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Abstract

:

The Danube is the second-longest river in Europe that is subjected to various man-made alterations, including those related to hydro-power plants. We surveyed and analyzed the presence and abundance of macrophytes in the main channel from 2582 river kilometers (rkm) to 171 rkm. We also assessed selected habitat parameters in the sampled river stretches. Sixty-eight different plant species were recorded along the entire course. Among neophytes, we found Elodea nuttallii, E. canadensis, Vallisneria spiralis and Azolla filiculoides. Based on similarity analysis, we distinguished 15 plant communities, most of which were defined as associations, which were classified into 5 alliances and represented three vegetation classes, namely vegetation of rooted hydrophytes Potamogetonetea, the vegetation of pleustophytes Lemnetea and vegetation of marshes Phragmitetea. The number and abundance of plant species, as well as plant communities recorded in single stretches, varied along the course. Canonical correspondence analysis (CCA) revealed that environmental parameters explained 21% of plant species composition. CCA runs with neophytes explained 41% of the variance, and current velocity, water transparency, species number and bank structure were significant variables. The present study revealed that the free-running sections of the river are poor in number and abundance of plant species, whereas impounded reaches mainly show an opposite result.
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1. Introduction


The Danube is the second-longest river in Europe, forming the second largest river basin on the continent. The river basin, covering an area of 807.827 square kilometers [1], is recognized as a hotspot of European freshwater biodiversity [2]. The Danube River connects the territories and interests of at least 18 different countries. It flows through Germany, Austria, the Slovak Republic, Hungary, Croatia, Serbia, Romania, Bulgaria and Ukraine and gathers the water draining from catchments in Switzerland, Italy, the Czech Republic, Poland, Slovenia, Bosnia and Herzegovina, Montenegro, Albania and Moldova. As any other river, the Danube defines the quality of the landscapes and their ecological systems [3,4] and, at the same time, is influenced by their quality and human activities [5].



Lotic ecosystems change in time and space. The modern characterization of rivers has a history going back to about 1960, starting with Odum [6], Illies and Botoseanu [7], as well as with Hawkes [8]. An important step was taken by Vannote et al. [9], who described a continuous gradient of discharge, current velocity, flow pattern, bed and bank structure, dependent on hydrological and hydraulic replacements, showing adjustments in biota and their populations along the river course, named as the river continuum concept (RCC). Soon thereafter, Ward and Stanford [10] published the serial discontinuity concept, which extends the scope of the RCC, focusing on man-made alterations in rivers, especially hydro-power plants (HPP) and other structural modifications. A decade later, Ward and Stanford [11] extended the discontinuity model to rivers with floodplains. This relates well with large rivers like the Danube (e.g., [12]). Moog and co-workers [13] defined ten Danube section types along its course that based on the Danube River typologies regarding the catchment geology, slope [14], geomorphological landscape features and anthropogenic impacts, as well as geomorphological regions and the ecoregions of Illies [15].



The Danube River had been a crucial pathway of Central Europe regarding invasions, settlement, trade and navigation in the Danube basin for more than 2500 years [16]. These multiple socio-economic impacts exerted various pressures to the river [1] that resulted in increased pollution [17,18] and is a significant loss of habitats and species [19], which rank the Danube among the world’s top 10 rivers at risk [1]. The main pressures are pollution by industrial and urban wastewater and runoff from agricultural landscapes, overfishing, urban development, dams and bank erosion [16]. In spite of these pressures, the river still shows a high ecological potential [19], harboring a variety of different groups of organisms, including aquatic macrophytes [20].



Aquatic macrophytes comprise a variety of taxonomic groups, from macroscopic algae (e.g., stoneworts), to bryophytes, pteridophytes and angiosperms [21]. They are variable regarding their anatomical and physiological traits, life-history and their tolerance to different physical, chemical and biotic stressors [22]. Macrophytes play a fundamental role in the structure and functioning of river ecosystems that is also the case in large rivers [23]. Macrophytes are involved in energy flow, nutrient cycling and also provide habitats for a large variety of organisms [24,25,26,27]. Macrophytes function as “biological engineers”, causing significant morphological and ecological modifications of the river [28] by significantly altering sedimentation processes and flow patterns in streams [22,29,30]. They also absorb nutrients and other substances from water and sediment and thus affect its quality [31]. The function of macrophytes strongly depends on their growth form and abundance [32]. The presence and abundance of macrophytes in the river bed depend on water and sediment chemistry, water depth, flow velocity, and substrate characteristics [24,33,34,35,36], but less on water temperature [37]. Macrophytes are valuable indicators of water and sediment quality [38,39,40,41]. Since they respond to the changes in nutrient concentration, they can contribute significantly to the assessment of the river ecosystems [42]. Variability of macrophyte communities can, therefore, be explained by a variety of environmental parameters, mainly by altitude, flow, riverbed substrate, conductivity and alkalinity, but these communities do not necessarily reflect specific ecoregional distribution [35,43].



The knowledge of macrophyte diversity, their geographic distribution, their structural properties and habitat preferences is of crucial importance for science and enables the definition of the reference conditions for the assessment of the ecological status according to the Water Framework Directive [40]. These data may also enable the prediction of future changes in species composition due to human impacts. Various parameters that shape macrophyte communities may have synergistic and antagonistic effects [44]. For instance, Demars and Edwards [45] claim that one cannot separate the effect of nutrients from other environmental variables, especially along a steep environmental gradient, and they suggested that the response of macrophytes to nutrient enrichment should be studied in homogeneous groups defined by factors, such as alkalinity and slope.



The estimation of biotic communities in large rivers is very hard due to the complexity and spatial and temporal heterogeneity along the river [23,46], as well as due to its depth and width. This is also the case in the Danube River that varies significantly in slope [14], discharge [47], substrate, current velocity, bank structure and water transparency [48]. River regulation included straightening of the river channel by transforming meanders into oxbows, mostly with reduced connection to the main river channel. Artificial bank reinforcements guaranteed secure and technically stable navigation channels, and river bed incision was reduced where run-of-river hydro-power plants (HPP) were installed. Thus, the present status of the Danube is, unambiguously, far from being natural. However, according to Ward and Stanford [10], the most extensive technical interference with the river course and its biota are dams and impoundments of the HPPs. Besides significantly changing habitats, HPPs can have strong edge effects both upstream and downstream [49]. In addition, almost the entire length of the Danube suffers from substantially trimmed floodplain areas.



