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Abstract

Various studies report contrasting results on the substrate-type effect on diatom community composition, but the particularly important question is whether or not it affects diatom-based assessments of water quality. We investigated whether the substrate type is a significant predictor of the diatom community composition and if it affects lake water quality assessment based on diatom indices. This study took place in Sava Lake (Serbia). We used glass, ceramic, willow and yew tree tiles as artificial substrates for periphyton development, and pebbles from the lake littoral as natural substrate. Results revealed differences in both the diatom community composition and diatom indices values related to the substrates. A distinction was recognized between natural, artificial wooden, and artificial inert substrates. However, the final lake quality assessment based on diatom indices was more or less similar in all substrate types in our study, and depended on value ranges associated with water quality classification and on diatom index choices. Artificial substrates in our study did show potential as an alternative for natural substrate, but further studies are required, particularly in various types of lentic ecosystems to confirm our findings and support artificial substrate employment in lake water quality assessment.

Résumé

Diverses études rapportent des résultats contrastés sur l'effet du type de substrat sur la composition de la communauté de diatomées, mais la question particulièrement importante est de savoir si cela affecte ou non les évaluations de la qualité de l'eau basées sur les diatomées. Nous avons cherché à savoir si le type de substrat est un prédicteur significatif de la composition de la communauté de diatomées et s'il affecte l'évaluation de la qualité de l'eau des lacs basée sur les indices de diatomées. Cette étude a eu lieu dans le lac Sava (Serbie). Nous avons utilisé des carreaux de verre, de céramique, de saule et d'if comme substrats artificiels pour le développement du périphyton, et des galets du littoral du lac comme substrat naturel. Les résultats ont révélé des différences dans la composition de la communauté de diatomées et dans les valeurs des indices de diatomées liées aux substrats. Une distinction a été reconnue entre les substrats naturels, artificiels en bois et artificiels inertes. Cependant, l'évaluation finale de la qualité du lac basée sur les indices de diatomées était plus ou moins similaire dans tous les types de substrats de notre étude, et dépendait des plages de valeurs associées à la classification de la qualité de l'eau et des choix d'indices de diatomées. Les substrats artificiels dans notre étude ont montré un potentiel comme alternative au substrat naturel, mais des études supplémentaires sont nécessaires, en particulier dans divers types d'écosystèmes lentiques pour confirmer nos résultats et soutenir l'utilisation de substrats artificiels dans l'évaluation de la qualité de l'eau des lacs.
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1 Introduction
The Water Framework Directive (WFD) promotes the concept of ecological status in water quality assessments, utilizing a holistic approach. Apart from physical, chemical, and hydromorphological quality elements, it combines multiple ecological groups in water bodies − as a biological component (EU, 2000). Biological components consistently reflect the ecological status of the water bodies, since the communities assessments integrate responses to environmental conditions over time periods such as weeks or even years (Richards et al., 2020). Periphyton is one of the most important groups of biological indicators in the surface water, and diatoms as the predominant component of periphyton have a long history in water quality monitoring and assessment (Fisher and Dunbar, 2007). Diatoms are considered to reflect the relatively recent water quality (few weeks period) due to their generally short life span (Stevenson et al., 2010), which makes them the perfect indicator in the monitoring of recent water quality variations − for example during the summer season in urban lakes, when the anthropogenic pressure is intensified.
Diatom indices have been developed to determine the environmental gradients, i.e. standardized value ranges of diatom indices point to the specific water quality class. These indices are mainly developed and tested to be used in rivers and streams, however, periphyton is a valuable biological indicator in shallow lakes as well (Bennion et al., 2010). In the 21st century, this possibility was recognized, and appropriate indices for lakes began to be developed in order to comply with the requirements of the WFD (Bennion et al., 2014). So far, the following diatom indices for lakes have been developed: Trophic Diatom Index for Lakes (TDIL) in Hungary (Stenger-Kovács et al., 2007), Lake Trophic Diatom Index (LTDI) in the UK (Kelly et al., 2007) and diatom index for lakes in Germany (DISeen) (Schaumburg et al., 2004, 2007). Still, the most often used diatom index in general (and for lake water quality assessment) is IPS − Indice de Polluo-Sensibilité Spécifique (Trábert et al., 2017), which is considered to be the most precise, as it takes into account approximately 2000 diatom species, the most among all diatom indices (Tan et al., 2017).
Although diatom-based indices are used extensively for both stream and lake water quality assessments, a standardized sampling substrate is still not established, and a wide span of both natural and artificial substrates are delegated as suitable for sampling diatoms (Richards et al., 2020 and references therein). Still, when artificial substrates are used, there is a recommendation to allow colonization for at least four weeks, so that the early colonizers influence on the final result is reduced (Kelly et al., 1998; Fisher and Dunbar, 2007; Richards et al., 2020). Artificial substrate advantages over natural substrates are reflected in uniform habitat conditions (by which microhabitat effects on the final water quality evaluation are excluded), exposition over known periods of time, positioning in the water column, and deployment in any site of interest (MacDonald et al., 2012). All these reasons justify intensifying studies to evaluate the reliability of these substrate usages in standard water quality monitoring procedures.
Diatom community composition, particularly the adaptability of some life forms to colonise certain microhabitats, is shown to be substrate-dependent by one group of studies, while the other group showed the opposite (Richards et al., 2020

