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Abstract: Rivers and streams are heterogenous ecosystems that host a great number of vascular
plant communities. The territory of Slovenia is highly diverse regarding geomorphologic, geologic,
climatic, and edaphic conditions. We presumed that environmental variability will also affect the dis-
tribution of hygrophilous vascular plants in running waters and consequently the structure of plant
communities they form. We analyzed macrophyte, spatial, and environmental parameters in 906
stretches of the watercourses occurring in the Dinaric, Pannonian, and Po lowland hydro-ecoregions.
We determined 87 vascular plant taxa. The most abundant were Myriophyllum spicatum, Phalaris
arundinacea, and Potamogeton nodosus. Submerged macrophytes presented about one third of total
species abundance, while amphiphytes were somewhat less abundant. Canonical correspondence
analysis (CCA) revealed that distance from the source explained 15.1% of the growth form type
variability, and current velocity and latitude explained 4.1% each. With the assessed parameters, we
explained 31.6% of the variability. When CCA was run with taxa, only 20.9% of their variability was
explained with statistically significant parameters. We distinguished 25 different plant associations
belonging to five classes and nine alliances. The majority of defined plant communities were dis-
tributed in different watercourses belonging to different hydro-ecoregions. Only seven communities
had a narrower distribution range, three of them on karst poljes. Among them, the new association
Mentho aquaticae-Oenanthetum fistulosae from the river Mali Obrh on the Losgko polje was described in
this contribution.

Keywords: macrophytes; growth forms; plant communities; distribution; rivers; streams; Slovenia

1. Introduction

Rivers, as well as streams, exhibit high spatial and temporal heterogeneity, which
is a consequence of their interactions across four dimensions: longitudinal, lateral and
vertical, and temporal [1]. These interactions enable the exchange of energy, matter, and
organisms [2]. The strength of spatial interactions is changing along the river flow and due
to human influences on water flow, riverbed shape, and its connection to the floodplains in
catchments [3]. These interactions may result in different disturbances, such as increased
current velocity, erosion, fluctuations of water level, siltation and sedimentation, and
other pressures like changes in water quality (i.e., pH, temperature and concentrations
of dissolved oxygen, nutrients, and toxic metals) [4,5]. Thus, rivers present a highly
unpredictable habitat for organisms. The extent of the pressures exerted on the rivers
depends on the properties of the catchment, namely slope, geology, land cover parameters,
and human impact on river morphology. All these parameters may significantly alter
riverine communities, including macrophytes [6-8].

Macrophyte communities respond to changes in their habitats and reflect the quality of
the wider environment [9-13]. However, the relationship is also reversed, since longitudinal
transport of dissolved nutrients and particulate matter in rivers depends on the type
of macrophyte communities and their retention potential [14]. Different macrophyte
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communities vary significantly in their productivity and respond differently to nutrient
concentrations [15]. Therefore, the relationships between nutrient level and community
structure also vary significantly [16]. In addition to nutrients, current velocity is also
considered as an important factor shaping macrophyte communities [17,18], affecting their
distribution, species composition, biomass, and macrophyte metabolism [19,20]. In many
cases, current velocity determines whether plants will successfully colonize and establish
stable communities in a specific habitat [21-23]. Additionally, current velocity also affects
plant communities indirectly, through the effects on the substrate and on erosion processes.
Macrophyte communities are also the result of species competition, especially in terms
of competition for light, nutrients, and space [24]. Competitive potential of macrophytes
depends on their traits regarding growth dynamics, carbon assimilation, energy harvesting,
and nutrient uptake [25]. Nutrient uptake by macrophytes in rivers is variable due to
seasonality and their growth dynamics [26]. All these parameters may exert negative effects
on macrophyte communities. In the case of European lowland watercourses, a decline
in macrophyte species diversity and unification of communities was detected in recent
decades. In many systems, fast-growing species with a wide ecological range are favored,
which prevents the development of other more demanding species [27,28].

Globally, many vascular macrophyte species have broad distribution ranges, however,
about 39% of the ca. 412 genera containing aquatic vascular macrophytes are endemic
to a single biogeographic region [29]. In the case of 345 sites in central North America,
temperature did not turn out to be an important factor affecting macrophyte distribution,
although it may exert an indirect effect on waterbody properties [30]. For fluvial lakes, it
was shown that the landscape morphometric parameters explained a great share of spatial
distribution of submerged macrophyte communities [31], while in the case of eastern
Pyrenean lakes water chemistry, altitude, vegetation cover of the catchment, and nutrient
availability were the major environmental factors affecting macrophyte distribution [32].
Linear models indicated that richness of emergent species in ponds was negatively affected
by total phosphorous, while the land cover factors affected submerged species richness [33].

The Slovenian territory is geographically highly diverse regarding geomorphologic,
geologic, climatic, and edaphic conditions. Slovenia is also situated on the junction of four
biogeographic regions, namely the Alpine, Dinaric, Pannonian, and (sub)Mediterranean
regions [34-36]. The high environmental diversity of Slovenia results in high biodiver-
sity [37]. For the purpose of aquatic ecosystem management, Slovenian territory was
re-delineated to the Alpine, Dinaric, Pannonian, and Po regions [38]. Many watercourses,
especially in the Dinaric region, are marked by an intermittent water regime, which gener-
ates physical disturbances due to extreme water level fluctuations and affects conditions in
rivers, namely nutrient availability and occasionally even intermittence [39]. Studies of
many authors [6,40,41] have revealed positive relationships between moderate water level
changes and species diversity, as well as productivity.

Vegetation of aquatic ecosystems and distribution of aquatic plant communities have
been studied with significantly lower intensity compared to terrestrial plant communi-
ties [42,43]. The result is a lack of knowledge in this research area, at least in some parts of
Europe [44], which should be elaborated, especially due to high threats to these habitats.
The above-mentioned facts are even more true in the case of running waters [42]. With
this contribution, we would like to fill this gap for the part of central Europe, since our
research area covers three hydro-ecoregions, namely the Po lowland, the Dinaric, and the
Pannonian lowland, and represents an area reaching beyond the borders of the territory of
Slovenia, which is also evident from Figure 1.



Water 2021, 13, 1071

30f26

Italy

Hungary

Austria

Pesnica . ,
Scavnica

Hock ga‘»\ ...~
Paviovskif§f Liba
iy
Reka Studencica Trnava
4 Polskava §

SLOVENIA

Ljubljana
Ljubljanica $

) 4 o & A
Liubijag, @ Izu:au X %\Cvm potok —_— W‘O>E
Vipava Bistra" Sunia O % Temenica Krka :
e Borovniséica ! ) '
e =) %Umca (qb %% %‘ /(' » s
S g a
Nanosgica &% @Rak Ra&cica % _}@S&ﬁf
anusu@&ﬁ@ ‘Qﬂz’en O 0 25 50 km
%&P'Vka 4{%: Veliki Obrh
> Q. P
Mali Obrh %, RinZa * Polowland ALTITUDES
i = Dinaric .
% Rizana
Sy, Western Balkan R
® Pannonian 2500
lowland 2000

1500
1000
500
0

Figure 1. Map of Slovenia showing the distribution of surveyed sites. Circles of different colors indicate different hydro-

ecoregions. The font size of the name roughly indicates the size of the specific watercourse.

