Windows, Version 5.0 (Ter Braak and Šmilauer, 
2012). Using CCA, the relationship between recorded diatom taxa 
(presence/absence) in the Crnica and Radovanska rivers and environ-
mental parameters (physical/river parameters, chemical parameters 
and data referring to the dominant substrate type) was assessed. Sig-
nificant variables in each group of parameters were selected by applying 
the option “Interactive forward selection”, where the statistical 

Fig. 1. Sampling sites (RR1-RR5, CR1-CR6) and fish farms (*) along the Radovanska and Crnica rivers. RR1 (43◦ 53.802 N 21◦ 47.062 E), RR2 (43◦ 53.666 N 21◦

47.274 E), RR3 (43◦ 53.458 N 21◦ 47.484 E), RR4 (43◦ 53.066 N 21◦ 47.946 E), RR5 (43◦ 52.597 N 21◦ 48.867 E), CR1 (43◦ 57.327 N 21◦ 35.406 E), CR2 (43◦

57.393 N 21◦ 35.256 E), CR3 (43◦ 57.296 N 21◦ 34.919 E), CR4 (43◦ 57.279 N 21◦ 34.688 E), CR5 (43◦ 57.273 N 21◦ 34.119 E), CR6 (43◦ 57.396 N 21◦ 33.872 E). 

Table 1 
The basic characteristics of sampling sites along the Radovanska (RR1-RR5) and 
Crnica rivers (CR1-CR6).  

Sampling sites Altitude (m.a.s.l.) Location of the investigated sites 

RR1 415 100 m upstream from the trout farm 
RR2 380 200 m downstream from the trout farm 
RR3 374 500 m downstream from the trout farm 
RR4 353 1.6 km downstream from the trout farm 
RR5 336 3.1 km downstream from the trout farm 
CR1 348 250 m upstream from the trout farm 
CR2 345 20 m upstream from the trout farm 
CR3 342 20 m downstream from the trout farm 
CR4 340 400 m downstream from the trout farm 
CR5 336 1.3 km downstream from the trout farm 
CR6 334 1.7 km downstream from the trout farm  
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significance of each variable was tested by the Monte Carlo permutation 
test (p < 0.05). Only those variables that showed significance were 
included in the final CCA diagram. Tested physical/river parameters 
were river depth and width, “tw”, “pH”, “EC”, “WH”, “V”, “Q”, where 
“EC”, “pH”, “WH” and depth showed significance; after chemical pa-
rameters testing (“O2”, “Pu”, “PO4

3-“, “NH4
+”, “NH3”, “NO3

–“, “Cl-“, “SO4
2-“) 

significant were “NO3
–“, “NH4”, “SO4

2-“, considering substrates (mud, 
gravel, sand, stone, rock), mud and stone were singled out as significant. 
As supplementary variables, the terms indicating rivers and variables 
that refer to the position of sampling sites with fish farm (before (BFF) 
and the after fish farm (AFF)) were included. CCA with option “down-
weight rare species“ was used and 25 the best fitted taxa is shown on the 
ordination diagram. 

To assess how much variability in our data described every 
mentioned group of variables (by taking into account all variables), 
variation partitioning (simple and conditional effect) was performed. 
The amount of variability, as well as the significance of each group of 
variables (fraction) was presented. 

The correlation between diatom indices, ecological parameters 
(physical and chemical parameters of water) and sampling sites was 
shown using redundancy analysis (RDA). The analysis was made for 
each river separately, taking into account all indices and all physical and 
chemical parameters of water to examine the relationship with all, but it 
was also emphasized which factor was the most significant after using 
the “interactive forward selection” option. 

3. Results 

3.1. Influence of the trout farms on physical and chemical parameters 

The values of most physical and chemical parameters along the 
investigated part of the Radovanska River were different between sites 
located upstream and those located downstream from the fish farm 
(Table 2). The water temperature of the Radovanska River was quite low 
with relatively small annual variations. The impact of the fish farm is 
evident due to an increase in the average temperature at site RR2 (after 
discharge) compared to site RR1. “O2” was reduced after the discharge 
of wastewater from the farm compared with site RR1, and downstream 
these concentrations were gradually increasing. “Pu”, “PO4

3-“, “NH4
+”, 

and “NH3” have significantly increased after the discharge of waste-
water from the fish farm, while downstream these values gradually 
decreased. Only “pH” continued to grow downstream from the fish farm, 

so the highest values were recorded at site RR5. “EC”, “WH”, “NO3
–“, 

“Cl-“ and “SO4
2-“ varied in very narrow range at investigated sites. 

Considering hydrological parameters, there was an slight increase in 
depth downstream from site RR1. The “V” varied slightly at all sites and 
based on these values, the Radovanska River was classified into 
moderately fast rivers. At site RR1, the dominant type of substrate was 
mainly made of stones, subdominant gravel, while the rocks, sand and 
mud in form of fine particulate organic matter (FPOM) made up about 
5% of the substrate. At site RR2, the quantity of mud and rocks increased 
significantly, although the stones continued to be the dominant type of 
substrate. Downstream from the site RR2, there was a decrease in the 
amount of mud, gravel, and sand, while the amount of stone substrate 
increased. 