 and references there in). The same authors suggest that although the composition of taxa may vary between substrates, it might not affect diatom-based assessments of water quality based on diatom indices. Their study confirmed this hypothesis, considering water quality assessments of streams based on the Diatom Species Index for Australian Rivers (Richards et al., 2020).
Hypotheses tested in this study were (a) the substrate type is a significant predictor of the diatom community composition in lakes and (b) substrate choice affects final lake water quality assessment based on diatom indices. We expected to detect variations in the diatom community related to the substrate types, but did not expect those differences to significantly reflect on the water quality assessment based on diatom indices. Sava Lake was used as a model ecosystem in this study, and the results from 4 types of artificial substrates − glass, ceramic, willow and yew tiles and stone as a natural substrate were compared.
2 Materials and methods
2.1 Study site
The Sava Lake is a shallow urban reservoir (44°47′02.28″N, 20°23′25.64″E; 73 m a.s.l) formed in 1967 by embanking Sava river arm. Water volume of Sava Lake is about 4 000 000 m3, average depth is 4.5 m (maximum recorded 12 m), it is about 4.4 km long and about 250 m wide (Trbojević et al., 2017, 2019, Jovanović et al., 2017). Sava Lake is located in Belgrade, the capital city of Serbia. It serves in supplying drinking water (by means of bank filtration) to Belgrade citizens, and it is extensively used for recreational activities, especially during the summer months, when many cafes and restaurants host visitors near the lake shore (Trbojević et al., 2017, 2019). In Serbia, the Belgrade region, and Sava Lake, a moderate continental climate is predominant, but climate change effects in recent years are evident. Jovanović et al. (2017) reported phytoplankton of the Sava Lake to be affected by extreme meteorological events (frequent rainfalls and subsequent flooding event in Serbia during the survey period in 2014).
2.2 Environmental parameters
Water transparency, temperature, and dissolved oxygen/saturation were measured in situ at each sampling occasion using a Secchi disk and a YSI ProODO Optical Dissolved Oxygen Instrument. At the same occasions, samples of water for laboratory analyses were taken using a Ruttner bottle, just below the water surface (approximately 0.3 m), and processed at the Institute of Public Health of Serbia, where all analyses were performed using standard analytical methods (APHA, 1995). All measurements were done and all samples were taken in the central part of the lake, where artificial substrates were submerged.
2.3 Experimental design
Artificial substrates (glass, ceramic, willow and yew tree tiles, uniform dimensions, 2.6 × 7.6 cm) were submerged into the central part of Sava Lake (11th July 2014), at a depth of 50 cm, 80 cm and 140 cm from the water surface, using acrylic holders attached to a floating buoy as a carrier, anchored in the central part of Sava Lake (Fig. 1), and they were continuously incubated for the next two months (8 weeks). Acrylic holders placed all tiles vertically oriented in the water column. Samples were collected weekly, from 20th July − 9th September (in total 8 sampling weeks, during July, August and September). Simultaneously with artificial substrates, the epilithic community was sampled from natural stone substrates (3 to 5 pebbles, 3 to 5 cm in diameter were scraped and one composite sample obtained) collected in the Sava Lake littoral zone (approx. 0.5 m depth) (Fig. 1). Artificial substrates needed to be placed in the central part of the Sava Lake to prevent potential vandalism and artificial carrier disturbance. Since Sava Lake is a recreational and touristic center, the shore is completely adapted to the anthropogenic activities and more than 100 000 visitors per day utilize this resort during the summer season.
	[image: thumbnail]	Fig. 1 Map showing sampling sites for artificial substrates (glass, ceramic, willow and yew tree tiles) and (b) natural substrate (pebble stone) in Sava Lake, Serbia.