In this study, we investigated 34 Slovenian watercourses belonging to the hydro-
ecoregions the Po lowland, Dinarides, and the Pannonian lowland, in order to examine
growth forms of macrophyte species and macrophyte communities in these watercourses,
and to point out the potential regionality of these communities. We also expected that
environmental variability would affect number of taxa, their abundance, and the occurrence
of different growth forms.

2. Materials and Methods
2.1. Study Area

The geologic and climatic conditions of Slovenia are very diverse. Sedimentary
rocks, of which limestone and dolomite predominate, cover 65.1% of the territory. Loose
sediments (gravel, sand) are found in tectonic depressions and river valleys and contribute
an additional 29.2%. Metamorphic rocks are mostly concentrated in northeast Slovenia
accounting for 4.1%, while igneous rocks cover only 1.6% of the surface and are found
along the Periadriatic fault and in the Pohorje Mountains [45]. Three types of climate occur
in Slovenia, namely temperate humid climate with hot summers, temperate continental
climate, and mountain climate, with the highest precipitation in the Julian Alps (in the
northwest), which is at least three times the precipitation of the Pannonian northeastern
Slovenia [46]. Slovenia is also the junction of four biogeographic regions, namely the
Alpine, Dinaric, Pannonian, and (sub)Mediterranean regions [34-36].

For the purpose of this study, we investigated watercourses that belong to three hydro-
ecoregions, namely Dinaric, Po lowland, and Pannonian lowland. The watercourses from
the Alpine region were excluded, as vascular plants are scarce in this region. The majority of
the Slovenian territory (about 16.500 km?) is drained into the Black Sea, while 3.750 km? is
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drained into the Adriatic Sea [47]. Only two among the studied rivers (Vipava and RiZana)
belong to the Adriatic catchment area. Altogether, we examined 1141 reaches of which
535 reaches belong to the hydro-ecoregion Dinarides, 352 reaches belong to the hydro-
ecoregion Pannonian lowland, while only 19 belong to the hydro-ecoregion Po lowland.
The watercourses Vipava (50), Rizana (32), Kolpa (96), Krka (108), Sotla (54), Temenica (51),
Mali Obrh (12), Veliki Obrh (15), StrZen (42), Rak (8), Nanos¢ica (12), Pivka (18), Unica (29),
Ljubljanica (22), IZica (23), Ljubija (10), Bistra (7), Borovnis¢ica (7), Zelimeljééica (3), Rinza
(18), Rasica (14), Polskava (12), Crni potok (13), éentpavelééica (9), Ho¢ki potok (14), Reka
(21), Studenc¢nica (11), Struga (22), Pesnica (85), S¢avnica (39), Pavlovski potok (16), Libanja
(17), and Trnava (16) were examined (Figure 1).

2.2. Macrophyte Data Set

Surveys were carried out in the years 2002-2006 along the entire stream courses. New
sampling stretches were determined according to major changes in habitat characteristics
and macrophyte distribution; 100 m stretches were determined on ca. 500 m intervals. A
similar approach, but with 1000 m stretches, was used in the macrophyte survey of the
Danube River [48]. Macrophyte surveys were performed from the bank of the stream,
by wading in the stream or from a boat, using a rake with hooks. We recorded sub-
merged, floating, and emergent vascular plants, bryophytes, charophytes, and filamentous
algae. Macrophyte species abundance was estimated as a relative plant biomass using
a five-degree scale, namely 1-very rare, 2-rare, 3-commonly present, 4—frequent, and
5-predominant, as proposed by Kohler and Janauer [49]. These values were transformed
by the function x3, as suggested by Schneider and Melzer [50]. The plants that were sam-
pled in the vegetative phenological phase, which prevented identification to the species
level, were only recorded on the genus level. We differentiated the following growth
forms: pleustophytes (pl-free-floating on or below the water surface), submerged anchored
species (sa—rooted in the sediment), floating-leaved species (fl-rooted in the sediment,
forming exclusively or additionally leaves floating on the water surface), amphiphytes
(am-having the ability to produce terrestrial and aquatic growth forms, or aquatic and
aerial leaves), and helophytes (he—anchored in the water-saturated sediment, with plant
assimilation areas permanently in the air) [51]. Stretches that were colonized only by
bryophytes and stoneworts, and stretches with very low abundance of vascular species,
namely less than 4 vascular plant species with lowest abundance values, were excluded
from the analyses. A set of 906 sampled stretches was analyzed. Species names followed
the nomenclature of Flora Europaea [52]. For the purpose of community analyses, the ordinal
values of the Kohler-scale were transformed into quantitative values (“quantities”) [53].
We equalized the transformed values as percentage cover-abundance values according to
Braun-Blanquet [54], as previously tested and used by other authors [55,56]. We also used
these “adjusted” values to examine if the clusters obtained by cluster analysis meet the
definitions of specific associations, which are mostly defined by presence and/or abun-
dance of diagnostic species. These values for dominant species are presented in Table A1l
in Appendix A.

2.3. Environment Assessment

The assessment of environmental conditions in the selected watercourses was per-
formed in the same stretches as the survey of macrophytes. We applied a modified Riparian,
Channel, and Environmental (RCE) Inventory, proposed by Petersen [9] that comprised
11 parameters, each describing four levels of environmental gradient. The parameters
include land-use type beyond the riparian zone, characteristics of the riparian zone (width,
completeness, and vegetation type), and morphology of the stream channel (bank struc-
ture and undercutting, occurrence of retention structures, sediment accumulation, type of
stream bottom and detritus, and dynamics of the flow, i.e., occurrence of riffles, pools, and
meanders) [7,57]. Each parameter includes four categories comprising quality gradient,
coded numerically from 1 to 4; 1 represented good, close to natural condition, while quality
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gradient values from 2 to 4 indicated worsening of environmental conditions or differences
either due to regional characteristics or due to the longitudinal character of the river. We
also assessed current velocity according to Janauer et al. [58] using a 4-level scale (1-no
visible current, 2-slow, >0 to 30 cm s~ !, 3-medium, 35 to 65 cm s~ !, and 4—fast current,
>70 cm s~ 1).

Maps were made using QGIS version 3.16 [59].

2.4. Data Analyses and Classification of Aquatic Plant Communities

Diversity was measured as the number of species and the Shannon-Wiener diversity
index (H"), which was calculated based on mean cover values with PAST, version 2.17c [60].
Correlations between diversity, abundance of macrophyte communities, and environmental
parameters were calculated with Spearman correlation on ranks using PAST, version
2.17c [60]. Similarity of macrophyte communities between the stretches was also calculated
with the aforementioned program. Ward’s method was used as linkage method and
Euclidean distance was used as similarity index [61], which provided clustering with
lowest levels of chaining [62]. This enabled the comparison of similarity among the
assemblages from different locations and their classification into plant communities. We
used the approach based on the dominant species, which is also diagnostic for specific
associations. This approach is frequently used for aquatic vegetation [63]. Dominance-
based classification for species-poor plant communities is most similar to the approaches
in traditional phytosociology [64].