Observing the physical and chemical parameters of the Crnica River 
at different sites, the significant effect of the fish farm on the majority of 
abiotic factors was noticed (Table 2). One group of factors (“tw”, “pH”, 
“WH”, “NO3

–“, “Cl-“, “SO4
2-“) was quite constant and their values did not 

vary significantly depending on the site, while the values of the second 
group of factors (“O2”, “Pu”, “PO4

3-“, “NH4
+”, “NH3”) changed signifi-

cantly at site CR3 (after the discharge of wastewater from the fish farm). 
“tw”, “EC” and “WH” were quite constant and their values varied in a 
narrow range. The total annual variation in “tw” was 6.3 ◦C. “O2” and 
“NH4

+” significantly changed at sites after discharge (sites CR3-CR5). 
“NH4

+” at the discharge point increased >10 times compared with sites 
before discharge, and then gradually decreased downstream, although 
the values were still several times higher than values at sites upstream 
from the fish farm. “pH” was rising downstream without changes in the 
specified pattern at the sites around discharge. “Pu”, “PO4

3-“ and “NH3” 
were significantly increased after the discharge, but unlike “O2” and 
“NH4

+”, there was no pattern of their downstream decrease. The “V” was 
the lowest at site CR1, and was increasing downstream. The biggest 
change in velocity was recorded at site CR2, where water became two 
times faster than at site CR1. “Q” significantly increased after the 
discharge of wastewater from the fish farm. The stone was the dominant 
type of substrate at all sites, while sand was the least represented. It can 
be seen increased representation of mud at site CR3, and then decreased 
significantly. 

3.2. Diatom assemblages structure and influence of the trout farms on 
diatom diversity 

An investigation of the epilithic diatoms from the Radovanska River 

Table 2 
The mean values of physical and chemical parameters at sampling sites of the Radovanska (RR1-RR5) and Crnica rivers (CR1-CR6).  

Parameter Unit RR1 RR2 RR3 RR4 RR5 CR1 CR2 CR3 CR4 CR5 CR6 

tw (◦C) 9,2  
± 0,5 

10,4  
± 0,9 

10,6  
± 1,0 

11,1±1,0 11,4±1,3 10,76 ± 0,30 12,44 ± 0,57 12,77 ± 0,92 12,46 ± 0,83 12,50 ± 0,90 12,2±0,82 

O2 (mg/l) 11,6±0,3 9,2  
± 0,6 

9,8  
± 0,6 

10,6  
± 0,3 

10,4  
± 0,3 

9,91  
± 0,49 

10,7±0,40 9,15±0,43 9,55±0,40 10,44 ± 0,33 10,89 ± 0,45 

pH  7,45±0,09 7,73±0,08 7,87±0,09 8,05±0,11 8,16±0,09 7,22±0,11 7,39±0,98 7,65±0,07 7,69±0,06 8,01±0,12 8,07±0,15 
EC (μS/cm) 384±28 408±35 404±34 389±21 410±25 468,9 ± 11,6 477,4 ± 15,1 464,4 ± 13,5 465,0 ± 13,6 461,7 ± 14,7 456,6 ± 13,1 
Pu (μg/l) 29,7±7,9 79,0±15,1 54,2±7,5 46,6±8,4 49,0±6,3 25,7±6,9 28,0±8,8 48,9±11,7 76,6±27,5 68,3±26,8 63,3±23,2 
PO4

3- (μg/l) 23,0±4,7 51,4±10,7 37,4±7,1 34,9±7,5 30,8±4,3 14,2±4,6 13,6±4,7 21,7±4,0 31,4±8,0 26,2±3,9 25,1±5,1 
NH4

+ (μg/l) 77±43 541±104 339±99 248±148 92±41 42,3±16,6 46,9±19,4 354,5 ± 53,6 264,6 ± 32,9 193,0 ± 22,8 166,1 ± 36,6 
NH3 (μg/l) 0,33±0,16 5,70±1,42 5,45±2,02 5,09±2,47 3,18±1,72 0,13±0,06 0,27±0,14 4,07±1,05 3,14±0,60 5,65±1,62 8,46±4,90 
WH (dH) 1,08±0,10 1,09±0,11 1,08±0,12 1,08±0,15 1,11±0,11 1,31±0,09 1,31±0,11 1,27±0,11 1,28±0,11 1,29±0,10 1,27±0,1 
NO3

– (mg/l) 5,27±0,65 5,58±0,32 5,92±0,33 6,25±0,58 6,08±0,57 4,92±0,39 4,58±0,42 4,71±0,41 4,74±0,35 5,05±0,31 5,18±0,28 
Cl- (mg/l) 0,96±0,13 0,99±0,08 0,97±0,08 1,20±0,26 1,01±0,12 1,09±0,11 1,02±0,12 0,93±0,10 0,99±0,14 1,17±0,18 1,05±0,11 
SO4