2.4 Diatom analyses
Tiles were transported and further processed in the Laboratory of Department of Algology, Mycology and Lichenology at the Institute of Botany and Botanical Garden “Jevremovac”, Faculty of Biology, University of Belgrade. Periphyton was scraped from tiles using a stainless steel razor blade tool. The collected material was acid treated (Taylor et al., 2005) and mounted on Naphrax® for diatom permanent slides preparation. Sampling design and sample processing are described in detail in Trbojević (2018) and Trbojević et al. (2017). Diatom taxonomic analyses and quantification (relative abundance) by counting at least 400 valves at each permanent slide were performed using a Carl Zeiss AxioImager. M1 microscope and a digital camera Axio Cam MRc 5 with Axio Vision 4.8 software. Taxonomic identification was done according to the standard literature (Hofmann et al., 2013, Lange-Bertalot et al., 2017 and others cited in Trbojević, 2018). The Shannon diversity index (H), equitability (Eh) and diatom indices were calculated using the OMNIDIA 6 software (Lecointe et al., 1993), and six diatom indices were considered for the water quality assessment of the Sava Lake water: Biological Diatom Index (IBD), Pollution Sensitivity Index (IPS), Trophic Diatom Index for Lakes (TDIL), Trophic Diatom Index (TDI), Trophic index (Rott TI), and Saprobic index (Rott SI). Water quality classes were determined according to Prygiel and Coste's water quality classification, based on the IBD index (Tab. 1) (Prygiel and Coste, 2000).
The Republic of Serbia legislation (Official Gazette of the RS 74/2011) recommends using only the IPS diatom index for assessing the ecological status of water body types that Sava Lake is assigned to. Peculiarly, according to the national water body classification (Official Gazette of the RS 96/2010) Sava Lake is classified as a natural lake, which is not in accordance with the way this urban reservoir was formed − by embanking the arm of the Sava river. Considering the same legislation, the ecological status of Sava Lake is to be determined by the IPS diatom index, with the following class ranges: I class >14, II class 10–14, III class 8–10, IV class 6–8 and V class <6 (Official Gazette of the RS 74/2011).
Table 1 
Colored sheme of water quality classification based on IBD index values (according to Prygiel and Coste, 2000).

2.5 Statistical analyses
Redundancy analyses were performed − two analyses focusing on diatom taxa, and two analyses focusing on diatom indices. Data relating to the period after 4 weeks of incubation of artificial substrates were considered for all analyses (from 10th August on), following the recommendation to allow colonization for at least four weeks, so that the early colonizers influence on the final result is reduced (Kelly et al., 1998; Fisher and Dunbar, 2007; Richards et al., 2020). Data from all artificial substrates and the natural one were used in the mentioned analyses. A separate redundancy analysis that was performed on data from artificial substrates in relation to incubation depths (50 cm, 80 cm and 140 cm) which were included as explanatory variables, showed that depth as a factor had no significance. Because of that, depth was not further subjected in analyses (though all the data were included).
Diatom taxa were first observed in relation to physical and chemical water parameters and sampling months. Explanatory variables − physical and chemical water parameters were tested for significance prior to analysis, and only those that were significant (P < 0.05) were included in the ordination diagram. Significant parameters were conductivity (Cond), pH and turbidity (Turb). Months of sampling (August and September) were included as supplementary variables. The twenty best fitted taxa were shown on the RDA ordination diagram. The linear method was chosen since the gradient for the first analysis was 2.4 SD units long. Additional RDA was done when substrate types were used as explanatory variables and observed in relation to diatom taxa, where as above, the twenty best fitted are shown on the ordination diagram.
Diatom indices were also observed in relation to explanatory and supplementary variables, in the same way as diatom taxa. The explanatory variables (physical and chemical water parameters) were preselected, and conductivity (Cond), permanganate index (a conventional measure of the contamination by organic and oxidizable inorganic matter in a water sample, PI), pH, water temperature (T) and turbidity (Turb) showed significance. The same supplementary variables were included as in the first mentioned RDA − months of sampling. The linear method was chosen since the gradient was 0.4 SD units long. As with diatom taxa, additional RDA was done when substrate types were used as explanatory variables.
CANOCO program for Windows, Version 5.0 (Ter Braak and Šmilauer, 2012) was used for all multivariate analyses.
3 Results
A detailed review of Sava Lake's environmental parameters dynamic during this study period has already been reported (Jovanović et al., 2017, Trbojević et al., 2017, 2019) and these parameters were used in multivariate analyses, in terms of explaining the variability of diatom community composition and diatom indices.
3.1 Diatom community composition and diversity (raw data)
A complete list of diatoms detected in this study consisted of 98 taxa when both artificial and natural substrates are considered, as is presented in Qualitative inventory (Appendix A). Taxa that occurred in quantitative analyses (65) are further marked with the codes retrived from Omnidia.
Quantitative analyses of diatom community composition in periphyton from the stone substrate showed that in all samples Achnanthidium minutissimum was dominant (in average 28%), while the subdominant Achnanthidium straubianum (in average 9%) and Navicula cryptotenelloides (in average 13%) alternated. Only on the second sampling date (27th July) Halamphora montana (14%) occurred in the subdominant position. The significant percentage in all samples was also distributed among the taxa Encyonopsis microcephala, Encyonopsis subminuta, Navicula antonii and Pantocsekiella ocellata. In periphyton from glass substrate, and the most samples from ceramic substrate, A. minutissimum was the dominant taxon (in average 50% on glass and 35% on ceramic), while on wooden substrates mostly E. microcephala (in average 18%) and occasionally E. subminuta and Cymbella affiniformis (in average 13% both) were dominant.
Diversity and equitability of the diatom community in all tested substrates are presented comparatively in Figure 2a and 2b. Both diversity index and equitability had high values in general (H > 3 on stone, and in almost all samples after 7–8 weeks of incubation), but still a bit lower in all artificial substrates in comparison to the natural substrate. The diversity index on stone varied between 2.8 and 3.9, while on artificial substrates it ranged from 0.9 to 3.4. Equitability on stone ranged from 0.74 to 0.83, and on artificial substrates from 0.3 to 0.9. When comparing artificial substrates among each other, diverisity and equitability were higher in wooden than in inert (glass and ceramic) substrates.
	[image: thumbnail]	Fig. 2 Dynamics of (a) diversity and (b) equitability of the diatom community during the study period in Sava Lake.