Classification of plant communities was based on the definitions proposed by Sum-
berova and co-workers [65-68], Zaliberova and Skodova [69], and Landucci et al. [70].
Nomenclature of higher syntaxa (classes, alliances) followed Mucina et al. [71], while
nomenclature of associations was in accordance with Sumberova and co-workers [65-68],
Landucdi et al. [70], and Zaliberova and Skodova [69].

2.5. The Influence of Environmental Factors on Macrophyte Community Composition

Firstly, detrended correspondence analysis (DCA) was performed, which helped us
to evaluate whether the gradients in the matrix of macrophyte species data were linear
or unimodal, and choose the appropriate direct gradient analysis for further analyses. If
the eigenvalue for the first axis was at least 0.4 and gradient length exceeded 3 standard
deviations, respectively, as suggested by ter Braak and Verdonschot [72], canonical cor-
respondence analysis (CCA) was performed, while in other cases redundancy analysis
would have been conducted (RDA). Species abundance values were log(x + 1)-transformed.
Results of these analyses enabled the assessment of the relationships between environmen-
tal parameters and distribution and abundance of macrophytes and their growth forms.
In addition to 12 of the above-mentioned environmental parameters, we also tested the
relationships between macrophytes and presence and abundance of filamentous algae, as
well as selected geographical parameters, i.e., longitude and latitude, distance from the
source, slope, and altitude.

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 [73].
Only the parameters with significance p < 0.05 (or p < 0.001 in the case of growth forms)
were considered for further analyses. All analyses were performed using CANOCO for
Windows 4.5 program package [74,75].

3. Results
3.1. Macrophyte Taxa and Their Growth Forms

In the surveyed stretches of selected watercourses, we determined a total of 87 vascular
plant taxa that belonged to different growth forms. When comparing total abundance of
vascular macrophytes in the surveyed watercourses, submerged macrophytes prevailed
with 36.0%, followed by amphiphytes (29.9%). A somewhat lower share (18.2%) was
attributed to helophytes and floating-leaved plants (12.9%), while pleustophytes, namely all
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the free-floating vascular plant taxa, had the lowest share (3.1%). The most abundant species
was Myriophyllum spicatum (12.0%), followed by Phalaris arundinacea (6.7%), and Potamogeton
nodosus (6.6%), while the abundance of the species Berula erecta, P. perfoliatus, alien species
Elodea canadensis, P. crispus, P. pectinatus, Nuphar luteum, P. natans, and Schoenoplectus lacustris
contributed 3-4% each. Another 76 species altogether contributed about a half (51.1%) to
the total relative abundance. Relative abundances of macrophyte species in stretches of the
surveyed watercourses are presented in Figure 2.

Austria
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Figure 2. Relative abundance of macrophyte species presented as size of the circles in the stretches of the surveyed

7

watercourses.

Correlation analyses revealed positive relationships between species diversity and
retention structures, sediment, and detritus deposition, while there were negative relation-
ships between filamentous algae abundance and current velocity and slope. In addition, a
negative relationship was also obtained between species diversity and distance from the
source, while a positive relationship was found between species diversity and altitude
(Table 1).
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Table 1. Spearman correlation coefficients between diversity, abundance, and assessed environmental
variables. S-W-Shannon-Wiener diversity index; ***—very highly significant (p < 0.001), **—highly
significant (p < 0.01), *—significant (p < 0.05).

Variable No. of Taxa S-w Abundance
Distance from the source —0.314 *** —0.304 *** —0.215 ***
Altitude 0.383 *** 0.363 *** 0.175 ***
Slope —0.141 *** —0.132 *** —0.167 ***
Land use 0.084 ** 0.097 ** 0.115 ***
Width of riparian zone ns ns ns
Completeness of riparian zone 0.123 *** 0.131 *** 0.133 ***
Vegetation of riparian zone 0.072 % 0.078 * 0.131 ***
Retention structures 0.188 *** 0.169 *** 0.104 **
Sediment deposition 0.196 *** 0.206 *** 0.184 ***
Riverbed bottom 0.207 *** 0.180 *** 0.202 ***
Flow dynamics 0.120 *** 0.129 **= 0.121 ***
Presence of detritus 0.216 *** 0.189 *** 0.192 ***
Current velocity —0.365 *** —0.322 *** —0.386 ***
Presence of filamentous algae —0.205 *** —0.191 *** ns

3.2. The Relationships between Growth Forms and Environmental Factors

The CCA ordination plot (Figure 3) showing the relationships between the abundance
of growth forms and significant environmental parameters in different stretches is pre-
sented in Figure 3. This analysis revealed that distance from the source explained 15.1% of
the growth form type variability, current velocity and latitude explained 4.1% each, the
presence of filamentous algae 2.7%, altitude and river bottom 1.4% each, and sediment
deposition explained less than 0.5%. All these parameters were very highly significant
(p < 0.001). Altogether, with the environmental parameters, we explained 31.6% of the
variability of presence and abundance of plant growth form types. Submerged plants and
floating-leaved plants were related to distance from the source, pleustophytes to current
velocity, while amphiphytes and helophytes were related to slope and river bottom.

4 Current velocity
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plants with fldating leaves "~ “ A\ /L a'ﬁ?&lﬂkyfes

PIRY

, : B Siopes
Distance from sourcé 8 %ottom/ze
\ o

p: a A
pleustophytes A e’

a

o A
Sediment
A

A&

a " aWidth of riparianZope Latitude

-4 ' ' 4

Figure 3. CCA (canonical correspondence analysis) plot showing the relationships between the abundance of different
growth forms and significant environmental parameters detected in different stretches of the examined rivers.
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3.3. Relationships between Species and Environmental Factors