2- (mg/l) 8,81±1,30 9,55±0,79 9,42±0,79 9,95±0,66 9,86±0,89 11,53 ± 0,64 11,50 ± 0,57 11,43 ± 0,81 11,38 ± 0,66 11,33 ± 0,65 11,40 ± 0,63 
Depth (m) 0,14±0,01 0,174 ± 0,02 0,19±0,02 0,20±0,02 0,18±0,01 0,18±0,01 0,14±0,03 0,20±0,03 0,16±0,02 0,17±0,02 0,21±0,02 
Width (m) 5,14±0,55 5,04±0,48 5,34±0,51 6,40±0,44 5,96±0,49 6,08±0,71 2,39±0,44 6,12±0,14 7,47±0,75 6,68±0,67 4,69±0,38 
Velocity (m/s) 0,36±0,03 0,38±0,03 0,37±0,05 0,36±0,05 0,39±0,05 0,12±0,05 0,24±0,05 0,37±0,02 0,37±0,03 0,43±0,06 0,33±0,04 
Flow (m3/s) 0,27±0,07 0,35±0,07 0,39±0,10 0,43±0,12 0,39±0,07 0,16±0,07 0,15±0,08 0,42±0,07 0,43±0,10 0,49±0,11 0,44±0,09 
FPOM (%) 0,7±0,7 24 ± 6 7 ± 3 8 ± 3 3 ± 1 9,17±3,27 5±2,24 16,67 ± 3,07 3,33±1,67 5,83±2,39 5,00±2,24 
Gravel (%) 15 ± 3 13 ± 3 11 ± 2 11 ± 2 17 ± 5 16,67 ± 3,33 12,50 ± 1,71 12,50 ± 2,50 11,67 ± 1,67 12,5±2,14 9,17±1,54 
Sand (%) 1 ± 1 9 ± 3 6 ± 3 9 ± 3 6 ± 3 3,33±2,11 5,00±2,24 3,33±2,11 2,50±1,71 6,67±4,01 2,50±1,71 
Stones (%) 79 ± 5 34 ± 6 55 ± 5 55 ± 7 66 ± 6 58,33 ± 4,01 68,33 ± 2,79 60,83 ± 5,07 75,00 ± 3,16 68,33 ± 4,59 66,67 ± 3,57 
Rocks (%) 4 ± 1 19 ± 5 21 ± 3 18 ± 3 9 ± 2 12,50 ± 2,50 9,17±2,39 6,68±1,05 7,50±1,12 6,67±1,05 16,67 ± 3,33  
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resulted in the description of 206 diatom taxa (Table S.1 - SI). Navicula 
(30 species) was the most species-rich genus, followed by Nitzschia (20 
species) and Gomphonema (16 species). The most frequent diatom taxa 
(recorded in all samples) in the Radovanska River were Amphora ped-
iculus and Reimeria sinuata. Taxa found in 96% of all samples were 
Achnanthidium minutissimum, Cocconeis lineata, C. pseudolineata, Gom-
phonema elegantissimum, Meridion circulare, Planothidium dubium, 
P. lanceolatum and P. frequentissimum. The highest number of taxa (133) 
was documented at site RR3, and the lowest number (79) at site RR1. 
Besides, the highest values of diversity (Shannon-Wiener diversity 
index) and evenness (Pielou’s evenness index) were determined at sites 
RR3 and RR4 and the lowest values at site RR1 (Fig. 2). Denticula tenuis, 
Achnanthidium minutissimum and Amphora pediculus were predominant 
with annual average relative abundance of 16.44, 14.05 and 12.15%, 
respectively. Taxa with annual average relative abundance of > 5% are 
also included Cocconeis lineata (11.25%), Meridion circulare (8.68%) and 
Achnanthidium pyrenaicum (5.32%). 

A slightly smaller number of epilithic diatom taxa was recorded in 
the Crnica River (170 taxa) comparing with the Radovanska River 
(Table S.1 - SI). Navicula, Nitzschia, and Gomphonema were also the most 
species-rich genera, with the difference that the greatest taxa richness 
was recorded within the Nitzschia genus (21 species), followed by 
Navicula (20) and Gomphonema (19). The most frequently observed 
diatom taxa in the Crnica River (recorded in all samples) were: Ach-
nanthidium minutissimum, A. pyrenaicum, Amphora pediculus, and Cocco-
neis lineata. Some of the most frequently observed diatoms (in 97% of all 
samples) were: Gomphonema elegantissimum, Meridion circulare and 
Reimeria sinuata. The largest number of taxa was recorded at site CR6 
(115), and the lowest at site CR1 (69). Besides, the highest values of 
diversity and evenness were determined at site CR6 and the lowest 
values at site CR3 (Fig. 2). Achnanthidium minutissimum was predomi-
nant with annual average relative abundance of 21.88%. Taxa with 
annual average relative abundance of > 5% are also included: Achnan-
thidium pyrenaicum (9.33%), Amphora pediculus (8.54%), Gomphonema 
elegantissimum (8.19%), Cocconeis lineata (7.89%) and Meridion circulare 
(6.11%). 

3.3. Diatom-environmental relationships 

The relationship between documented taxa in the Radovanska and 
Crnica rivers and preselected environmental parameters (physical/river 
parameters, chemical parameters and data referring to the dominant 
substrate type) as described above is shown in Fig. 3, where 25 the best 

fitted taxa together with 9 explanatory and two supplementary variables 
is shown on CCA ordination diagram that explained 22.5% variability in 
our data (F = 1.8, P = 0.002). Variables oriented toward the left side of 
the ordination diagram (“EC”, “WH”, “SO4

2-“, Stone) showed a positive 
correlation with Fragilaria vaucheriae, Navicula pseudoppugnata and 
Gomphonema olivaceum, taxa that were most frequently found in the 
Crnica River. On the other side, variable “NO3

–“ on the right side of the 
ordination diagram was positively correlated with many taxa more 
frequently documented in the Radovanska River. Variables “NH4

+”, 
“pH”, Mud and Depth were positively correlated with taxa in the upper 
part of the ordination diagram. We emphasise that the higher values of 
these variables were recorded at sampling sites after fish farm (AFF) and 
all taxa shown on this part of the ordination diagram were more 
frequently found at these sampling sites and on mud substrate. One big 
group of diatoms placed in the central part of the diagram did not show 
specific relation to any variable, except it is slightly negatively corre-
lated with “NH4

+”, “pH”, Mud, and Depth. 
The results of the variation partitioning that included three groups of 

variables (physical/river parameters, chemical parameters and data 
referring to the dominant substrate type) are shown in Table 3. Physical/ 
river parameters explained 14.7% variability in the data independently 
of others (fraction “a”) and in total (fractions a + d + f + g) 16.6%. 
Chemical variables in total (fractions b + d + g + e) explained 17.2% of 
the variability, and independently 14.7% (fraction “b”), the same as the 
first group. Group of variables that refer to substrates explained 9.7% 
altogether (c + e + f + g), and independently, 8.0% of variability 
(fraction “c”) in the data. Comparing these three groups, chemical pa-
rameters in total explained the highest portion of variability in our data 
and were followed by physical/river parameters and substrates. The 
significance of the mentioned fractions, as well as their mentioned 
variability is represented in Table 3. 