3.2 Diatom community composition in relation to environmental parameters and different substrates
The relationship between physical and chemical water parameters that showed significance and the 20 best fitted diatom taxa is represented using RDA (F = 2.0, P = 0.03) (Fig. 3a). On this diagram, two major groups of taxa can be distinguished along the environmental gradient. The first group of taxa, the most represented in August, is placed on the right side of the ordination diagram and it is correlated positively with turbidity (Gomphonema tergestinum, Amphora pediculus, Fragilaria vaucheriae, Cocconeis placentula var. placentula, Melosira varians, Gomphonema varioreduncum, Encyonema auerswaldii). The second group in the left lower part of the ordination diagram is positively correlated with conductivity and pH and was representative for September (Ulnaria acus, Lindavia radiosa, Brachysira vitrea, Brachysira neoexilis, Gyrosigma kuetzingii, Geissleria decussis, Navicula radiosa, Staurosira brevistriata, A. minutissimum var. jackii, Placoneis clementioides, Caloneis cf. lancettula).
RDA demonstrating the relationship between diatom taxa and substrates used as explanatory variables is shown in Figure 3b. RDA was significant (F = 13.9, P = 0.002) and it described 48.88% variability in the data. Groups of taxa were clearly distinguishable, concentrated around the stone as natural substrate on one side, glass and ceramic as inert artificial substrates on the other, and wooden artificial substrates on the third side. The majority of taxa correlated with stone − markedly representatives of Navicula and Nitzschia, indicating that (particularly these taxa) the diversity of the diatom community was much better represented in natural substrate. A. minutissimum and A. minutissimum var. jackii were the most frequently encountered on glass and ceramic, while M. varians, C. affiniformis and B. vitrea seemed to prefer wooden substrates.
	[image: thumbnail]	Fig. 3 The relationship between diatom taxa and (a) environmental parameters and (b) substrates.