CCA revealed that all the tested environmental parameters significantly affected
the variability of species presence and abundance (p < 0.001), however, the share of ex-
plained variance was rather low, altogether 20.9% (Figure 4). Geographical parameters
were revealed to be the most important. Distance from the source explained 4.9%, altitude
3.8%, longitude 2.4%, latitude 1.7%, current velocity 1.1%, and the presence of filamentous
algae and width of riparian zone 0.95% of the variability each. The remaining param-
eters explained altogether an additional 5.5% of the variability of species presence and
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Figure 4. CCA plot showing the relationships between species presence and abundance, and significant environmental
parameters detected in different stretches of the examined rivers. Only the parameters explaining at least 0.95% of the
variability of species presence and abundance are presented. Abbreviated species names: Acorus calamus (Aco cal), Agrostis
stolonifera agg. (Agr sto), Alisma lanceolatum (Ali lan), Alisma plantago-aquatica (Ali pla), Alisma spp. (Ali spp), Berula erecta
(Ber ere), Butomus umbellatus (But umb), Callitriche spp. (Cal spp.), Caltha palustris (Cat pal), Ceratophyllum demersum (Cer
dem), Eleocharis palustris (Ele pal), Elodea canadensis (Elo can), Epilobium hirsutum (Epi hir), Epilobium parviflorum (Epi par),
Equisetum palustris (Equ pal), Galium palustre (Gal pal), Glyceria fluitans (Gly flu), Glyceria maxima (Gly max), Gratiola officinalis
(Gra off), Groenlandia densa (Gro den), Hippuris vulgaris (Hip vul), Hottonia palustris (Hot pal), Iris pseudacorus (Iri pse), Juncus
articulatus (Jun art), Juncus effusus (Jun eff), Juncus inflexus (Jun inf), Leersia oryzoides (Lee ory), Lemna minor (Lem min), Lemna
trisulca (Lem tri), Lycopus europaeus (Lyc eur), Lysimachia vulgaris (Lys vul), Lythrum salicaria (Lyt sal), Mentha aquatica (Men aqu),
Mentha longifolia (Men lon), Menyanthes trifoliata (Men tri), Myosotis scorpioides agg. (Myo sco), Myriophyllum spicatum (Myr
spi), Myriophyllum verticillatum (Myr ver), Najas marina (Naj mar), Najas minor (Naj min), Nasturtium officinale (Nas off), Nuphar
Iuteum (Nup lut), Nymphaea alba (Nym alb), Oenanthe fistulosa (Oen fis), Phalaris arundinacea (Pha aru), Phragmites australis
(Phr aus), Plantago altissima (Pla alt), Polygonum amphibium (Pol amp), Polygonum spp. (Pol spp), Potamogeton berchtoldii (Pot
ber), Potamogeton crispus (Pot cri), Potamogeton lucens (Pot luc), Potamogeton natans (Pot nat), Potamogeton nodosus (Pot nod),
Potamogeton pectinatus (Pot pec), Potamogeton perfoliatus (Pot per), Potamogeton salicifolius (Pot sal), Potamogeton trichoplyllus
(Pot tri), Potamogeton x zizii (Pot ziz), Ranunculus circinatus (Ran cir), Ranunculus flammula (Ran fla), Ranunculus fluitans (Ran
flu), Ranunculus lingua (Ran lin), Ranunculus trichophyllus (Ran tri), Rorippa sylvatica (Ror amp), Rorippa amphibia (Ror syl),
Rumex hydrolapathum (Rum hyd), Sagittaria sagittifolia (Sag sag), Schoenoplectus lacustris (Sch lac), Scirpus sylvaticus (Sci syl),
Scrophularia umbrosa (Scr umb), Senecio paludosus (Sen pal), Sium latifolium (Siu lat), Sparganium emersum (Spa eme), Sparganium
erectum agg. (Spa ere), Sparganium spp. (Spa spp.), Spirodela polyrhiza (Spi pol), Teucrium scordium (Teu sco), Trapa natans (Tra
nat), Typha angustifolia (Typ ang), Typha latifolia (Typ lat), Utricularia intermedia (Utr int), Utricularia vulgaris (Utr vul), Veronica
anagallis-aquatica (Ver ana), Veronica beccabunga (Ver bec), Veronica scutellata (Ver scu), Zannichellia palustris (Zan pal).
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3.4. Macrophyte Communities

The similarity of macrophyte communities is presented in Figure 5, showing clustering
of stretches. We distinguished 34 different clusters that were the basis for the definition
of 25 associations belonging to five classes and nine alliances. Synoptic table shows the
relative importance of different taxa (dominant and subdominant), expressed as average
values of cover-abundance (Table A1), while plant communities based on these clusters are
presented in Table 2. Overall, we determined 25 dominant taxa and 44 subdominant taxa.
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Figure 5. Similarity of the macrophyte stands, recorded in the studied watercourses using Ward'’s linkage method and
Euclidean distance similarity index.



Water 2021, 13, 1071

10 of 26

Table 2. Clusters classified into plant communities, their formal definitions as well as dominant and subdominant species.

Formal Definition

Cluster N Plant Communities Coverage (%) of Pomlnant Taxa; NOT
Number Subdominant
Potamogeton crispus >25%
Potamogeton natans >25%
Potamogeton nodosus >25%
1 6 Ceratophylletum demersi Corillion 1957 Ceratophyllum demersum >50% Ceratophyllum submerstin >25%
Py Pty ’ Nuphar luteum >25%
Phragmites australis >25%
Sagittaria sagittifolia >25%
Sparganium erectum >25%
2 31 Potametum denso-nodosi de Bolds 1957 Potumogeton rodosus >25%;
codominant C. demersum
3 10 Potametum denso-nodosi de Bolés 1957 Potamoge.ton nodosus >25%; Sagzttar%a sagittifolia > 250/0
subdominant C. demersum Sparganium emersum >25%
4 10 Potametum denso-nodosi de Bolés 1957 Potamogeton nodosus >25%
Myriophylletum verticillati Gaudet ex ) . o
5 5 Sumberov in Chytry 2011 Myriophyllum verticillatum >25%
- . o Butomus umbellatus >25%
6 31 Potamio p ectzlnatz—Myrzophy lletum spicati Muyriophyllum spicatum >50% Nuphar luteum >25%
Rivas Goday 1964 . o
Sparganium emersum >25%
Potamo pectinati-Myriophylletum spicati . . o .
7 6 Rivas Goday 1964 Myriophyllum spicatum >50% Potamogeton pectinatus
Potametum pectinati Carstensen ex . o . . ko
8 8 Hilbig 1971 Potamogeton pectinatus >50% Zannichellia palustris >5%
Polygonum hydropiper/mite >50% Chenopodium glaucum
9 7 Polygonetum hydropiperis Passarge 1965 codom.: Myriophyllum spicatum, Ranunculus sceleratus
Phalaris arundinacea Urtica dioica >25%
10 12 Phragmitetum australis Savi¢ 1926 Phragmites australis >50%
Phalaris arundinacea >25% AND
11 26 Phalaridetum arundinaceae Libbert 1931 (groups Bidens frondosa/ Cirsium
oleraceum / Urtica dioica)
Rumici crispi-Agrostietum stoloniferae Rorip pasy Foestris A(}\I D 4g rostis
12 6 stolonifera agg. >25% OR Bidens
Moor 1958 OO, o
tripartita >50%
Community with Myriophullum low dominance (15%)-Phalaris
13 109 yw yriopty dominant Myriophyllum spicatum arundinacea, Potamogeton
spicatum
nodosus
Glyceria maxima cover >25%
Phalaris arundinacea>25%
14 4 Oenantho aquaticae-Rorippetum Rorippa amphibia >25%; Phragmites australis>25%
amphibiae Lohmeyer 1950 Alisma plantago-aquatica Sagittaria sagittifolia>25%
Schoenoplectus lacustris
>25%Sparganium erectum >25%
Glycerio notatae-Veronicetum .
15 4 beccabungae Landucci et al. 2020 Veronica beccabunga
Alisma lanceolatum >25%
16 5 Alopecuro-Alismatetum Alisma plantago-aquatica >25% Glyceria maxima >25%

plantaginis-aquaticae Bolbrinker 1984

Sparganium emersum >25%
Sparganium erectum >25%
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Table 2. Cont.