3.4. Diatom indices and ecological status assessment of investigated rivers 

Along the investigated part of the Radovanska River most indices 
values had a narrow range, ie. there was no noticeable decline in water 
quality at sites downstream from the farm. Based on the majority of 
diatom indices, the water quality of the Radovanska River during the 
investigated period was assessed as good at most sampling sites 
(Table 4). Indices that indicated the high water quality of the Rado-
vanska River in all or most sites were IBD, DESCY and CEE, while TID 
and TDI indicated moderate and poor water quality. In only one sample 
the percentage of mobile pollution-tolerant taxa was 27.9%, while in all 

Fig. 2. a) Diversity (Shannon-Wiener diversity index) and b) evenness (Pielou’s evenness index) in the Radovanska and Crnica rivers (RR1-RR5: sites along the 
Radovanska River, CR1-CR6: sites along the Crnica River). 
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other samples this number was <20%. Similar to the Radovanska River, 
most diatom indices indicated good and high water quality along the 
investigated part of the Crnica River (Table 4). Also, TID and TDI were 
the only two indices indicating moderate and poor water quality. In five 
samples % PT values were >20%. 

The RDA analysis of the relationship between diatom indices and 
physical and chemical parameters in the Radovanska River is presented 
in Fig. 4 and describes 66.9% of the data variability. The RDA showed 
that one group of indices (lower left quadrant of the ordinate diagram) is 
positively correlated with “NH4

+”, “NH3”, “Pu”, “PO4
3-“ and “WH”. The 

second group of indices (located in the upper left quadrant of the ordi-
nate diagram) was best positively correlated with “SO4

2-“, “Q”, “V” and 
Depth, but also with “pH” and “Cl-“. WAT singled out from all other 
indices and showed a positive correlation with “O2” and “NO3

–“. IPS and 
CEE were positively correlated, with the difference that IPS best corre-
lated with “NH4

+” and “NH3”, and CEE with “PO4
3-“, “WH”, “tw”, “Pu”, 

and “EC”. The “interactive forward selection” option was distinguished 
three most important factors: “Pu” (r = -0.48) and “NH4

+” (r = -0.54), 
which are negatively correlated with the first RDA axis, and “SO4

2-“ 
positively correlated with the second RDA axis (r = 0.60). 

The RDA analysis of the relationship between diatom indices and 
physical and chemical parameters in the Crnica River describes 57.2% of 
the data variability. RDA diagram (Fig. 5) for this river also showed that 
a large number of indices were mutually correlated and oriented to the 
right side of the diagram. The whole group of indices showed correla-
tions with “EC”, “tw”, and “Pu”. Indices in the upper right quadrant of the 
ordination diagram also showed correlation with “WH”, while those in 
the lower right quadrant correlated with “pH”, “NH3” and “NH4

+”. Three 
indices were separated from this group. DI-CH positively correlated with 
the last three mentioned parameters, but also with the “V”, “Q” and 
Depth. DESCY and IDP, except with the “V”, “Q” and Depth, also showed 
correlation with “NO3

–“, “SO4
2-“ and “Cl-“. IPS and CEE were mutually 

correlated, with the difference that the CEE was the most positively 
correlated with the “EC”, and IPS with “tw”. The “interactive forward 
selection” option found that the most significant parameter was “NO3

–“, 
which was negatively correlated with the first RDA axis (r = − 0.53). 

Values of the TIDRS, the first proposed diatom index for Serbia, were 
calculated using the taxa and indicator values from the proposed pre-
liminary list (Vidaković, 2019). It is noticed that the TIDRS and TID 
values differ in two water quality classes in most sites (Fig. 6). The ex-
ceptions are RR5 sampling site, where they differ for one water quality 
class and RR1 where they indicate the same quality class. 

According to the legislation of the Republic of Serbia (Official 
Gazette of Republic of Serbia, 2011), the investigated parts of the 
Radovanska and Crnica rivers belong to the types 6 and 3 of water 
bodies (water body codes: RAD_1, CRN_3), respectively. The type 6 of 
water bodies refers to small watercourses outside the Pannonian Plain 
area that are not covered by types 3 and 4, as well as watercourses not 
covered by another ordinance. The type 3 refers to small and medium 
watercourses, altitudes up to 500 m, with the dominance of a large 
surface. For type 6 rivers, the IPS is used as the only biological parameter 
in the assessment of the ecological status based on phytobenthos in 
Serbia and for type 3, the IPS and CEE indices are used (Table 5). 
Observing the chemical and physical and chemical element, the inves-
tigated parts of both rivers belonged to the IV class of ecological status 

Fig. 3. CCA showing the relationship between documented taxa in the Rado-
vanska and Crnica rivers and preselected environmental parameters (physical/ 
river parameters, chemical parameters and data referring to the dominant 
substrate type). AFF - after fish farm, BFF - before fish farm. Fragilaria vau-
cheriae - FVAU, Navicula pseudoppugnata - NPUG, Gomphonema olivaceum - 
GOLI, Navicula tripunctata - NTPT, Achnanthidium pyrenaicum - ADPY, Reimeria 
sinuata - RSIN, Planothidium lanceolatum - PTLA, Gomphonema elegantissimum - 
GELG, Meridion circulare - MCIR, Achnanthidium minutissimum - ADMI, Cocconeis 
pseudolineata - COPL, Amphora pediculus - APED, Planothidium frequentissimum - 
PLFR, Cocconeis lineata - CLNT, Odontidium mesodon - OMES, Cocconeis euglypta - 
CEUG, Discostella pseudostelligera - DPST, Diploneis oculata - DOPU, Navicula 
jakovljevicii - NJAK, Gyrosigma sciotoense - GSCI, Cyclotella atomus - CATO, 
Encyonema auerswaldii - EAUE, Navicula metareichardtiana - NRCH, Encyonema 
caespitosum - ECAE, Cymbella subcistula - CSCI. 