3.3 Diatom indices and their relation to environmental parameters and different substrates
Diatom indices are presented in Figure 4, characterized by number values (0–20), and colored to indicate the water quality class they point to according to Table 1. Considering Prygiel and Coste's (2000) categorization, the water quality of Sava Lake was very good according to IBD, regardless of substrate type; IPS on glass substrate uniformly indicated very good quality, on ceramic mostly very good and on wooden substrates mostly good water quality. TDIL was overall uniform on all substrates − pointing to good water quality, except in very few cases in wooden and stone substrate when indicated moderate rank of water quality. TDI showed a similar trend, with two occasions when indicated water quality was bad (willow and yew) and very good (yew). Rott TI indicated prevalently moderate water quality on stone and wooden substrates, while on ceramic two times in a row bad quality was indicated (17th and 24th August). Good water quality indication prevailed on glass. According to Rott SI on all artificial substrates, water quality was mainly very good, and occasionally good, while on the stone it was uniformly good. When all indices are taken into account, it could be observed that artificial substrates in general indicated slightly better water quality in comparison to the natural substrate (stone). Especially inert substrates indicated better water quality − mainly very good and good. Wooden substrates gave more similar results to the natural substrate ranking water quality as mainly good, but often also moderate. When indication of water quality (if Prigiel and Coste's scale for water quality classification is considered) across the substrates are reviewed, it could be seen that only IBD and TDIL gave uniform results regardless of the substrate type.
When national legislative is considered, according to IPS values obtained upon the diatom community on the natural substrate, the ecological status of Sava Lake belonged to the first class, except on 17 August and 9 September, when values were very slightly below the first class boundary (13.9 and 13.8, respectively), placing Sava Lake in the second class of ecological status (Official Gazette of the RS 74/11). IPS values from all artificial substrates unequivocally placed Sava Lake in the ecological status of first class (disregarding the value of 13.6 obtained only once on willow substrate on 24th August).
When considering indices values obtained in the first 4 weeks of artificial substrates incubations (namely after 2 and 3 weeks of incubation, since the abundance of diatoms after only one week of incubation was insuffisicient for diatom indices calculation) and after the initial period of 4 weeks, it's obvious that not much variation in obtained values could be noticed (Fig. 4). Obtained values for diatom indices were in both periods similar, indicating that those could be considered representative even after only 2 weeks of incubation.
The relationship between physical and chemical water parameters that showed significance and diatom indices is represented using RDA (F = 3.5, P = 0.006) (Fig. 5a). It can be noticed that all index vectors are oriented toward the left side of the RDA ordination diagram. All of them positively correlated with conductivity and pH, and negatively with the other three explanatory variables − water temperature, permanganate index and turbidity. The values of all indices, except TDIL, were the highest in September, while the values of TDIL were similar in August and September (but slightly higher in September).
The second diagram shows the relationship between the indices and substrates used as explanatory variables (Fig. 5b). A 15.05% variability in the data was described (F = 2.6, P = 0.032). According to this analysis, TDIL, TDI, Rott TI and IPS pointed to better water quality when obtained from inert substrates, while Rott SI had somewhat higher values on wooden substrates. Interestingly, RDA placed stone substrate in the upper part of the ordination diagram, indicating that the obtained values for diatom indices were in general lower in natural substrate in comparison to all the artificial ones, and most markedly when IBD was considered (and to some extent IPS and Rott SI). Still, when TDIL, TDI, Rott TI were considered, the results from stones were higher in comparison to the wooden ones (which poorly/negatively correlated with this group of indices).
	[image: thumbnail]	Fig. 4 Diatom indices characterized by number values (0–20), and also by water quality classes they indicate according Prygiel and Coste's (2000) categorization. Empty fields are for the lost/damaged samples.



	[image: thumbnail]	Fig. 5 The relationship between diatom indices and (a) environmental parameters and (b) substrates.