Formal Definition

Cluster Plant Communities Coverage (%) of Pomlnant Taxa; NOT
Number Subdominant
species-poorest. abundance lowest Phalaris arundinacea. Lytrum
17 226 I . gy
stretches salicaria, Myosotis scorpioides
18 30 Phragmitetum australis Savi¢ 1926 Phragmites australis fow dommmlq:;zefri ); Nuphar
19 5 Menthq aquaticae-Oenanthetiun Oenanthe fistulosa >50%
fistulosae ass. nova
Nuphar luteum>25%
20 27 Potametum crispi von So6 1927 Potamogeton crispus >25% Potamogeton natans>25%
Phragmites australis>25%
21 3 Potamo crispi-Ranunculetum Ranunculus trichophyllus >25%; Glyceria notata>25%
trichophylli Imchenetzky 1926 Potamogeton crispus Juncus articulatus>25%
22 23 Potametum perfoliati Miljan 1933 Potamogeton perfoliatus >25% -
23 18 Glycerio-Sp argm;;eézgm neglecti Koch Sparganium erectum agg. >25% Typha latifolia >25%
Potamo pectinati-Myriophylletum . . )
24 87 spicati Rivas Goday 1964 dominant Myriophyllum spicatum
25 18 Schoenop lectetuTglzaiustrzs Chouard Schoenoplectus lacustris >25% -
Phalaridetum arundinaceae Libbert Phalaris ur'undznaceu >25% .AND
26 13 (groups Bidens frondosa/ Cirsium
1931 o
oleraceum /Urtica dioica)
Nymphaeo albae-Nupharetum luteae o Nymphaea alba >5%
27 15 Nowiriski 1927 Nuphar luteum >25% Typha latifolia>25%
28 7 Beruletum erectae Roll 1938 Bef’ulu erecta .>5 vo; Potamogei‘fon perfoliatus,
co-dominant Callitriche spp. Sparganium emersum
Berula erecta >5%;
29 38 Beruletum erectae Roll 1938 subdom. Callitriche spp.
Butomus umbellatus >25%
L e . . o ep 1 o Glyceria maxima >25%
30 19 Sagittario sagzi?ty’?llae—Spargametum Sagittaria ‘sugzttzfolza >25% 0OR Potamogeton gramineus >25%
emersi Tiixen 1953 Sparganium emersum >25% . oy o
Rorippa amphibia cover >25%
Sparganium erectum >25%
31 11 Beruletum erectae Roll 1938 Berula erecta >5%
Callitriche palustris s. 1. >25%
Eleocharis palustris >25%
Glyceria fluitans >25%
Hippuris vulgaris >25%
32 18 Potametum natantis Hild 1959 Potamogeton natans >25% Nuphar luteum >25%
Phragmites australis >25%
Potamogeton nodosus >25%
Sparganium emersum >25%
Sparganium erectum >25%
Eleocharito palustris-Hippuridetum ) ) ) o
33 4 oulgaris Passarge 1964 Hippuris vulgaris >25% -
Equisetum fluviatile >25%
34 35 Elodeetum canadensis Nedelcu 1967 Elodea canadensis >50% Potamogeton natans >25%

Schoenoplectus lacustris >25%
Sparganium erectum >25%
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The majority of the defined communities are distributed in various watercourses be-
longing to different hydro-ecoregions (Figures 1 and 6). However, 7 out of 25 communities
had a narrower distribution range (Figure 6). Among these were the association Myrio-
phylletum verticillati, found only in the river Struga (NE Slovenia), the associations Potamo
crispi-Ranunculetum trichophylli and Schoenoplectetum lacustris, which were mostly limited to
watercourses in karst poljes, the association Polygonetum hydropiperis that occurred only in
7 stretches in the lower part of the river Stavnica (NE Slovenia), the association Eleocharito
palustris-Hippuridetum vulgaris that was one of the rarest and occurred only in the river
IZica in central Slovenia, the association Glycerio notatae-Veronicetum beccabungae, which was
recorded only in 4 stretches of the upper part of the river Temenica in central Slovenia, and
the newly described association Mentho aquaticae-Oenanthetum fistulosae that was recorded
only in 5 stretches of the river Mali Obrh on Losko polje, which is also a karstic polje.
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Figure 6. Plant communities in stretches of the surveyed watercourses.

Association Ceratophylletum demersi Corillion 1957

This was the only community dominated by pleustophytes. The association is defined
with the characteristic species C. demersum, which had the highest abundance and was
accompanied by M. spicatum and P. nodosus. Species richness was high. The distribution of
this association was narrow, since it was found only in the six most lentic stretches of the
rivers Krka and Struga (Figures 1 and 6).

Association Potametum denso-nodosi de Bolos 1957

This vegetation type is dominated by the species P. nodosus, which has both natant
and submerged leaves, but the former may be absent in running water. Clusters 2 and
3 encompassed the majority of stretches except from the Krka River, where P. nodosus
was co-dominant with C. demersum and Najas marina. Cluster 4 encompassed stands with
the most prominent dominance of characteristic species. They were recorded in three
watercourses from three hydrological regions (Temenica, Pavlovski potok, and Vipava)
(Figures 1 and 6). Three types of this community were recorded, which were classified into
three clusters.
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Association Myriophylletum verticillati Gaudet ex Sumberova in Chytry 2011

This vegetation type is dominated by M. verticillatum. These stands were the most
species-rich and were only present in the river Struga.

Association Potamo pectinati-Myriophylletum spicati Rivas Goday 1964

The far most abundant species in this community was M. spicatum, which was also
the most common macrophyte in the studied watercourses. This association was found
in 31 stretches in watercourses from all three regions of Slovenia (Figures 1 and 6). A
smaller cluster was recorded in the lower part of the river S¢avnica in the most eastern
margin of the study area and differed from the larger cluster due to high abundance of
the amphiphyte Butomus umbellatus, which was present in f. aquatica and f. terrestris. The
third largest group of 87 stretches was classified into a sub-optimally developed form of
the association Potamo pectinati-Myriophylletum spicati. In these stands, the characteristic
species M. spicatum was the most abundant species, which had about two-fold the cover of
the type described below, but still lower abundance than what is required for classification
into association (>50%). The second most abundant species was P. nodosus. This was the
species-poorest vegetation type (4.2). The stands had the same distribution pattern as
the stands of optimally developed association. Based on these indicators, we classified
this group into the association Potamo pectinati-Myriophylletum spicati. This was the most
frequently recorded association.

Community with Myriophyllum spicatum

We classified this second largest cluster (Figure 5) into a suboptimal form of the
above-described association, since the characteristic species did not reach the abundance
for classification into association. The subdominant species were Phalaris arundinacea and P.
nodosus, with significantly lower abundances.

Association Potametum pectinati Carstensen ex Hilbig 1971

This association is dominated by P. pectinatus. This plant association occurred only
in eight stretches in the rivers Krka, Borovnis¢ica, IZica, and StrZzen. Nonetheless, the
characteristic and dominant species P. pectinatus was very common.