In this contribution, we analyze the presence and abundance of macrophytes, including neophytes, in the main channel of the Danube River from 2582 river kilometers (rkm) in Baden-Württemberg (SW Germany) to 171 rkm in the delta in Romania. Regarding various alternations along the river, we hypothesized that the distribution, diversity and abundance of macrophytes and their communities along the course will not be in accordance with the river continuum concept and regionality but will more likely reveal serial discontinuity. Regarding our research questions, we presume that these communities will be influenced by habitat parameters in the sampled river stretches.




2. Materials and Methods


2.1. Site Description


The locations of towns, HPPs and backlogs of reservoirs expressed as the river kilometers (rkm) are defined by Linz Rowing Club (ISTER) [50], HPP-Bavaria [51], and the Danube Commission [52]. The river section in Baden-Württemberg (Germany) is interrupted by 24 HPPs, and another 21 HPPs in the Bavarian section. The only Bavarian reach in “near-natural” conditions is between rkm 2328 and 2225 upstream HPP Passau. Then the Danube enters Austria, where 10 HPPs break the continuum in the main channel. However, one of Austria’s river sections with no HPPs is the constrained Wachau Valley, a natural reserve. This river part with free-running conditions is located between HPP Melk (rkm 2038) and the backlog (rkm 2002) of the reservoir of HPP Altenwörth (rkm 1981). Passing the Danube downstream to Vienna through several impoundments, the HPP Freudenau at rkm 1921 is the last one in the Austrian section. The following free-running section ends where the backlog of the Čunovo Reservoir (in Slovakia) is clearly detectable at rkm 1859, downstream of Bratislava. Close to the head of Čunovo Reservoir, water is diverted to the Old Danube (former main channel), which represents the Slovak/Hungarian state border. The whole area is part of the large inland delta, with floodplain water bodies in both countries. The Čunovo Reservoir also feeds the diversion of water to the HPP Gabčikovo at rkm 1820. The next “free-running” river section starts close to Gönjü (rkm 1791), already in Hungary and continues for about 625 km to a point 15 rkm downstream Belgrade in Serbia. At this point in the river, the backlog of the Iron Gate I impoundment (length: 211 rkm) begins at mean discharge. The dam of Iron Gate I is located at rkm 943. The Iron Gate II HPP is located at rkm 864, as the very last obstacle in the Danube, enabling a free run towards the delta, close to the city of Galaţi (Galatz).




2.2. Macrophyte Survey


The survey was performed in the main channel of the Danube River from 2582 rkm in Baden-Württemberg (SW Germany) to 171 rkm in Romania in survey units of one-km length. Survey units are matched with the indications of the river kilometers of 1000 m length along the river. In the Danube channel, aquatic plants usually do not colonize river parts much deeper than about 1.5 m [20], where the river has a high potential for macrophyte colonization, even covering the whole river width in some locations. Downstream from the city of Ulm, the river widens, and the left and right bank were surveyed separately, all the way to the delta. The width of the vegetated belt depends on morphological parameters of the riverbed and banks, including human interventions. The field surveys were conducted by boat using the rake and grapnel and/or aqua-scope in deeper water during the peak vegetation period in summer in years from 2002 to 2004. The whole river was surveyed by moving the boat(s) in a zig-zag pattern in narrow reaches upstream of Ulm, whereas the near-bank areas were surveyed by slowly moving along the banks. While proceeding downstream, the observed species were recorded in the species list. At the end of each rkm, benchmarked by the navigation signs, the final estimate of abundance was noted down.



The presence and abundance of aquatic macrophytes and macrophyte assemblages, respectively, were assessed in survey units of one-km length in the main channel of the Danube. The relative abundance was evaluated using a five-degree scale as proposed by Kohler and Janauer [53] using 5-level scale, namely 1 = very rare; 2 = rare; 3 = common; 4 = frequent; 5 = abundant/predominant. Plants that were sampled in the phenological phase, preventing identification to the species level, were recorded as a genus. Species names were unified according to Flora Europaea [54].




2.3. Assessment of Habitat Parameters


During regular surveys habitat, the parameters listed below were assessed along with a survey of the macrophyte vegetation. Bank structure, sediment type, flow class and land use type in the areas adjacent to the river are described according to CORINE System [55] with some adaptations regarding the spatial aspects of the river surveys. We used a 1–5 or 1–6 scale to describe specific environmental gradients of environmental parameters. The categories for the selected parameters were the following: (a) bank structure—refers to the upper littoral, extending over the water level during mean discharges (1—concrete or other artificial embankment material, 2—large rocks used for bank stabilization and river regulation, 3—gravel, 4—sand, 5—fine inorganic material, 6—floating mats), (b) sediment type (1—artificial material, e.g., concrete, asphalt, etc., 2—solid rock, 3—gravel, 4—sand, 5—fine inorganic material, 6—detritus or other organic material), (c) flow class (1—no flow/stagnant, 2—low flow, just visible to ca. 30 cm·s−1; 3—medium flow, 35 to 65 cm·s−1; 4—high flow, >70 cm·s−1), (d) land use type (1—artificial surfaces, 2—agricultural areas, 3—open spaces with little or no vegetation (gravel bars, sands, riverbanks, bare rock), 4—scrubs, 5—forests, 6—wetlands). In addition, (e) water transparency (transparency ratio, the relationship between total water depth and Secchi depth) was determined.




2.4. Data Treatment


The relative abundance values [53] were transformed by function x3 [42], which describes best the relationship between the five degrees of estimation and the actual quantity of the macrophytes [53]. The ordinal values of abundances were transformed into quantitative values (“quantities”), which provided a set of species-data suitable for statistical analyses [56]. It was shown that transformed values highly correlate with average values of percentage cover-abundance classes of plant species according to Braun-Blanquet [57], and were even used as substitutes of these percentage cover-abundance values (e.g., [58,59]). Thus, we also used the transformed values as percentage cover-abundance values according to Braun-Blanquet [57] to examine if the clusters obtained by cluster analysis meet the definitions of specific associations, which are mostly defined by the presence and/or abundance of diagnostic species. These “adjusted” values for dominant species are presented in Table 1.




2.5. Similarity of Macrophyte Communities


The similarity of the macrophyte assemblages between the stretches was calculated with PAST, version 2.17c [60]. Ward’s method was used as linkage method, and Euclidean distance was used as similarity index [61], which have been used by others with macrophyte data [62,63] and which provided the clustering with the lowest level of chaining [64]. The aim of the clustering method was a comparison of similarity between the records and help in their classification to the defined plant communities. We used an approach based on the dominant species, which are also diagnostic species of the associations and is the most frequently used approach for aquatic vegetation [65]. Dominance-based classification for species-poor plant communities is most similar to the approaches in traditional phytosociology [66]. For the classification of the individual clusters to the described aquatic plant communities, we used the definitions found in [67].