4 Discussion
Considering the first hypothesis defined in the aim of this study (the substrate type is a significant predictor of the diatom community composition in lakes), our analyses indicated that diatom community composition could clearly be distinguished between substrate type groups − natural, artificial wooden substrates (willow and yew) and artificial inert (glass and ceramic) substrates.
Even with the raw results of quantitative analyses of the diatom community composition, differentiation between substrates could be anticipated, as A. minitissimum was found to be dominant on stone and inert artificial substrates, while wooden substrates were characterized mainly by prevalence of Encyonopsis spp.. Sabater et al. (1998) noticed similar taxa preference toward substrate. In their study, adnate forms (Achnanthidium spp.) were more abundant on flat ceramic tiles in comparison to the wooden tiles. Surface microstructure, i.e. heterogeneity of wooden substrate was proposed as an explanation for prevalence of the other morphological forms − colonial, on polysaccharide stalkes, actively mobile (Cymbella spp., Diatoma spp. and Navicula spp.). Our results also pointed to the preference of the smooth inert substrates (stone, glass, ceramic) by A. minutissimum, but wooden substrates were preferred by Encyonopsis spp. Both Achnanthidium spp. and Encyonopsis spp. belong to the same groups according to the life form (Berthon et al., 2011) and ecological guild (Passy, 2007) classifications. Thus, theoretically smoothness/roughness of the substrate should not be in the base of these taxa different substrate preferences. Another plausible explanation for this could be the inorganic (stone, glass, ceramic) and organic (wood) origin of substrates. Still, high abundance and occasional dominance of C. affiniformis on the wooden substrate in our study does insinuate that heterogeneity in surface microstructure of the wooden tiles can be the cause of substrate preference by diatoms in general (Sabater et al., 1998). Concerning diatom diversity, another parallel of our results with Sabater et al. (1998) can be drawn. In our study, a higher diversity on the wooden substrate in comparison to the inorganic artificial substrates was noticed (Fig. 2), again insinuating the importance of substrate microhabitat in shaping diatom community. But, in general, diversity on artificial substrates was slightly lower in comparison to the natural substrate, even after 8 weeks of incubation (Fig. 2), possibly reflecting discrepancies in colonization time between these substrates (Richards et al., 2020).
Multivariate analyses confirmed that the diatom community structure is dependent on environmental parameters (Fig. 3a), again confirming the strong bioindicating capacity of these organisms. In our study, the strongest drivers in diatom community shaping were turbidity, pH and conductivity, which could be considered clear indicators of anthropogenic pressure on urban lakes during the summer period (Fidlerová and Hlúbiková, 2016). Another analyses pronounced strong substrate influence on diatom community structure, differentiating three groups of substrates − natural, inert artificial and wooden artificial (Fig. 3b). The highest diatom diversity was indisputably related to the natural − stone substrate, and diversity of motile guild representatives (Navicula spp. and Nitzschia spp.) indicated high nutrient biofilms, where these taxa have competitive advantages (Passy, 2007). Our analyses associated M. varians, B. vitrea and C. affiniformis with wooden substrates. Considering autecological features and guild classification of these taxa, they support heterogeneity in surface microstructure of the wooden substratates as distinguishing factors in comparison to the smooth inert substrates, which were clearly preferred by exclusively adnate, pioneer forms (Achnanthidium spp.) (Passy, 2007; Berthon et al., 2011; Rimet and Bouchez, 2012). Differences in diatom guild distribution in natural and artificial substrate (motile guild representatives associated with stone, while low and few high guild representatives associated with artificial substrates), except from the colonizatition time difference, could reflect different grazing pressure in littoral and central part of Sava Lake (where artificial substrates were deployed) (Berthon et al., 2011). A slightly different trophic environment (Rimet et al., 2016) could be the base of these differences, considering that the shore of Sava Lake is entirely adapted for recreation and tourism, which may influence water quality especially in the littoral zone, where the anthropogenic activities are the most intensive. However, Bere and Tundisi (2011) showed in their study that common diatom species had strong preferences for natural (especially macrophytes) substrate over artificial substrates, supporting substrate specificity of the diatom community composition stressed out by our results.
The answer to the second hypothesis (substrate choice affects final lake water quality assessment based on diatom indices) is complex. According to our results, final lake quality assessment based on diatom indices was more or less similar in all substrate types, but dependent on index choice and the selected span of boundaries on the scale for water quality classification (we used Prygiel and Coste's categorization and National legislative guidelines and both indicated good comparability between substrates), differences could be observed. IBD and TDIL gave mostly uniform results in terms of water quality class according to Prygiel and Coste's categorization, regardless of the substrate type, and so did IPS, when the ecological classes categorization according to Serbian national legislation was considered (but not also Prygiel and Coste's categorization). Nevertheless, when raw values of obtained indices were analyzed, our results pointed to the same grouping pattern as for the diatom communities (though less expressive) − natural, arftificial wooden (willow and yew) and artificial inert (glass and ceramic) substrates could be distinguished and the results from these groups of substrates differed.
Looking at the raw values of the diatom indices (Fig. 4), it is already noticeable that dependant on the chosen index and water classification scale, differences related to the substrates are present. Considering Prigiel and Coste's classification, glass and ceramic seem to point to overall better water quality in comparison to the wooden and natural substrates. This indicates the possibility of wooden substrates to serve as a nutrient source for the periphytic algae (Zhang et al., 2013), developing a diatom community which suggests higher nutrient states. Thus, inert substrates should be considered more suitable for use in terms of diatom based biomonitoring, in comparison to the substrates of organic origin, such as wood. Nevertheless, longer colonization time and anthropogenic pressure in the littoral could partially contribute to the lower values of diatom indices detected on stone substrate, which is a clear reflection of previously discussed differences in diatom guilds distribution in natural and artificial substrates. IBD and TDIL gave the most uniform results in terms of water quality class, regardless of the substrate type. TDIL is the only metric developed specifically for lakes, to assess the trophic status of Hungarian lakes (Stenger-Kovács et al., 2007), among others used in our study. Our results clearly indicate that this index has the potential for application in routine assessment of ecological status and potential of Serbian lakes and reservoirs. According to the values for IPS (which is the only diatom index that Serbian national legislation consider for Sava Lake), results were also uniform across the substrates, and Sava Lake water ecological status was in the range of the first class.
Multivariate analyses, considering diatom indices, also revealed the same grouping pattern as for the diatom communities (though less expressive), i.e. natural, arftificial wooden (willow and yew) and artificial inert (glass and ceramic) substrates could be distinguished and the results from these types of substrates differed (Fig. 5b). The values of diatom indices were in general lower in the natural substrate in comparison to the artificial ones, and most markedly when IBD was considered (and to some extent IPS). Our analyses also revealed that all surveyed diatom indices showed an ascending trend along the gradient of conductivity and pH value, while they negatively correlated with water temperature, permanganate index and turbidity (Fig. 5a), confirming that the chosen diatom metrics all are reliable indicators of an integrated effect of different pressures reflected by physical and chemical water parameters (Fidlerová and Hlúbiková, 2016).
In conclusion, our study revealed differences in both diatom community composition and diatom indices values related to the substrates periphyton was developed on. Still, the robustness of diatom indices could be noticed, and final lake quality assessment based on diatom indices was more or less similar in all substrate types, but dependent on the selected span of boundaries on the scale for water quality classification and on diatom index choice. Artificial substrates employed in Sava Lake did show potential as good alternatives for natural substrate, but further studies are required to confirm our results, particularly in various types of lentic ecosystems, to support artificial substrate employment in lake water quality assessment.
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Appendix
Appendix A 
Qualitative inventory − complete list of diatoms detected, when both artificial and natural substrates are considered. For taxa that occurred in quantitative analyses, codes (from Omnidia) are listed.
Codes labeled with * are for the taxa used for IBD calculation.
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	Complete list of diatom taxa
	Code