Table 3 
Variation partitioning that included three groups of variables (physical/river parameters, chemical parameters and data referring to the dominant substrate type) 
(conditional (a, b, c) and simple effects (a + d + f + g, b + d + g + e, c + e + f + g)) representing explained variation and significance tests for each fraction. a – fraction 
that physical/river parameters explained independently; b – fraction that chemical variables explained independently; c – fraction that substrates explained inde-
pendently; d – fraction that physical/river and chemical parameters explained together; e – fraction that chemical parameters and substrates explained together; f – 
fraction that physical/river parameters and substrates explained together; g – fraction that all parameters explained together.  

Tested fraction Explained variation (%) F P 

a 14.7 1.3 0.002 
b 14.7 1.3 0.002 
c 8.0 1.2 0.036 

a + d + f + g 16.6 1.4 0.002 
b + d + g + e 17.2 1.5 0.002 
c + e + f + g 9.7 1.3 0.006 

a + b + c + d + e + f + g 40.1 1.4 0.002  
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Table 4 
Water quality assessment of the Radovanska and Crnica rivers at sampling sites (RR1-RR5, CR1-CR6) according to the mean values of diatom indices (high water 
quality - blue, good - green, moderate - yellow, poor - orange).  

Fig. 4. RDA diagram showing relationship between diatom indices and phys-
ical and chemical parameters in the Radovanska River at sampling sites 
(RR1-RR5). 

Fig. 5. RDA diagram showing relationship between diatom indices and phys-
ical and chemical parameters in the Crnica River at sampling sites (CR1-CR6). 
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(ecological status was estimated as poor) (Table 5). The ecological status 
of the investigated parts of both rivers was high (I class) based on 
phytobenthos as a biological element of ecological status assessment 
(Table 5). By combining the biological and physical and chemical ele-
ments, the final ecological status of the investigated parts of the Rado-
vanska and Crnica rivers was poor, according to the legislation of the 
Republic of Serbia. 

4. Disscusion 

4.1. Diatom diversity 

No data have been published to date on the diatom flora in the 
Radovanska River, but there is a few about Crnica river. During the 
algological investigation of the Crnica River, Ranković et al. (1995) 
identified a total of 44 diatom taxa, as well as their domination at all 
sites (84.61% of the total number of identified algal taxa). Our research 
has shown the presence of 170 diatom taxa. The most likely reason for 
such a large difference in the number of identified diatom taxa is 
development of microscopy techniques, which played a major role in 
detecting very tiny, hardly noticeable taxa (e.g. Adlafia minuscula, 
Mayamaea permitis). Diatoma, Cymbella, Navicula and Nitzschia were the 
most species-rich genera in algological analysis of the Crnica River 
(Ranković et al., 1995), while in our research, besides Nitzschia and 
Navicula, genus Gomphonema was one of the most species-rich genera. 

Floristic composition is one of the most important characteristics of 
biological communities that reflects evolutionary processes, as well as 
ecological functions and stability of the ecosystem (Komulaynen, 2009). 
Although we studied benthic diatoms in the small hilly-mountainous 
rivers, a very high diversity can be noticed. It can be concluded by 
comparison with studies of similar rivers in Europe. Thus, diatom studies 
of four mountain rivers in Spain resulted in the identification a total of 
108 taxa (Gomà et al., 2005). Similar diatom diversity was recorded by 
benthic diatoms investigation of rivers in Turkey and Poland (Solak 
et al., 2012; Noga et al., 2016). Some studies have shown that minor 
changes of environmental factors can lead to an increase in diversity 
(Bellinger et al., 2006) in contrast to others (Jüttner et al., 2003) that 
showed there was no change in diversity, despite the great anthropo-
genic effect. Also, often there is a lack of significant correlations between 
diversity and environmental variables. In general, the relationship be-
tween diversity and chemical pollution often is not a simple linear as-
sociation (positive or negative), but a parabolic relation between 
diversity and water quality, with the highest diatom diversity at inter-
mediate pollution levels can be noticed (Pandey et al., 2017). What we 
observed in terms of diversity is consistent with the hump-shaped 
relationship described from diatom assemblages reflecting this inter-
mediate disturbance hypothesis. Comparing studies of diatom diversity 
in large and small mountainous rivers, it can be concluded that small 

rivers are often centers of diversity and should not be ignored (Dem-
bowska, 2014; White and Harrington, 2008). This is also indicated by 
our research. These are small rivers, but great diversity can be observed, 
even when compared to the diversity of large rivers. 353 taxa were 
recorded by studying diatoms of the San River (Noga et al., 2014). It is 
the longest river of the Carpathians and the second-longest river in 
south-eastern Poland, with a total length of 443.4 km. Isheva and Ivanov 
(2016) believe that catchment size doesn’t influence diatom diversity, 
but local habitat heterogeneity plays a crucial role for the diversity of 
epilithic diatoms. Observing the total number of taxa by sites in our 
study, it is noticed that the fish farms affect diatom taxa diversity. 
Diatom diversity (number of species) in both rivers was significantly 
higher at site after discharge (Fig. 2). In contrast, according to Camargo 
and Jiménez (2007), epilithic diatoms were completely absent at site 
after fish farm, which is built on the Tajuña River (Spain). Unlike the 
Radovanska River, where the number of species does not change 
significantly with distance from the fish farm, in the Crnica River there 
was an increase and then second decrease in the number of species, to 
the last site where the highest diversity was noticed. In the Tajuña River, 
there was a clear tendency of diatom decreasing with distance from the 
fish farm (Camargo and Jiménez, 2007). Strong sedimentation of 
organic matter on the river bottom, which produced a thick layer of 
organic sediment, can be caused by a trout farm effluent. As a conse-
quence, epilithic diatom diversity tended to decrease or be completely 
absent (Camargo and Jiménez, 2007). Although epilithic diatoms can be 
very sensitive to the sedimentation of suspended solids (Szoszkiewicz 
et al., 2006), diversity can increase as a consequence of nutrient 
enrichment (Liess et al., 2009), as indicated by our study. 