2.6. The Influence of Environmental Factors on the Composition of the Macrophyte Community


First, a detrended correspondence analysis (DCA) was performed, which helped us to reveal whether the gradients in the matrix of macrophyte species data are linear or unimodal and which direct gradient analysis to choose for further analyses. When the eigenvalue for the first axis in DCA was <0.4 and/or gradient length was <3 standard deviations, Redundancy analysis (RDA) was applied, while in the case when these values were higher, we applied Canonical correspondence analysis (CCA) [68]. The results of these analyses enabled us to assess the relationship between environmental parameters and the composition and abundance of macrophytes. The influence of the environmental factors on the distribution of neophyte species was tested with canonical correspondence analysis. We used forward selection, where 999 permutations were performed in every round to rank the relative importance of explanatory variables and to avoid co-linearity [69]. Only parameters with p <0.05 were considered in further analyses. In the first run, the multivariate analysis was performed for all recorded species, while in the second run, we selected only species having total abundances >1%. In addition, we performed multivariate analysis to explore the relationship between the neophyte species and environmental parameters. All analyses were performed using CANOCO for Windows 4.5 program package (Microcomputer Power: Ithaca, NY, USA) [68].





3. Results


3.1. Species Presence and Abundance


We recorded 68 different plant species along the entire studied length. The most common and abundant taxon was Potamogeton pectinatus with 14.5%, followed by P. perfoliatus with 11.6% and Myriophyllum spicatum with 10.1% (Figure 1). Among the most abundant species presenting more than 2% of total abundance were seven species of the genus Potamogeton. On the whole, we recorded 11 species of this genus, namely P. pectinatus, P. coloratus, P. pussilus, P. trichophyllus, P. lucens, P. nodosus, P. natans, P. gramineus, P. crispus, P. perfoliatus and P. acutus. The majority of abundant species appearing in the Danube are submerged hydrophytes, and only a few of them develop natant leaves. The most abundant among amphiphytes is Butomus umbellatus that mainly appears as f. aquatica. We also detected few free-floating species, namely spermatophytes Wolffia arrhyza, Lemna minor and L. gibba, Spirodela polyrhiza and ferns Salvinia natans and Azolla filiculoides. In spite of a high number of recorded species, we did not find any species from the EU Red list.



The occurrence and relative abundance of these most abundant native species along the flow is presented in Figure 2. The majority of species, with the exception of T. natans and Ceratophyllum submersum, were found at different parts of the river course. T. natans was found mainly in the section from 1150 to 850 rkm, where also several other species occurred with the highest abundance.



The number of species recorded in a single stretch varied along the flow, and this holds true also for species abundance. The pattern of values of both parameters along the flow reveals a similar picture showing two peaks. The first appears at the beginning of the upper section, then it gradually decreases, reaching the second peak at the end of the middle section and at the beginning of the lower section of the river (Figure 3). Both parameters were the highest in the second part of the middle section, while the lowest values were detected at the first part of this section.




3.2. Neophyte Species Presence and Abundance


The presence and abundance of four species from the EU neophyte list were analyzed: Elodea nuttallii, E. canadensis, Vallisneria spiralis and Azolla filiculoides. Regarding the surveyed flow, E. nuttallii was only the 15th with 1.1% of total abundance, V. spiralis with 0.7% on the 23rd, E. canadensis on the 26th with 0.6%, and A. filiculoides with only 0.1% of total abundance the 40th. (Figure 1). E. nuttallii was found in 110 stretches and mainly occurred with low abundance together with more abundant species like P. perfoliatum, C. demersum, B. umbellatus and S. polyrhiza, and just in one case with E. canadensis. The latter species was found in 52 stretches and mainly occurred in species-rich plant communities in combination with the majority of species recorded. V. spiralis was found at 58 locations in a community with P. natans, B. umbellatus, C. demersum, M. spicatum, P. perfoliatus and P. pectinatus. However, regarding distribution along the flow, it is still limited to its native range. A. filiculoides was found at 51 stretches but with very low abundance in a company with a variety of species (Figure 4).




3.3. Plant Communities along the Course


Then we examined a similarity of macrophyte communities along the river course and obtained 2 main clusters subdivided into 9 and 12 clusters (Figure 5). The sample locations within the clusters did not show the river continuum but are scattered in different groups (Figure 6). Cluster 6, which comprises more than half of the stretches (1344), is marked by very scarce vegetation, mainly consisting of amphiphytes.



The description of different clusters regarding mean Secchi depth, mean number of species, mean total relative abundance, dominant species, dominant species mean relative abundance, species frequency and the type of association is presented in Table 1.



Based on the analyses of records and definitions of vegetation units, three orders and five alliances encompassing 15 associations were distinguished, which at the same time represented vegetation of three classes, namely vegetation of rooted hydrophytes Potamogetonetea, the vegetation of free-floating hydrophytes Lemnetea and vegetation of marshes of the class Phragmitetea.



3.3.1. Order Potamogetonetalia Koch 1926


The majority of the plants in different stretches were classified into plant communities of this order, which was also the most diverse and common order of the class Potamogetonetea Klika et Novak 1941, encompassing the rooted vegetation thriving in lentic or lotic ecosystems, which could be entirely submerged or with floating leaves.



	
Alliance Potamogetonion Libbert 1931







Association Potamo pectinati-Myriophylletum spicati Rivas Goday 1964



(cluster 1, 86 stretches)





The far most abundant (33%) and frequent (100%) macrophyte in this plant community (cluster 1) was Myriophyllum spicatum, which represented about two-thirds within total abundance. Consequently, this association is species-poor (on average 4.5), despite the high transparency measured in these stretches (118 ± 25 cm). It was found in the lower part of the Danube (Figure 6).




Plant community with Myriophyllum spicatum



(cluster 7, 219 stretches)





We classified this second largest group of stretches (cluster 7, Figure 5) into the suboptimal form of the above-described association since the characteristic species did not reach high abundance nor dominance. However, it was twice more frequent than the second most abundant species, Ceratophyllum demersum. This plant community also has the same pattern of distribution (Figure 6) along the course as the better-developed association Potamo pectinati-Myriophylletum spicati also occurs in the middle and upper part of the Danube.




Association Potametum acutifolii Segal ex Šumberová et Hrivnák in Chytrý 2011



(cluster 3, 60 stretches)





The most outstanding characteristics of this association are its lowest species richness (average 1.8) and total abundance. The characteristic and dominant species Potamogeton acutifolius is the most common (100%) and also the most abundant species. It is mainly found in turbid water of the upper part of the Danube (Figure 6), with some occurrence in the middle part.