	Achnanthidium minutissimum (Kützing) Czarnecki
	ADMI*



	Achnanthidium minutissimum var. jackii (Rabenhorst) Lange-Bertalot
	ADMJ*



	Achnanthidium straubianum (Lange-Bertalot) Lange-Bertalot
	ADSB*



	Amphora cf. ovalis (Kützing) Kützing
	 



	Amphora copulata (Kützing) Schoeman & Archibald
	ACOP*



	Amphora Ehrenberg ex Kützing sp.
	 



	Amphora pediculus (Kützing) Grunow
	APED*



	Brachysira neoexilis Lange-Bertalot
	BNEO*



	Brachysira vitrea (Grunow) Ross in Hartley
	BVIT*



	Caloneis cf. lancettula (Schulz) Lange-Bertalot & Witkowski
	CLCT*



	Caloneis cf. silicula (Ehrenberg) Cleve
	CSIL*



	Caloneis Cleve sp.
	CALS



	Caloneis schumanniana (Grunow in Van Heurck) Cleve
	CSHU*



	Cocconeis cf. pseudolineata (Geitler) Lange-Bertalot
	 



	Cocconeis euglypta Ehrenberg
	 



	Cocconeis lineata Ehrenberg
	CPLM*



	Cocconeis placentula var. placentula Ehrenberg
	CPLA*



	Cyclotella cretica var. cyclopuncta (H. Hakansson & J.R. Carter) R. Schmidt
	CCCP*



	Cymatopleura elliptica (Brébisson) W.Smith
	 



	Cymatopleura solea (Brébisson in Breb. & Godey) W. Smith
	CSOL*



	Cymbella affiniformis Krammer
	CAFM*



	Cymbella C. Agardh sp.
	 



	Cymbopleura diminuta (Grunow) Krammer
	CBDM



	Cymbopleura rupicola var. minor Krammer
	 



	Diatoma moniliformis (Kützing) D.M. Williams
	 



	Discostella pseudostelligera (Hustedt) Houk & Klee
	 



	Discostella stelligera (Cleve et Grun.) Houk & Klee
	DSTE*



	Encyonema auerswaldii Rabenhorst
	EAUE



	Encyonema cespitosum Kützing
	ECTT*



	Encyonema Kützing sp.
	 



	Encyonema silesiacum (Bleisch in Rabh.) D.G. Mann
	ESLE*



	Encyonema ventricosum (Kützing) Grunow in Schmidt & al.
	ENVE*



	Encyonopsis microcephala (Grunow) Krammer
	ENCM*



	Encyonopsis minuta Krammer & Reichardt
	ECPM*



	Encyonopsis subminuta Krammer & Reichardt
	ESUM*



	Fragilaria Lyngbye sp.
	 