Taxa that are considered rare have been identified in our study, in 
addition to the cosmopolitan and endangered taxa. One of these taxa is 
Stauroneis parathermicola, which is recorded in both rivers. This is an 
aerophytic species, but also can be found among mosses in running 
waters (Lange-Bertalot et al., 2017). S. parathermicola is on the red list of 
algae in Poland (Stanek-Tarkowska et al., 2015). In our research, the 
highest abundance of this taxon was 3.2% in the Crnica River at site 4 
where higher concentrations of “Pu” and “PO4

3-“ were recorded (Table 2), 
which is following ecological preferences of this taxon. S. parathermicola 
was found with high abundance at sites that were under the influence of 
anthropogenic factors, where high concentrations of nitrogen and 
phosphorus were detected, which is also shown by our research. In 
arable land, it can represent a dominant species with a relative number 
of over 20% (Stanek-Tarkowska et al., 2015; Antonelli et al., 2017). 

4.2. Diatom-environmental relationships 

CCA analysis has shown that fish farms affect the physical and 
chemical parameters and therefore the composition of the epilithic 
diatom assemblage (Fig. 3). 

The importance of nutrient concentrations on diatom diversity and 
distribution is evidenced in many studies (Ponader et al., 2007; Dan-
ielson, 2012; Tan et al., 2017). The importance of nutrient concentra-
tions on diatom assemblages distribution can also be noticed in our 
research where “NO3

–” and “NH4
+” were single out as one of the most 

important chemical parameters (Fig. 3). Taxa on the right side of Fig. 3 
were positively correlated with the concentration of these parameters. 
Among them, some taxa are tolerant to moderate and high concentra-
tions of nutrients (eg. Navicula metareichardtiana, Encyonema auerswal-
dii, E. caespitosum, Gyrosigma sciotoense). These species tolerate oligo- to 
eutrophic conditions but mainly are recorded in eutrophic freshwater 
habitats (Lange-Bertalot et al., 2017). Fish farms are one of the largest 
sources of excessive nutrient discharge in rivers (Moraes et al., 2015). 
Nutrients originate from food that is used to feed fish or are released as 
metabolic products of fish. This primarily depends on the farm size, 
biomass amount, farm management practice and food quality used for 
fish feeding. Due to the total content of phosphorus and nitrogen that is 
used for fish nutrition, it is considered that this is the basic factor 
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affecting the increase of nutrient concentrations in rivers (Lazzari and 
Baldisserotto, 2008). Approximately 30% of nutrients remain in fish 
bodies, and the rest goes into the water with the ability to cause 
eutrophication. In Germany, Norway and the U.S. there are strict laws 
regarding regulation of the work of trout farms. The content of phos-
phorus in fish food should not exceed 1% (Moraes et al., 2015). In our 
research, the effect of fish farms on the concentration of “Pu”, as well as 
“NH4

+” and “NH3”, is evident, which is confirmed by other studies 
(Camargo and Gonzalo, 2007; Camargo et al., 2011; Moraes et al., 
2015). Their concentrations significantly increased at site after 
discharge from the trout farm in both rivers (Table 2). However, since 
the water from the farms is directly released into the rivers, the “Pu” 
values were less than expected. The reason for this is probably the lower 
content of phosphorus in fish food (Bureau and Cho, 1999; Živić et al., 
2009). This explanation is supported by studies where it is demonstrated 
that there is a difference in discharge nutrients into water based on the 
difference in food input into the farm and what fish uses to grow and 
supply energy requirements (Teodorowicz, 2013). The release of 
ammonium and orthophosphate is primarily associated with metabolic 
activity of fish, while the release of phosphorus and nitrogen is associ-
ated with unused food. Therefore, if fish food contains more phosphorus, 
then the amount of secreted and soluble phosphorus in the water will be 
higher. According to our results, there was a decrease in the concen-
tration of “NH4

+” with distance from the fish farm, downstream, but they 
still were higher than concentrations at sites upstream from the fish 
farms (Fig. 3). In the case of “NO3

–“ values vary in a small range at sites 
downstream from the farm, but they still were higher than concentra-
tions at sites upstream from the fish farms, same as “NH4

+”. Moraes et al. 
(2015) were obtained similar results. They believe that phosphorus and 
nitrogen concentrations from the farm can be reduced by nutritional 
strategies based on the energy requirements of fish species. 

In rivers flowing through sedimentary rocks, especially if the lime-
stone is dominant, the pH value ranges from 7.5 to 8.5 (neutral to 
slightly basic water reaction) (Giller et al., 1998). Since this was the case 
with our studied rivers, the measured “pH” values are expected. The 
slightly basic reaction of water in our research also faithfully reflected 
the structure of diatom assemblage, since the frequent and dominant 
taxa were mainly alcalophiles (Amphora pediculus, Cocconeis lineata, 
Denticula tenuis, Gomphonema micropus, Navicula cryptotenella, 
N. tripunctata, Nitzschia dissipata, N. fonticola, N. linearis) (Van Dam et al., 
1994, Lange-Bertalot et al., 2017). There was an increasing trend in 
“pH” values going downstream in both rivers. After fish farms, it 
continued to increase downstream. Thus, it can be assumed that “pH” is 
under the small influence of fish farms and that the observed trend of 
“pH” increase is more influenced by natural processes (Stojanović et al., 