Association Parvo-Potamo-Zannichellietum pedicellatae Soó 1947



(cluster 4, 5 stretches)





This is the rarest plant association in this study, found only in five stretches, where the characteristic and dominant species. Zanichellia palustris represents the vast majority of plant biomass, which tolerates low transparency (average 66 cm). Consequently, few other species thrive in these species-poor stands (average 3.8). These stretches are found in Slovakia within the Čunovo Reservoir.




Association Potametum crispi Soo 1927



(cluster 8, 17 stretches)





The species composition of this association is most similar to the plant community with Myriophyllum spicatum (Figure 5), but the dominant species here is Potamogeton crispus, which is present in all these stretches and is about three times more abundant than Myriophyllum. The abundance of this vegetation cover type also appears twice in the dendrogram, mostly on account of Potamogeton crispus. This association is found only in the lower part of the Danube.




Association Potametum pectinati Carstensen ex Hilbig 1971



(cluster 10, 29 stretches; cluster 15, 27 stretches)





This plant association occurs in two forms that are found in clusters 10 and 15 (Figure 5). The stretches found in cluster 10 are better defined by stretches of the dominant characteristic species P. pectinatus (Potamogeton pectinatus) (average 65%), so we considered it as the typical form of association. The species richness is moderate (average 8.1). The average water transparency is 78 cm. The majority of stretches are found in the upper part of the Danube, some in the middle (Figure 6).



The stretches in cluster 15 are poorer in species (average 5.9) as well as in their abundance (average 68%). The abundance of the dominant species P. pectinatus is two times lower than in typical form. One of the possible reasons is also lower transparency (69 cm) as compared with the typical form. These stretches are more widely distributed in the upper and middle parts of the Danube (Figure 6).




Plant community with Potamogeton pectinatus



(cluster 5, 74 stretches)





The stretches found in this cluster were classified as the plant community with P. pectinatus, which is in a suboptimal stage in the development of the above-listed association Potametum pectinati. Although the characteristic species P. pectinatus is present in almost any stretch (97%) with at least some individuals and is also the most abundant species, its abundance is too low to define the association (avg. 8.2%). This vegetation type is species-poor (avg. 3.3) and low in abundance (18%). The characteristic condition for this type is the lowest water transparency in the entire Danube (63 cm). This vegetation type has an even wider distribution range than the above association and could be found throughout the upper and middle part of the Danube, as well as in some of the stretches in the lower part (Figure 6).




Association Potametum perfoliati Miljan 1933



(cluster 9, 5 stretches; cluster 16, 7 stretches; cluster 17, 44 stretches)





This plant association occurs in three forms that are found in three separate clusters: 9, 16 and 17 (Figure 5). The stretches in cluster 16 are best defined by the most outstanding dominance of the characteristic species P. perfoliatus (average 62%), which represented half of the total abundance, so we considered it as the typical form of association. The second most abundant species was Ceratophyllum demersum (average abundance 21%, present in 86% of stretches). The species richness was moderate (average 9.6). The average water transparency was 123 cm.



A higher similarity was found with the stretches in the biggest cluster 17 (Figure 5), where P. perfoliatus retained its dominance despite a much lower abundance (26%). The second most abundant species in these stretches was Potamogeton pectinatus. These stretches were poorer in species (average 7.2). A possible reason is lower water transparency (avg.109 cm).



In the smallest cluster 9 (5 stretches), the characteristic species P. perfoliatus is codominant with Potamogeton pectinatus, which reached the same average abundances (63%). The third most abundant species was Ceratophyllum demersum (average 16%). These stretches are most species-rich (avg. 12) and very abundant with macrophytes. Despite the division of this association into three clusters, their distribution pattern is the same (Figure 5)—one group of stretches is in the uppermost part of the Danube in Bavaria, while the other is in the transition between the middle and lower part and also in the lower part of the Danube. The majority of stretches are found in the upper part of the Danube, some in the middle (Figure 6).



The stretches in cluster 15 are poorer in species (average 5.9). The abundance of the dominant species Potamogeton pectinatus is two times lower than in typical form. One of the possible reasons is also lower transparency (69 cm) than in the typical form. These stretches are more widely distributed in the upper and middle parts of the Danube (Figure 6).




Association Potametum natantis Hild 1959



(cluster 11, 29 stretches; cluster 12, 4 of 12 stretches)





This plant association occurs in two forms that are found in clusters 11 and 12 (Figure 5). The stretches in cluster 11 are more uniform than in the second cluster 12, but in both clusters, the characteristic species with floating leaves, P. natans, is most abundant and present in every stretch. In the first group, three species are subdominant (P. perfoliatus, P. graminoides, P. pectinatus), the species richness and total abundance are moderate. The second cluster is joined with the association Trapetum natantis in the same cluster and is richer in species (avg. 11.5) as well as in their abundance. The subdominant species there is P. pectinatus. This association is found in both Iron Gate Reservoirs.




Association Potametum lucentis Hueck 1931



(cluster 14, 33 stretches; cluster 18, 10 stretches)





This plant association occurs in two forms that are found in clusters 14 and 18 (Figure 5). The stretches in smaller cluster 18 are better defined due to the higher abundance of characteristic species P. lucens (avg. 47%). The codominant species here is P. pectinatus (avg. 42%), while C. demersum is subdominant (avg. 23%). These stretches are moderately species-rich (12.4) despite the highest total abundance within the studied stretches and low water transparency (68 cm). The larger cluster encompasses stretches with significantly lower total abundance (avg. 36%), while the number of species is almost the same (11.8). Although with lower abundances, the three most abundant species are the same as in the first cluster. The characteristic species P. lucens is most abundant here (avg. 24%). The distribution pattern of both clusters is the same, which is downstream the inflow of the river Sava and Iron Gate I Reservoir.




Association Potametum graminei Lang 1967



(cluster 19, 18 stretches)





The stretches in this cluster are classified into association Potametum graminei due to the high abundance of the characteristic species P. gramineus (avg. 29.6%), despite the fact that codominant species P. pectinatus and Ceratophyllum demersum have a bit higher abundance. However, for the definition of other associations, their abundances are not sufficient. The species-richness is moderate (12.9). The distribution pattern is very similar to the pattern of Potametum lucentis, which is recorded downstream the inflow of the river Sava and the Iron Gate Reservoir.




Species-poorest vegetation type in sections with the lowest abundance of macrophytes.