Association Potametum crispi von So6 1927

The dominant species in this association is P. crispus (Table 2, 36%), which is present
in all 27 stretches and is about three times more abundant than M. spicatum (13%). It was
determined in the rivers Krka, Sotla, Temenica, Ho¢ki potok, Polskava, Pavlovski potok,
and even Vipava. The average number of species was low (7.8).

Association Potametum perfoliati Miljan 1933

This plant association is defined by the dominance of the characteristic species P.
perfoliatus, which was two times more abundant than the second most abundant species M.
spicatum (22%). Species richness was moderate (average 10.0). The third most abundant
species in these 23 stretches was P. crispus. It was detected in the lower flow of Kolpa and
in Rak, Vipava, Pesnica, Rinza, and IZica (Figures 1 and 6).

Association Potametum natantis Hild 1959

This plant association is defined by the characteristic and dominant species with
floating leaves, P. natans, which was the most abundant (51%). The sub-dominant species
were N. luteum and P. lucens. Species richness and total abundance were moderate. It was
detected in 18 stretches in Krka, Ljubljanica and along the lower flow of the river IZica.

Association Elodeetum canadensis Nedelcu 1967

This community is dominated by the invasive alien species E. canadensis. It developed
in Krka, Temenica, Ljubljanica, IZica, and Strzen. Species richness was moderate.

Association Nymphaeo albae-Nupharetum luteae Nowiriski 1927

This community is dominated by the large-sized floating-leaved macrophyte N. luteum,
which often develops only submerged leaves in running waters. The distribution of this
association in surveyed rivers is limited to the river Strzen in the Cerknisko polje and to the
river S¢avnica in the Pannonian region, while single stretches were recorded in the river
Vipava (Po lowland) and in the river RinZa (Dinarides).

Association Potamo crispi-Ranunculetum trichophylli Imchenetzky 1926
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These stands are dominated by Ranunculus trichophyllus. It occurs in oligo-mesotrophic
to eutrophic water bodies, such as alluvial pools and ditches. It is often accompanied by
Eleocharis acicularis. It was distributed in 32 stretches in the rivers on karst poljes (Veliki
Obrh, Strzen, Rak, Unica), which have an extremely fluctuating water tables, as they
sometimes even run dry, and in two stretches of the river Vipava.

Association Polygonetum hydropiperis Passarge 1965

This vegetation type is usually dominated by Polygonum hydropiper or P. mite. It
occurred only in seven stretches in the lower part of the river S¢avnica.

Association Phragmitetum australis Savi¢ 1926

In the riverbeds of the surveyed watercourses, this association was sub-optimally
developed. The distribution of these stands is ubiquitous, as P. australis is the dominant
species. It occurred in 42 stretches in watercourses of the coastal part of Slovenia (RiZana),
Po lowland (Vipava) in central Slovenia, as well as in the Pannonian region.

Association Glycerio-Sparganietum neglecti Koch 1926

The community dominated by Sparganium erectum agg. was detected in 18 stretches
and included stands dominated by the species S. erectum, S. neglectum, and S. microcarpum.

Association Schoenoplectetum lacustris Chouard 1924

This community is dominated by the tall-growing species Schoenoplectus lacustris that
forms sparse stands. Its distribution was limited to the rivers on karst poljes (Mali Obrh,
Strzen, Unica), with extremely fluctuating water tables.

Association Phalaridetum arundinaceae Libbert 1931

Stands of this association are dominated by Phalaris arundinacea. They were found in
watercourses in all three regions.

Association Oenantho aquaticae-Rorippetum amphibiae Lohmeyer 1950

This association is dominated by Rorippa amphibia, which often forms dense monospe-
cific stands. It was recorded in the river StrZzen and in two Pannonian rivers.

Association Alopecuro-Alismatetum plantaginis-aquaticae Bolbrinker 1984

This association includes stands with the characteristic and dominant species Alisma
plantago-aquatica. It was found in five stretches in Sotla, Ho¢ki potok, and Pavlovski potok.

Association Sagittario sagittifoliae-Sparganietum emersi Tiixen 1953

This association includes stands dominated by Sagittaria sagittifolia and S. emersum,
respectively, which are both characteristic and dominant species of this association. Stands
of this association were recorded in the river Ljubljanica and its tributary in central Slovenia,
and in the river S¢avnica in the northeastern edge of the study area.

Association Eleocharito palustris-Hippuridetum vulgaris Passarge 1964

This vegetation type is represented by stands of Hippuris vulgaris. This association
was the rarest among the studied associations since it only occurred in the river IZica in
central Slovenia.

Association Glycerio notatae-Veronicetum beccabungae Landucci et al. 2020

Stands dominated by Veronica beccabunga were classified to the association Glycerio
notatae-Veronicetum beccabungae, which was defined in the year 2020. The subdominant
species were Juncus effusus, P. australis, and Agrostis stolonifera. These stands were among
the species-poorest (average 4.3) in our study. This association was rare, since it was only
recorded in four stretches of the upper part of the river Temenica in central Slovenia.

Association Beruletum erectae Roll 1938

This association is dominated by the amphiphyte macrophyte Berula erecta. We found
this community in three different forms considering floristic composition, one with the
co-dominant Callitriche spp., the most common with the subdominant Callitriche spp., and
the third, where B. erecta was the most dominant species. This association was recorded in
18 different watercourses all over Slovenia in all the regions, from the coastal part and Po
lowland to the most eastern watercourses in the Pannonian lowland.

Association Mentho aquaticae-Oenanthetum fistulosae ass. nova

This association has not yet been described, so we define it for the first time here in
this contribution. This new description is also the consequence of its limited distribution, as
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it was only recorded in five stretches of the river Mali Obrh. This river flows on the Losko
polje, which is a karst polje, a feature found only in the Dinaric region within Europe, for
which exceptional water level fluctuations are characteristic, as sometimes the entire area
may even run dry. Stands of this community are dominated by the characteristic species
Oenanthe fistulosa, accompanied with numerous amphiphytes from the class Phragmito-
Magnocaricetea, which represent the majority in number and abundance. This was the third
richest plant community in our study.

Holotypus hoc loco: Oenanthe fistulosa 63%, Mentha aquatica 38%, Juncus articulatus
38%, Phalaris arundinacea 15%, Alisma spp. 15%, Rorippa amphibia 15%, Caltha palustris
3%, Potamogeton lucens 15%, Schoenoplectus lacustris 15%, Lycopus europaeus 3%, Sium
latifolium 3%. (GK Coordinates: 459,376, 61,043; altitude: 570.2 m a.s.l,; slope: 0.58; current
velocity: 1; length: 100 m).

Association Rumici crispi-Agrostietum stoloniferae Moor 1958

This association occurs in sites that are frequently dry. In fact, they are mostly inun-
dated at moderate or high-water levels. This association was recorded in the river Mali
Obrh in karst polje and in two streams in the Pannonian lowland.