2019). 
One of the important physical factors affecting algae communities on 

micro-scale in aquatic ecosystems is the type of substrate. The effect of 
the substrate is less noticeable on habitats where physical and chemical 
factors reach maximum values, causing stress in living organisms 
(Lengyel, 2016). This is confirmed by our results where chemical pa-
rameters in total explained the highest portion of variability in our data 
and were followed by physical/river parameters and substrate type 
(Table 3). The total content of mud was increased at first site down-
stream from the fish farm in both studied rivers, so the farm’s impact is 
obvious when considering this parameter (Fig. 3). Organic matter 
accumulation from farms is noticed at sites immediately downstream 
from farms, so a large representation of this type of substrate at these 
sites is expected. Jüttner et al. (2011) think the role of substrate, in 
determining distribution of benthic diatoms, is significant, but the 
combined role of substrate, light and hydrological regime requires 
further studies. Szczepocka et al. (2019) showed that type of substrate is 
very important for development of some dominant taxa, as Surirella 
brebissonii var. kuetzingii, Diatoma vulgaris and Achnanthidium minutissi-
mum. Our analysis indicates the similar results; that the type of substrate 
has a major influence on the distribution of dominant taxa, such as 
Achnanthidium minutissimum and A. pyrenaicum (Fig. 3). A. minutissimum, 
comparing to other species of genus Achnanthidium, has a much wider 
tolerance range to various environmental factors, but some models 
showed that higher abundances of A. minutissimum were mostly associ-
ated with low nutrient and ionic content (Ponader and Potapova, 2007). 
Our study does not support this models. Recent separation of the Ach-
nanthidium minutissimum complex showed it consist of many ecotypes or 
species that are very similar morphologically, but differ in their ecology 
preferences (Wojtal et al., 2011), which have been insufficiently 
examined. 

4.3. Diatom indices and ecological status assessment of investigated rivers 

IPS and GDI indices singled out in our research by using between 
93% and 100% of identified taxa in the calculation. Szczepocka et al. 
(2014) indicated a high degree of correlation between these two indices. 
Some studies support the view that the efficiency of diatom indices in a 
particular region depends largely on the degree of overlapping of the 
taxa list used by a particular index and list of identified taxa (Tan et al., 
2017). In many European countries, the IPS has proven to be the most 
efficient index in water quality assessment, primarily because it involves 
a large number of taxa (about 2500) (Noga et al., 2016). This index is 
included in Serbian legislative system, representing one of the obliga-
tory biological parameters in the ecological status assessment (Table 5). 

Table 5 
Ecological status assessment of the Radovanska and Crnica rivers according to the legislation of the Republic of Serbia (high ecological status - blue, good - green, 
moderate - yellow, poor - orange). The Table gives the values of the physical and chemical and biological parameters on the basis of which the ecological status of rivers 
is determined according to the legislation of the Republic of Serbia*.  

* The value of the parameters for the annual/multi-year period is determined as C80 (80 percentide) except for O2 which is determined as C10 (10 percentide) ac-
cording to the legislation. 
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Feio et al. (2009) pointed at weak correlation of GDI with other indices. 
This is usually explained by the fact that identification to the genus level 
is sufficient to obtain the value of this index, unlike all other diatom 
indices for which the calculation requires identification to the species 
level, and even lower taxonomic categories. IBD and TDI used between 
84% and 100% of identified taxa in our study pointing their efficiency in 
ecological status assessment of the investigated rivers. Epilithic diatom 
studies of rivers in Europe and Asia also point at the efficiency of these 
indices based on a similar percentage of identified taxa (Kalyoncu and 
Şerbetci, 2013; Tan et al., 2013). IBD is one of the most frequently used 
diatom indices in European countries where its proved to be very useful 
in running waters monitoring (Ács et al., 2004; Hlúbiková et al., 2007; 
Kalyoncu and Şerbetci, 2013). It is considered suitable for “EC” con-
centration assessment (Della Bella et al., 2007). This was also confirmed 
by our analysis in which the IBD showed a positive correlation with the 
“EC” (Fig. 5). 

According to values of diatom indices, trout fish farms have no sig-
nificant negative impact on the water quality of the investigated rivers. 
Along the investigated part of the Radovanska River (although there is 
natural variability in water quality along the river network), most 
indices values varied in a narrow range, i.e. there was no noticeable 
decline in water quality at sites downstream from the farm (Table 4). 
Although the decline in value of most diatom indices at sites 3 and 4 
along the explored part of the Crnica River is evident, these values 
continued to indicate the same class of water quality (Table 4). IBD, IPS, 
DESCY and CEE indicated high water quality of the explored rivers. 
Their values are changed by the influence of different pollutants (oxygen 
and chloride concentration, nutrients, organic matter) (Della Bella et al., 
2007). This is confirmed by our results, showing the negative correlation 
of these indices with the concentration of “NO3

–“ in the Radovanska 
River (Fig. 4). Therefore, a value of this parameter and water quality are 
inversely proportional. Also, our analysis clearly showed that these 
indices are very well correlated with each other in the Radovanska River 
(Fig. 4). However, in this study, positive correlation was observed be-
tween IPS and IBD. A strong correlation between these indices was 
noticed by Almeida (2001) and Feio et al. (2009), who recommended 
the use of these indices for routine water quality monitoring in Portugal. 
Also, Triest et al. (2003) proposed IBD and IPS as the most suitable 
diatom indices for Fleminsh water courses (Belgium). Taking into ac-
count the class boundaries based on the two diatom indices given in the 
legislation of the Republic of Serbia and our results (Table 5), this study 
indicates the need for revision of legislation for which this type of 
research is required on as many water bodies as possible. 