(cluster 6, 1345 stretches)





This was by far the largest group (cluster 6, Figure 5) and the most common vegetation type, which encompassed more than half of the recorded stretches (1345). At the same time, it was also the species-poorest group with only 1.5 macrophytes species on average (min–max 0–6) per stretch, which had a very low abundance value, which is 4% on average. The most common species in this type were actually marsh species (helophytes) Butomus umbellatus found within one-fifth of these stretches, Phalaris arundinacea within 15% of stretches. This type is scattered along the entire course of the Danube, from the source to the delta (Figure 6), with the exception of the stretches where communities with the dominant species Myriophyllum spicatum (clusters 1 and 7) are found.



	
Alliance Nymphaeion albae Oberdorfer 1957







Association Trapetum natantis Kárpáti 1963



(cluster 12, 8 of 12 stretches)





This plant association is defined within cluster 12 (Figure 5), which also contains 4 stretches with dominant species P. natans, which were classified into the association Potametum natantis. The species richness of the entire cluster is moderate (avg. 11.5) but with high total abundance. The dominant or codominant species in these stretches is Trapa natans; subdominant species there is P. pectinatus. This plant association is found only in the Iron Gate I Reservoir.




3.3.2. Order Lemnetalia minoris O. de Bolòs et Masclans 1955


	
Alliance Stratiotion Den Hartog et Segal 1964







Association Potamo-Ceratophylletum submersi Pop 1962



(cluster 13, 19 stretches)





This plant association is defined within cluster 13 (Figure 5) and is defined by the characteristic species Ceratophyllum submersum, which has the highest abundance (avg. 21%). Specific for this community is the high abundance and constancy of the pleustophyte Spirodela polyrhiza (avg. 18%) and also Lemna minor. The highest water transparency was measured in these stretches (130 cm). This association is found only in the Iron Gate II Reservoir, downstream the stretches with Trapetum natantis.




Association Ceratophylletum demersi Corillion 1957



(cluster 20, 23 stretches)





This pleustophyte association is defined with characteristic species Ceratophyllum demersum, which has the highest abundance (avg. 31%) and is accompanied by Spirodela polyrhiza (avg. 13%). The species-richness was lower (8.8) as in the previous association. The most significant difference was much lower water transparency (70 cm). The distribution of this association is wide since it is found in all three parts of the Danube (Figure 6).



	
Alliance Lemnion minoris O. de Bolòs et Masclans 1955







Association Lemno-Spirodeletum polyrhizae Koch 1954



(cluster 21, 8 of 10 stretches)





This most typical pleustophyte association is dominated by the characteristic species Spirodela polyrhiza (avg. 56%), which is accompanied by other pleustophytes like Lemna minor, Salvinia natans and Wolffia arrhiza. The most abundant submerged species were Ceratophyllum demersum (avg. 30%), which dominated in two assemblages (→ Ceratophylletum demersi) and C. submersum (avg. 20%). This association was the richest in species (avg. 13.2), while the average water transparency was the second-highest (125 cm). This association is found only in the Iron Gate Reservoirs (Figure 6).




3.3.3. Order Phragmitetalia



Association Butometum umbellati Philippi 1973



(cluster 2, 48 stretches)





This is the only association that represents the vegetation of marshes, which consists of different species of helophytes. In these stretches, the characteristic and dominant species B. umbellatus was found with the highest abundance (average 29%), mostly as f. aquatica. The second most abundant plant taxa were Agrostis stolonifera and Sparganium erectum, but with significantly lower abundances. This plant-community is species-poor (average 3.6) and has specific distribution since it was found in the section close to the source of the Danube and in the last section downstream to the rkm 400. Considering the most abundant plant taxa, this community is well adapted to the oscillation of the water level.





3.4. The Influence of Environmental Factors on the Composition of Macrophyte Communities


Using CCA and RDA, we tried to explain species presence and abundance with selected environmental parameters detected at species locations. When effects of single variables were examined (marginal effects), the specific variable at right (R) and left (L) bank explained similar levels of species variation. However, when all variables were taken together (conditional effects), in the majority of cases, only variables for one bank were revealed to be significant due to co-linearity. In the first run, the RDA was performed for the whole flow, but the variance explained by environmental factors was 8% in whole. When only species with relative abundance more than 1% were considered, the explained variance was somewhat higher (21%) (Table 2); water transparency is the most important by explaining 6% of species variability.



In the following run, we applied CCA to explore the relation between neophyte species and environmental parameters and explained as much as 41% of the variability of neophyte presence and abundance. The most influential parameters were a current velocity that explained 17% (L) and an additional 1% (R), followed by Secchi depth with 12%, number of species with 5% and bank structure with an additional 3% (Table 2).



CCA plot reveals different positions of four neophyte species with respect to the vectors of significant environmental variables (Figure 7). E. canadensis occurs at locations with a higher number of plant species, higher current velocity and finer sediment, while E. nuttallii occurs at the opposite side of these vectors, which reveals a much different habitat type characterized by lower current velocity, coarser sediment and lower number of species in the community. The presence and abundance of V. spiralis seem to be related to stretches with higher water transparency and banks rich in a finer substrate. A. filiculoides is a natant fern, which occurred close to the middle values of examined parameters.





4. Discussion


4.1. Species Distribution and Abundance


In large rivers, helophytes and free-floating taxa are found in the shallow parts near the banks, while the deeper parts with possible macrophyte growth are characterized by a reduced number of submerged spermatophytes, which are resistant to high current velocity [23]. We recorded only a few helophyte species; the only species with a high total abundance (about 5%) was P. arundinacea, which appeared along the whole river course. This was the case for the majority of species that have a total relative abundance of more than 1%. The exception was floating leaved T. natans, which was present in abundance after the confluence of the Sava River, where also the total species number and abundance were the highest. Dense T. natans stands can offer valuable habitats to invertebrates and fish and increase their biodiversity and production, while they may also cause hypoxic or even anoxic conditions [70]. Skliar and Skliar [71] report that the decrease of water level negatively affected the growth of T. natans and increased the number of representatives of Nymphaeaceae. Among abundant species, we also detected two other species with leaves floating on the water surface, one with natant leaves, namely P. natans and one pleustophyte S. polyrhiza, that were also more abundant in the lower part of the river. The position of leaves/fronds on the water surface enables successful competition for space and light due to efficient shading of other species [72], which was also evident in our study. Within the group of more abundant species (total abundance was ˃2%) were 7 species of the genus Potamogeton, altogether 10 species. The representatives of this widespread genus may thrive in a variety of habitats, from running to stagnant waters [73] with different water regimes and nutrient enrichment [74]. The species of this genus are usually subjected to interspecific hybridization [75]; however, no hybrids were found in this survey. The most abundant species detected in our survey was P. pectinatus that occurred along the whole river course. The survey of Case and Madsen [76] revealed that the distribution of this species was negatively affected by water depth, wave action and water transparency and positively by the ratio of silt in the sediment. This species occurs nearly worldwide at locations with water velocity <1 m/s and water depth <2.5 m [77]. This holds true for other species found in great abundance. CCA runs with abundant species only explained a relatively low share in their presence and abundance, revealing the importance of water transparency and current velocity. Current velocity is an important factor affecting macrophyte production in rivers, and even a moderate increase reduces their abundance [78]. Most of these species have a broad ecological valence and are widely distributed around Europe, showing no specific regionality [38,39,54]. Even more, some of them, like P. pectinatus and M. spicatum, also became an invasive nuisance weed in different parts of the world. When we used the whole list of species for RDA, a very low proportion of the variability was explained, even though the majority of environmental parameters were significant.