Species-poorest sections with lowest abundance of macrophytes

This group of stretches could not be classified into any plant communities due to the
low abundance and various ecology of the present species. This was by far the largest
group of stretches (Figure 5), which encompassed one quarter of the total set of the recorded
stretches. This group was among the species-poorest groups (6.5 species on average) with
a very low abundance value. The most common species in this type were marsh species
(helophytes) P. arundinacea, Lytrum salicaria, and Myosotis scorpioides, found sporadically
close to the banks within these stretches regardless of the region. This type is scattered
along the entire set of the studied watercourses.

4. Discussion
4.1. Species Presence and Abundance

High heterogeneity of sub-catchments of the surveyed watercourses resulted in high
heterogeneity of environmental parameters and consequently high vascular plant diversity
and low total share of species with a wide ecological valence. This environmental hetero-
geneity provides high habitat diversity, as shown in the case of macrophyte diversity in
ponds [76]. The meta-analysis of aquatic macrophytes on a global scale revealed that the
majority of macrophyte species are distributed within narrow ranges, and only 1.21% of
the total 3457 macrophyte species are widely distributed [77]. The most abundant species
in the surveyed Slovenian watercourses were M. spicatum, P. arundinacea, P. nodosus, B.
erecta, P. perfoliatus, alien species E. canadensis, P. crispus, P. pectinatus, N. luteum, P. natans,
and S. lacustris. All of these species are known to have wide ecological ranges [78,79].
Some of them even became invasive in different parts of the world. The presence and
abundance of these invasive species depend on their potential for introduction in certain
environments and environmental limitations to their distributions [80]. Among the most
abundant species detected in this study was the alien species E. canadensis. However, it does
not exhibit an invasive character in the surveyed watercourses, since the environmental
diversity of these watercourses prevents its spreading [81]. In addition, E. canadensis is
indicative of impacted lowland sites [82], as also revealed in this study.

In the surveyed watercourses, we detected a relatively low share of submerged plants.
This is possibly due to the low average stream order of these watercourses and thus
shading of riverbeds with riparian vegetation. Species with amphibious character are
an especially important component of karst watercourses, where extreme water level
fluctuations present a factor of permanently changing environmental conditions. These
changes do not only present stress for plants, but also disturbances that result in dieback of
submerged species. Thus, only well-adapted amphibious species and cosmopolites may
withstand these changes [39]. In the case of northern European rivers, less than half of
aquatic plant species exhibited an amphibious character [83]. Among the more abundant
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species found in the surveyed watercourses, P. arundinacea, B. erecta, N. luteum, and S. lacus-
tris may develop different growth forms in addition to numerous low-growing amphibious
species like M. aquatica, R. amphibia, V. anagallis-aquatica, and M. scorpioides agg., which may
also contribute significantly to plant abundance. Multiple environmental changes during
water level fluctuations like CO, concentration, light intensity and quality, temperature,
and osmotic stress may trigger the development of a new, better-adapted growth form or
leaves [84]. In addition, these fluctuations also affect environmental conditions for ecosys-
tem processes, especially the exchange of substances between sediments and water, and
mineralization rates [85], and thus the availability of nutrients in water [86]. Changes are
most pronounced during floods, when nutrients are released from the terrestrial systems
into water. Due to intensive mineralization rates, the sediments of intermittent water
bodies usually contain a lower proportion of organic matter and consequently a lower
nutrient content [87], which may also affect species composition. Among growth forms,
we detected a somewhat lower share of helophytes and floating-leaved plants, while the
lowest share was seen for free-floating vascular plant taxa. This was a consequence of the
environmental properties of these watercourses that mainly present tributaries of larger
rivers, such as rivers Sava and Drava.

4.2. The Relationships between Macrophyte Presence and Abundance, and Environmental Factors

In our study, spatial parameters explained the greatest share of species presence and
abundance variability. This is expected, since according to the research of Tapia Grimaldo
et al. [88], spatial variables may be used as a proxy for various environmental variables
that are important for defining macrophyte communities. The significant contribution of
distance from the source to the explained variance is partly a consequence of the river
continuum effect [89] that is based on discharge gradient, current velocity, flow pattern,
bed, bank, and community structure along the river course. Considering single parameters
(marginal effects), altitude was of equal importance. Since we excluded the alpine region
from our research, the most pronounced altitudinal gradient in the surveyed watercourses
was seen for the karst intermittent watercourses that flow through different poljes along
the Idrija fault which are located at different altitudes and host different plant species [39].
Kennedy et al. [90] showed that the main environmental parameters for shaping macro-
phyte community composition and diversity are altitude and stream order, along with
some chemical parameters.

Correlation analysis between the environmental parameters and species diversity and
abundance showed highly significant results (Table 1). Altitude has been shown to be a
strong predictor of aquatic macrophyte diversity irrespective of geographical location [91]
and is usually negatively related with species diversity [42]. However, in our study,
we found positive correlations between macrophyte species diversity and altitude. The
strong negative relationship with current velocity found in our study is in accordance with
the results, gathered in the survey of middle-sized streams in Latvia, where the highest
macrophyte diversity was determined in streams with low water velocity and gravelly
substrate, while the species-poor macrophyte communities were characteristic for streams
with high water velocity and sandy substrate [92]. The most sensitive macrophytes to high
water velocities are macrophytes that are anchored to the sediment, while macrophytes
with a free-floating growth form are the least sensitive [51]. The latter may also be passively
transported along the river flow, while the former might be mechanically damaged or
loaded with sediment. Low to moderate velocities have a beneficial effect on growth,
as they increase the availability of carbon dioxide and nutrients, while higher speeds
represent mechanical stress and thus have a negative effect [93]. This is in accordance with
the intermediate disturbance hypothesis, which presumes that maximum species richness
occurs under moderate disturbance regime [94]. In addition, the current supports plant
communities by transport of plant propagules along the watercourse [24].
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4.3. Plant Communities

Syntaxonomic scheme of the studied plant communities
1. Class Lemnetea O. de Bolos et Masclans 1955

1.1.

Alliance Stratiotion Den Hartog et Segal 1964
1 Association Ceratophylletum demersi Corillion 1957

2. Class Potamogetonetea Klika in Klika et Novak 1941

2.1.

2.2.

2.3.

Alliance Potamogetonion Libbert 1931

2 Association Potametum denso-nodosi de Bolos 1957

3 Association Myriophylletum verticillati Gaudet ex Sumberova in Chytry 2011
4 Association Potamogetono pectinati-Myriophylletum spicati Rivas Goday 1964
5 Community with Myriophyllum spicatum

6 Association Potametum pectinati Carstensen ex Hilbig 1971

7 Association Potametum crispi So6 1927

8 Association Potametum perfoliati Miljan 1933

9 Association Potametum natantis Hild 1959

10 Association Elodeetum canadensis Nedelcu 1967

Alliance Nymphaeion albae Oberdorfer 1957

11 Association Nymphaeo albae-Nupharetum luteae Nowiriski 1927
Ranunculion aquatilis Passarge ex Theurillat in Theurillat et al. 2015

12 Association Potamo crispi-Ranunculetum trichophylli Imchenetzky 1926

3. Class Bidentetea tripartitae Tiixen et al. ex von Rochow 1951

3.1.