Diatom indices have been developed to evaluate trophic status, 
general pollution, biological integrity, saprobity, nutrients (Sgro et al., 
2009). TDI and TID were the only two indices indicating the moderate 
and poor water quality of both investigated rivers during the entire 
investigated period (Table 4). These indices have been designed to 
detect the concentration of nutrients in aquatic ecosystems (Kelly and 
Whitton, 1995; Rott et al., 1999). In addition, TDI calculation provides 
data on the proportion of taxa tolerant to organic pollution (% PT), 
indicating proportion of eutrophication associated with organic pollu-
tion (Kelly and Whitton, 1995). In our study, % PT values were 
mostly<20%. This tells us that sampling sites were free from significant 
organic pollution. Tan et al. (2017) indicated that the TID values mostly 
depend on the concentration of nitrogen compounds and pH, which 
explains 70% of the variation in the value of this index. This is confirmed 
by our results. In the Crnica River, TID responded most to changes in 
three factors (“pH”, “NH3” and “NH4

+”) (Fig. 5). In the Radovanska 
River, the values of this index were also greatly affected by “NH3” and 
“NH4

+” concentrations (Fig. 4). Thus, TID in our research has proven to 
be a very good indicator of the change in the concentration of nitrogen 
compounds, for which it was originally designed. Comparing the ob-
tained results for TIDRS and TID, it is noticed that, although they take 
into account the same “stressor”, the water quality is not the same, ie. to 
vary from moderate to bad. The reason for deviation even for two water 

quality classes on most sites is a small number of taxa that are used to 
calculate TIDRS (from 17% to 92%). This further indicates that the 
proposed indicator list should be expanded based on a larger number of 
samples. Another reason for the deviation is the fact that indicator taxa 
have different indicator values. This deviation is due to different 
numbers of samples, different taxonomic approaches and differences in 
phytogeographical regions. Therefore, it is recommended that each re-
gion do ecological calibration, as well as intercalibration with other 
countries, especially in the region, in order to be able to determine with 
certainty the ecological status of water bodies (Poulíčková et al., 2004). 

Some indices are designed to be used in certain geographical areas 
and include species specific to that area (Kalyoncu and Şerbetci, 2013). 
Our results showed a high degree of correlation between the majority of 
indices (Figs. 4 and 5), implicating that some diatom indices can be 
applied in different geographic regions, with detailed testing. WAT 
singled out as an index that is negatively correlated with other indices in 
the Radovanska River (Fig. 4). This can be explained by the great dif-
ference between the geographical region of its origin and our region 
(Watanabe et al., 1986). This index serve for the assessment of water 
saprobity (Dalu et al., 2016). Index that include species specific to area 
of origin is EPI-D, which is distinguished in our research by the per-
centage of identified taxa used for his calculation (over 80%) in the 
Crnica River. It originated in central Italy intending to monitor the 
Mediterranean rivers (DellÚomo et al., 2004; DellÚomo & Torrisi, 
2011). However, many diatom species are cosmopolitan and this fact 
facilitates the indices applicability in many areas and not just the area of 
their origin (Sgro et al., 2009), as indicated by our study. A positive 
correlation between EPI-D, IPS, GDI and nutrient concentrations (Della 
Bella et al., 2007) was noticed, which is also shown by our analysis 
(Figs. 4 and 5). 

As mentioned before, IPS involves about 2500 taxa, which is the 
largest number of taxa used to calculate some diatom index (Descy and 
Coste, 1991; Tan et al., 2017). For this reason, it is considered a 
“reference” index, based on which it is possible to assess the applica-
bility of other indices. In our study, IPS showed high correlation with 
EPI-D, IDSE/5, IBD and CEE, making them a suitable tools for river 
monitoring in Serbia. This is confirmed by the high number of taxa used 
for their calculation. Having in mind all the above (principally indices 
correlation and percentage of identified taxa included in indices calcu-
lation), we can conclude that IPS and IBD are the most reliable diatom 
indices in ecological status assessment of mountainous rivers in Serbia. 

5. Conclusion 

The present study showed a high degree of inter-correlation of most 
diatom indices. The most reliable diatom indices for assessing the 
ecological status of mountainous rivers in Serbia are IPS and IBD. As one 
of the results of this study a high diversity of diatoms was also observed. 
Our research indicates that when assessing the ecological status of rivers 
should be taken into account as many parameters (both biological and 
physical and chemical). Fish farms built on these rivers affected the 
physical and chemical properties of the water, but did not have a sig-
nificant negative impact on water quality based on diatom indices 
(indices are not enough sensitive). In order to form a list of diatom in-
dicators for Serbia, establish adequate water quality class boundaries 
and adjust the appropriate trophic diatom index, a comprehensive study 
is needed that will include sampling at a large number of sites (including 
all types of running water in Serbia), defining reference habitats and 
determination of new class boundaries in relation to the values of diatom 
indices. It also points to the need for constant review of legislation 
regarding the ecological status assessment of water bodies, which re-
quires this type of research on as many water bodies as possible. 
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Camargo, J.A., Gonzalo, C., Alonso, Á., 2011. Assessing trout farm pollution by biological 
metrics and indices based on aquatic macrophytes and benthic macroinvertebrates: a 
case study. Ecol. Ind. 11 (3), 911–917. https://doi.org/10.1016/j. 
ecolind.2010.10.001. 

Carvalho, L., Mackay, E.B., Cardoso, A.C., Baattrup-Pedersen, A., Birk, S., Blackstock, K. 
L., et al., 2019. Protecting and restoring Europe’s waters: an analysis of the future 
development needs of the Water Framework Directive. Sci. Total Environ. 658, 
1228–1238. https://doi.org/10.1016/j.scitotenv.2018.12.255. 

Coste, M., Boutry, S., Tison-Rosebery, J., Delmas, F., 2009. Improvements of the 
Biological Diatom Index (BDI): description and efficiency of the new version (BDI- 
2006). Ecol. Ind. 9 (4), 621–650. https://doi.org/10.1016/j.ecolind.2008.06.003. 

Dalu, T., Bere, T., Froneman, W., 2016. Assessment of water quality based on diatom 
indices in a small temperate river system, Kowie River, South Africa. Water SA 42 
(2), 183–193. https://doi.org/10.4314/wsa.v42i2.02. 

Danielson, T.J., 2012. Protocol for Calculating DTPI and DTNI for Wadeable Streams and 
Rivers (DEPLW-0970A). Maine Department of Environmental Protection, Augusta.  
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