	Fragilaria vaucheriae (Kützing) Petersen
	FVAU*



	Geissleria decussis (Østrup) Lange-Bertalot & Metzeltin
	GDEC*



	Gomphonema aff. innocens E. Reichardt
	 



	Gomphonema cf. pumilum (Grunow) E. Reichardt & Lange-Bertalot
	 



	Gomphonema tergestinum (Grunow in Van Heurck) Schmidt in Schmidt & al.
	GTER*



	Gomphonema varioreduncum Jüttner, Ector, Reichardt, Van de Vijver & Cox
	GVRD



	Gyrosigma Hassall sp.
	 



	Gyrosigma kuetzingii (Grunow) Cleve
	GYKU*



	Halamphora montana (Krasske) Levkov
	HLMO*



	Hantzschia amphioxys (Ehrenberg) Grunow
	 



	Hippodonta capitata (Ehrenberg) Lange-Bert.Metzeltin & Witkowski
	HCAP*



	Humidophila contenta (Grunow) Lowe, Kociolek, Johansen, Van de Vijver, Lange-Bertalot & Kopalová
	HUCO*



	Lindavia radiosa (Grunow) De Toni & Forti
	LRAD*



	Luticola mutica (Kützing) D.G. Mann
	 



	Melosira varians Agardh
	MVAR*



	Navicula antonii Lange-Bertalot
	NANT*



	Navicula Bory sp. 1
	 



	Navicula Bory sp. 2
	 



	Navicula caterva Hohn & Hellerman
	NCTV*



	Navicula cf. antonii Lange-Bertalot
	 



	Navicula cf. cryptotenella Lange-Bertalot
	 



	Navicula cryptotenella Lange-Bertalot
	NCTE*



	Navicula cryptotenelloides Lange-Bertalot
	NCTO*



	Navicula radiosa Kützing
	NRAD*



	Navicula rostellata Kützing
	NROS*



	Navicula subalpina Reichardt
	NSBN



	Navicula trivialis Lange-Bertalot
	NTRV*



	Navicula trophicatrix Lange-Bertalot
	 



	Navicula veneta Kützing
	NVEN*



	Neidiomorpha binodis (Ehrenberg) M. Cantonati, Lange-Bertalot & N. Angeli
	 



	Neidium dubium (Ehenberg) Cleve
	 



	Nitzschia angustata (W. Smith) Grunow
	NIAN*



	Nitzschia cf. angustata (W. Smith) Grunow
	 



	Nitzschia dissipata (Kützing) Rabenhorst
	NDIS*



	Nitzschia lacuum Lange-Bertalot
	NILA*



	Nitzschia oligotraphenta (Lange-Bertalot) Lange-Bertalot
	NIOG



	Nitzschia palea (Kützing) W. Smith
	NPAL*



	Nitzschia recta Hantzsch ex Rabenhorst
	NREC*



	Nitzschia vermicularis (Kützing) Hantzsch
	 



	Orthoseira dendroteres (Ehrenberg) Genkal & Kulikovskiy
	 



	Orthoseira roeseana (Rabenhorst) Pfitzer
	 



	Pantocsekiella ocellata (Pantocsek) K.T. Kiss et Ács
	POCL*



	Pinnularia borealis Ehrenberg
	 



	Placoneis clementioides (Hustedt) Cox
	PCLD*



	Placoneis Mereschkowsky sp. 1
	PLAS



	Placoneis Mereschkowsky sp. 2
	PLAS



	Placoneis minor (Grunow) Lange-Bertalot
	PMNO



	Placoneis pseudanglica (Lange-Bertalot) Cox
	PPSA*



	Planothidium frequentissimum (Lange-Bertalot) Lange-Bertalot
	PLFR*



	Psammothidium L. Buhtkiyarova & Round sp.
	 



	Sellaphora bacillum (Ehrenberg) D.G. Mann
	SEBA*



	Sellaphora Mereschowsky sp. 1
	SELS



	Sellaphora Mereschowsky sp. 2
	SELS



	Sellaphora nigri (De Not.) C.E. Wetzel et Ector
	EOMI*



	Sellaphora pupula (Kützing) Mereschkowksy
	SPUP*



	Stauroneis balatonis Pantocsek
	 



	Staurosira brevistriata (Grunow) Grunow
	SBRV*



	Staurosira mutabilis (Wm Smith) Grunow
	SSMU*



	Surirella angusta Kützing
	SANG*



	Surirella Turpin sp.
	 



	Ulnaria acus Kützing (Aboal)
	FRAC*



	Ulnaria ulna (Nitzsch) Compère
	FULN*
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