4.2. Neophytes in the Danube Main Channel


E. canadensis is the most widespread invasive alien aquatic plant in Europe, A. filiculoides the second, followed by V. spiralis and E. nuttallii [79]. E. canadensis and E. nuttallii are native to most of North America [80]. A. filiculoides are native to the Americas and spread widely around the world by a variety of mechanisms, of which man has become the most significant [79]. V. spiralis is native to southern Europe, northern Africa, the Middle East and southwest Asia [79]. According to Hérault et al. [81], E. canadensis and E. nuttallii share similar ecological niches and biological traits; however, in the present study, they thrived in different environmental conditions. The presence and abundance of both species were best correlated to vectors that indicated species number, current velocity and sediment type, however in the CCA plot, the species are positioned in opposite sides of vectors, E. nuttallii being related to species-poorer community, coarser sediment and lower current velocity, while E. canadensis was found in species-richer assemblages. In Slovenian watercourses, E. canadensis usually thrived in relatively species-rich communities, frequently together with the species P. natans, P. nodosus, P. perfoliatus, P. crispus and P. pectinatus and in the company of E. nuttallii [82]. The coexistence of both Elodea species was not detected in the Danube River. E. canadensis can be outcompeted by other more invasive species, especially in the case of nutrient enrichment [83,84]. This was also the case in Great Britain, where E. nuttallii substituted E. canadensis [85], and in France, where it was dominated by Egeria densa and E. nuttallii [86]. Barrat-Segretain and Lemoine [87] also report that E. nuttallii was more competitive than E. canadensis and also more palatable to herbivores. For both species, it was shown that they have allelopathic potential [88]. In addition, E. nuttallii also showed higher survival rates under the influence of artificial disturbances due to its high regeneration potential from vegetative fragments [89], and it is likely to become a successful alternative of E. canadensis [86]. A. filiculoides was found in low abundance in the lower course of the Danube. It thrives in eutrophic waters where it forms dense mats up to 10 cm thick [90,91]. It was shown that in favorable habitats, the representatives of the genus Azolla grow quickly with a doubling time of only 2–5 days [92]. Their competitive advantage is the symbiosis with the nitrogen-fixing cyanobacteria of the genus Anabaena that enable the fern’s high productivity [93]. In Poland, A. filiculoides occurred in different water habitats, where they substituted Lemna minor [91]. The same effect was confirmed by Paolacci et al. [94], where A. filiculoides exerted a negative influence on growth rates of L. minor and L. minuta. The fourth species in the EU neophyte list is V. spiralis. It is an obligate lowland macrophyte with an altitudinal range up to 300 m thriving in meso- to eutrophic aquatic habitats [95], as was the case in the Danube River. There it occurs mainly within the native range of distribution despite the report of Anačkov et al. [96], showing that in Serbia, V. spiralis occupied high-quality natural habitats along with some other alien species that show high potential for these habitats alternation.




4.3. The Distribution of Macrophyte Communities along the Course


Our study revealed that the distribution of macrophyte species and their communities reflect neither the river continuum concept described by Vannote et al. [9] nor a specific regionality as proposed by Illies [97] (see Figure 2, Figure 3 and Figure 6). Connell [98] showed that maximum species richness occurs under intermediate disturbance frequency and/or intensity (intermediate disturbance hypothesis) because only a few species tolerate either intense disturbance regime or habitats with little or no disturbances due to competitive exclusion [99]. Different parts of the Danube channel are subjected to different intensities of disturbance caused by large commercial navigation and also maintenance activities in the main channel [47], as well as higher current velocities at peak discharges. The most important effect is exerted by hydro-power plants [49]. According to the serial discontinuity concept, such barriers significantly alter habitat conditions and thus community structure, depending on dam position along the river continuum [11]. In addition, disturbances may also affect species presence and abundance directly by changing habitats or by disturbing longitudinal linkages within a river continuum preventing downstream transport of matter, including particulate organic carbon that is usually metabolized a considerable distance downstream from where it enters the stream [100]. According to Remmert [101] there is a significant relation between diversity of the environmental conditions and the number of species, while extreme conditions result in a lower number of species favoring those habitats with wider ecological range, as it is the case in our study.



However, we found a general pattern of low species richness and abundance of macrophytes (see Figure 3) as well as the presence of optimally developed plant-communities (see Figure 6) within the section between rkm 2400 at Kehlheim and rkm 1170 at Belgrade. The Danube River becomes navigable at rkm 2400 [47], which could be the reason for a general decrease in abundance of macrophyte abundance. Heavy traffic and frequent maintenance of the river channel cause habitat disturbances and decrease water transparency [49]. Within this over 1200 km long section of the Danube, only four plant-communities were found (see Table 1), namely Potametum pectinati, Potametum acutifolii, suboptimally, developed community with Potamogeton pectinatus. The far most frequent were the species-poorest and abundance lowest stretches where vegetation was too sparse to be classified into a certain vegetation type, habitats with different plant assemblages were found within the 628 km long Hungarian section [102]. All of these were species-poor and abundance-low, while average water transparency was also among the lowest (<70 cm). Other plant-communities occurred only sporadically within some of the stretches, which is negligible regarding the length of this section encompassing almost half of the Danube River. Specific for this section is the plant association with Zannichelia palustris, which was found only in the Čunovo Reservoir in Slovakia, although Z. palustris was recorded in numerous other stretches in this part of the Danube [102,103].



Upstream, within the headwater section reaching from the source to the beginning of the navigable river section, which is only 180 km long, we found 6 plant communities (Figure 6) despite its shortness and the fact that headwaters are mostly poorer in the number of macrophytes and their communities [9]. The possible reason could be the absence of disturbances influenced by ship traffic. It is also interesting that three of those plant communities were also found in the lowest section of the Danube, apart from the most poorly developed vegetation type.



On the downstream end of the longest section, we can notice a proliferation of macrophyte communities (Figure 6) as well as species richness and abundances (Figure 3). Conditions there change significantly due to various factors. The confluence with the river Sava brings water rich in calcium and other basic cations [104] since it drains the catchment, which predominantly consists of carbonate bedrock. Besides, the river Sava is also the tributary with the largest discharge [47]. Secondly, the metropolitan area of Belgrade city has no wastewater treatment plant and contributes a great number of nutrients to the Danube [18]. In addition, only 15 km downstream of Belgrade, the Danube reduces flow speed creating more “lentic” habitats since the huge impoundment of the Iron Gate I HPP already begins there. The mentioned factors create conditions with fewer disturbances and higher concentrations of calcium and other nutrients, which are much more favorable for the development of several macrophyte communities [105]. The dam of the Iron Gate II HPP prolongs these conditions further to rkm 843. Consequently, 12 different plant communities were recorded within this section, 5 of them exclusively here, e.g., Potametum natantis, Trapetum natantis, Potametum graminei, Lemno-Spirodeletum polyrhizae and Potamo-Ceratophylletum submersi. First two associations are characterized by floating-leaved dominant species, while the last two with pleustophytes, which explains their preference for lentic habitats.



The last section of the Danube is characterized by its lowest slope [14] but highest discharge [47]. In general, the conditions seem to also be favorable in this section since the plant species richness and abundances are considerably high (Figure 3); in some sections, they can reach the same values as in the previous section with impoundments. This is evident also in Figure 6, which displays the distribution of plant communities, and eight of them are found in this section of the Danube, the plant association Potametum crispi exclusively here. Several researchers connect the spreading of this association with the eutrophication of the water [67,106].





5. Conclusions


The Danube is far from being a natural river, but some free-running sections have reasonably low human interference. Still, the study on species distribution and abundance showed that the free-running sections of the river are poor in number and abundance of species, whereas impounded reaches mainly show the opposite result. According to the distribution of aquatic macrophytes and the communities, they are forming, four different sections of the Danube can be distinguished. However, we should be aware that the main reason driving this distribution pattern is human activities generating disturbances (navigation, hydropower-plants, pollution, etc.).
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Figure 1. Relative values of total abundance of different species occurring in the Danube River. “Others” indicates the abundance of the remaining species. Species abbreviations: Pot pec—Potamogeton pectinatus, Pot per—Potamogeton perfoliatus, Myr spi—Myriophyllum spicatum, Cer dem—Ceratophyllum demersum, But umb—Butomus umbellatus, Pot nat—Potamogeton natans, Pot luc—Potamogeton lucens, Pot gra—Potamogeton gramineus, Pha aru—Phalaris arundinacea, Pot cri—Potamogeton crispus, Spi pol—Spirodela polyrhiza, Cer sub—Ceratophyllum submersum, Pot pus—Potamogeton pusillus, Tra nat—Trapa natans, Elo nut—Elodea nuttallii. 






Figure 1. Relative values of total abundance of different species occurring in the Danube River. “Others” indicates the abundance of the remaining species. Species abbreviations: Pot pec—Potamogeton pectinatus, Pot per—Potamogeton perfoliatus, Myr spi—Myriophyllum spicatum, Cer dem—Ceratophyllum demersum, But umb—Butomus umbellatus, Pot nat—Potamogeton natans, Pot luc—Potamogeton lucens, Pot gra—Potamogeton gramineus, Pha aru—Phalaris arundinacea, Pot cri—Potamogeton crispus, Spi pol—Spirodela polyrhiza, Cer sub—Ceratophyllum submersum, Pot pus—Potamogeton pusillus, Tra nat—Trapa natans, Elo nut—Elodea nuttallii.



[image: Water 13 00918 g001]







[image: Water 13 00918 g002 550] 





Figure 2. The occurrence of the most abundant native species (>1%) along the flow. The size of the circles shows the relative abundance of each species. Light gray vertical bars represent the sections with no data. For species abbreviations, see Figure 1. 
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Figure 3. Changes in total species number (lower graph) and relative species abundance along the Danube River flow. Different colors indicate different clusters. Light grey vertical bars represent the sections with no data. Light blue stripes indicate sections where no influence of dams on the flow was detected. For cluster number information, see Table 1. 
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Figure 4. The occurrence of neophyte species (according to EU list) along the flow. The size of the circles shows the relative abundance of each species. Light gray vertical bars represent the sections with no data. Species abbreviations: Val spi—Vallisneria spiralis, Elo nut—Elodea nuttallii, Elo can—E. canadensis, Azo fil—Azolla filiculoides. 
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Figure 5. Similarity of the macrophyte communities comparing different stretches along the River Danube using Ward’s linkage method and Euclidean distance similarity index. C—cluster, N—number of stretches in the cluster. 






Figure 5. Similarity of the macrophyte communities comparing different stretches along the River Danube using Ward’s linkage method and Euclidean distance similarity index. C—cluster, N—number of stretches in the cluster.



[image: Water 13 00918 g005]







[image: Water 13 00918 g006 550] 





Figure 6. Occurrence of the different clusters along the Danube River flow derived from Figure 5. Different colors indicate different clusters and plant communities (see Table 1). Light gray vertical bars represent sections with no data. 
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Figure 7. Canonical correspondence analysis (CCA) plot showing the relation between neophyte species presence and abundance and significant environmental parameters and a total number of species in the stretch detected in neophyte species habitats. 
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Table 1. The description of different clusters regarding the number of stretches/plant assemblages (N) mean Secchi depth, mean number of species, dominant species, adjusted mean abundance of dominant species, species frequency and the type of association.
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Cluster No.

	
N

	
Mean Secchi Depth (cm)

	
Mean No. of Species

	
Dominant Species

	
Adj. Mean Abundance Values

	
Species Frequency (%)

	
Association






	
1

	
86

	
126 ± 45

	
4.5 ± 1.7

	
Myr spi

	
32.8

	
100

	
Potamo pectinati-Myriophylletum spicati Rivas Goday 1964




	
Pot per

	
6.5

	
78




	
Ali pla

	
3.5

	
78




	
2

	
48

	
72 ± 19

	
3.6 ± 2.4

	
But umb

	
28.7

	
100

	
Butometum umbellati Philippi 1973




	
Agr sto

	
4.8

	
42




	
Spa ere

	
2.1

	
23




	
3

	
60

	
66 ± 23

	
1.8 ± 1.2

	
Pot acu

	
25.1

	
100

	
Potametum acutifolii Segal ex Šumberová et Hrivnák in Chytrý 2011




	
Aco cal

	
1.8

	
100




	
4

	
5

	
66 ± 2

	
3.8 ± 2.5

	
Zan pal

	
41.8

	
100

	
Parvo-Potamo-Zannichellietum pedicellatae Soó 1947




	
But umb

	
3.4

	
60




	
Pot pec

	
2.0

	
60




	
5

	
74

	
48 ± 28

	
3.3 ± 2.2

	
Pot pec

	
8.4

	
97

	
Species-poor and abundance low community with Potamogeton pectinatus




	
Elo nut

	
1.6

	
19




	
Pot cri

	
1.5

	
34




	
Pha aru

	
1.4

	
32




	
6

	
1345

	
70 ± 25

	
1.5± 2.2

	
But umb

	
0.42

	
21

	
Species-poorest and abundance lowest sections.




	
Pha aru

	
0.36

	
15




	
Pot per

	
0.34

	
6




	
7

	
219

	
89 ± 40

	
4.7 ± 2.1

	
Myr spi

	
6.6

	
86

	
suboptimal community with Myriophyllum spicatum




	
Cer dem

	
3.7

	
42




	
Pot per

	
3.4

	
52




	
Pot cri

	
3.3

	
61




	
8

	
17

	
/

	
5.4 ± 1.0

	
Pot cri

	
26.4

	
100

	
Potametum crispi Soo 1927




	
Myr spi

	
9.1

	
100




	
Pot pus

	
7.5

	
94




	
9

	
5

	
116 ± 18

	
12.0 ± 4.1

	
Pot pec

	
63.3

	
100

	
Potametum perfoliati Miljan 1933




	
Pot per

	
63.2

	
100




	
Cer dem

	
16.1

	
80




	
10

	
29

	
78 ± 21

	
8.1 ± 3.9

	
Pot pec

	
65.1

	
100

	
Potametum pectinati Carstensen ex Hilbig 1971




	
Pot per

	
14.7

	
85




	
Myr spi

	
6.8

	
45




	
11

	
29

	
100 ± 21

	
10.0 ± 2.3

	
Pot nat

	
26.2

	
100

	
Potametum natantis Hild 1959




	
Pot per

	
22.1

	
97




	
Pot gra

	
17.3

	
97




	
12

	
12

	
96 ± 17

	
11.5 ± 1.3

	
Pot nat

	
29.8

	
100

	
Potametum natantis Hild 1959and Trapetum natantis Kárpáti 1963 (6 out of 12)




	
Pot pec

	
25.5

	
100




	
Tra nat

	
20.7

	
83




	
Pot per

	
17.8

	
75




	
13

	
19

	
130 ± 10

	
12.2 ± 2.8

	
Cer sub

	
21.3

	
89

	
Potamo-Ceratophylletum submersi Pop 1962




	
Spi pol

	
18.0

	
100




	
Pot pec

	
5.9

	
95




	
Pot luc

	
4.7

	
95




	
Lem min

	
2.1

	
89




	
14

	
33

	
84 ± 23

	
11.8 ± 2.9

	
Pot luc

	
23.5

	
100

	
Potametum lucentis Hueck 1931




	
Pot pec

	
16.1

	
97




	
Cer dem

	
12.7

	
97




	
Spi pol

	
8.7

	
100




	
15

	
27

	
69 ± 23

	
6.0 ± 3.2

	
Pot pec

	
31.6

	
100

	
Potametum pectinati Carstensen ex Hilbig 1971




	
Pot nat

	
3.8

	
25.9




	
Pot per

	
3.7

	
44.4




	
16

	
7

	
123 ± 19

	
9.6 ± 3.3

	
Pot per

	
62.3

	
100

	
Potametum perfoliati Miljan 1933




	
Cer dem

	
20.8

	
86




	
Pot gra

	
6.6

	
43




	
17

	
44

	
109 ± 32

	
7.2 ± 2.8

	
Pot per

	
26.1

	
93

	
Potametum perfoliati Miljan 1933




	
Pot pec

	
26.2

	
75




	
Myr spi

	
13.8

	
75




	
18

	
10

	
68 ± 9

	
12.4 ± 2.9

	
Pot pec

	
47.4

	
100

	
Potametum lucentis Hueck 1931




	
Pot luc

	
41.9

	
100




	
Cer dem

	
23.4

	
100




	
Pot gra

	
17.8

	
100




	
19

	
18

	
78 ± 7

	
12.9 ± 2.5

	
Pot pec

	
32.7

	
100

	
Potametum graminei Lang 1967




	
Cer dem

	
29.6

	
100




	
Pot gra

	
27.2

	
100




	
Pot luc

	
19.4

	
94




	
20

	
23

	
70 ± 9

	
8.8 ± 3.8

	
Cer dem

	
30.6

	
100

	
Ceratophylletum demersi Corillion 1957




	
Spi pol

	
13.5

	
57




	
Pot luc

	
7.8

	
26




	
21

	
10

	
125 ± 18

	
13.2 ± 2.5

	
Spi pol

	
56.8

	
100

	
Lemno-Spirodeletum polyrhizae Koch 1954 (6) and Ceratophylletum demersi Corillion 1957 (4)




	
Cer dem

	
29.3

	
90




	
Cer sub

	
19.8

	
90




	
Wol arr

	
14.5

	
60
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Table 2. Summary of multivariate analyses aimed to explain the species presence and abundance with environmental selected environmental parameters. RDA—Redundancy analysis, CCA—Canonical correspondence analysis, DCA—Detrended correspondence analysis.
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	Analysis *
	Data Set
	Total Explained Variance (%)
	Significant Parameters/Explained Variance





	RDA
	Whole course (all species)
	8
	All, with the exception of land use



	CCA
	Whole course; only species with total abundance more than 1%
	21
	All parameters, with exception of flow velocity

Secchi depth (R) (6%, p = 0.001)

Distance from the source (4%, p = 0.001)

Current velocity (R) (3%, p = 0.001)

Other parameters (8%, p ≤ 0.014)



	CCA
	Neophyte species only
	45
	Current velocity (L) (17%, p = 0.001)

Secchi depth (L) (12%, p = 0.001)

Sediment type (L) (7%, p = 0.002)

No of species per stretch (5%, p = 0.001)

Bank structure (R) (3%, p = 0.001)

Current velocity (R) (1%, p = 0.022)







* Selected based on DCA regarding eigenvalue for the first axis and gradient length.
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