Alliance Bidention tripartitae Nordhagen ex Klika et Hadac¢ 1944
13 Association Polygonetum hydropiperis Passarge 1965

4. Class Phragmito-Magnocaricetea Klika in Klika et Novak 1941

4.1.

4.2.

4.3.

Alliance Phragmition communis Koch 1926

14 Association Phragmitetum australis Savi¢ 1926

15 Association Glycerio-Sparganietum neglecti Koch 1926
16 Association Schoenoplectetum lacustris Chouard 1924
17 Association Phalaridetum arundinaceae Libbert 1931

Alliance Eleocharito palustris-Sagittarion sagittifoline Passarge 1964

18 Association Oenantho aquaticae-Rorippetum amphibiae Lohmeyer 1950

19 Association Alopecuro-Alismatetum plantaginis-aquaticae Bolbrinker 1984
20 Association Sagittario sagittifoliae-Sparganietum emersi Tiixen 1953

21 Association Eleocharito palustris-Hippuridetum vulgaris Passarge 1964

Alliance Glycerio-Sparganion Br.-Bl. et Sissingh in Boer 1942

22 Association Glycerio notatae-Veronicetum beccabungae Landucci et al. 2020
23 Association Beruletum erectae Roll 1938
24 Association Mentho aquaticae-Oenanthetum fistulosae ass. nova

5.  Class Molinio-Arrhenatheretea Tx. 1937

5.1.

Alliance Potentillion anserinae Tx. 1947

25 Association Rumici crispi-Agrostietum stoloniferae Moor 1958

The surveyed stretches differed greatly regarding species composition and abundance,
and we classified these assemblages into 25 different associations. Most of the determined
associations are widespread in the surveyed watercourses, with the exception of 7 of them
that occur more locally, 3 out of these in karst poljes.

The association Ceratophylletum demersi was the only community dominated by pleusto-
phytes, occurring in the studied watercourses, and was detected in six stretches. It usually
occurs in waterbodies with no or only slow current, in eutrophic to hypertrophic wa-
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ter, which can also reach high turbidity [65]. However, in lakes, C. demersum may also
play an important role in stabilization and maintenance of a clear-water state at high P
concentrations [95].

The association Potametum denso-nodosi occurs in watercourses with low flow velocity
or in artificial channels, mostly with water depths of 30-60 cm, as was also the case in
our study. These habitats are usually frequently disturbed, while sediments are mainly
mineral [66]. The dominant species is P. nodosus. This species is widespread and develops
both natant and submerged leaves [79].

The association Myriophylletum verticillati occurs in mesotrophic to eutrophic clear
water, e.g., in channels and lentic sections of streams [66]. M. spicatum and M. verticillatum
thrive in waters with high calcium contents [96].

The association Potamo pectinati-Myriophylletum spicati was the species-poorest vegeta-
tion type, which indicated the competitive character of the dominant species M. spicatum
with a broad ecological range [81]. Large-branched specimens that produce dense stands
and dispersion by fragmentation present a competitive advantage over smaller species [97].
Thus, it is most common in places with regular disturbances. It also tolerates turbid waters
and even desiccation of its habitat for a short period [66].

Community with M. spicatum formed the second largest cluster of stretches. This
community was sub-optimally developed, since the characteristic species did not reach
the level of abundance for classification into association. The subdominant species were P.
arundinacea and P. nodosus, with significantly lower abundances.

The association Potametum pectinati thrives in eutrophic and hypertrophic waters with
high turbidity and was mostly found in the middle and lower parts of watercourses. This
association is dominated by P. pectinatus, which has high phenotypic plasticity [79]. Its
reproduction is generally vegetative. Therefore, tubers play an important role in survival
of its populations [98].

The association Potametum crispi was found in different parts of Slovenia, mainly in
the watercourses that are not very deep. The community is typical for waters loaded with
nutrients [66].

The association Potametum perfoliati was defined by the dominance of the characteristic
species P. perfoliatus, which is indicative of a wide range of nutrient conditions and pH [99].

The association Potametum natantis was only found in few stretches of three lowland
rivers. This species-poor vegetation type is dominated by P. natans, which forms dense
stands with broad leaves, floating on the water surface [79]. It mostly occurs in mesotrophic,
but also in oligotrophic or eutrophic water bodies, which are 20-100 cm deep, with no or
slow current, e.g., in alluvial pools, channels, and lentic sections of streams [66].

The association Elodeetum canadensis is dominated by the invasive alien species Elodea
canadensis. It was found only in about 4% of the surveyed stretches. This species prefers
deeper eutrophic water bodies like channels and lentic sections of streams. It was not
found in karst watercourses, since it does not tolerate drying [39]. Although this vegetation
type is considered as species-poor, species richness in our case was moderate (10.7), which
indicated low invasiveness of the characteristic species in the studied watercourses [81].
They mostly occurred in central Slovenia.

The association Nymphaeo albae-Nupharetum luteae is characteristic for the river Strzen
in the Cerknisko polje (Dinarids) and for the river Stavnica in the Pannonian region. It
tolerates high water level fluctuations, which mark the water regime in the Cerknisko
polje [100]. According to Sumberova [66], it usually develops in mesotrophic to eutrophic
water of alluvial pools, channels, and lentic sections of streams. This community is domi-
nated by the large-sized floating-leaved macrophyte Nuphar luteum, which mainly develops
submerged leaves in running waters. This association was mostly found in the river Strzen
in the Cerknigko polje, and in the river S¢avnica in the Pannonian region.

The association Potamo crispi-Ranunculetum trichophylli is the only association from this
alliance. It encompasses the vegetation of aquatic plants, that is mainly present in rivers on
karst poljes with an extremely fluctuating water table [101].
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The association Polygonetum hydropiperis is usually dominated by P. hydropiper or P. mite.
It colonizes the banks of rivers and streams, seasonally flooded pools in river floodplains,
ditches, and channels, where soils tend to dry out quickly [67]. This association was rare in
the studied watercourses.

Monospecific stands of the association Phragmitetum australis consist of tall and dense
shoots of P. australis [102]. This species has a broad ecological range, occurring in olig-
otrophic to eutrophic, acidic to basic sites [68], having low regional bioindicator poten-
tial [103]. It is widely distributed from 70° N to the tropics [104]. It occurs in the littoral,
along the watercourses, channels, and in deltas, in up to 2-m-deep waters [100]. In the
surveyed riverbeds, this association was sub-optimally developed. It was abundant in the
riparian zone, which was, however, not the subject of our research.

The association Glycerio-Sparganietum neglecti includes stands dominated by the species
S. erectum, S. neglectum, and S. microcarpum. In some floras, these species are considered as
subspecies of S. erectum, while in others, they are treated as independent species [70,105].
They have a very similar morphology, distribution, and habitats, which are overlapping, so
they had been frequently misidentified or not distinguished from each other. Therefore, it
was not possible to define three different associations [106]. They usually thrive in shallow
mesotrophic to eutrophic water bodies, in ditches and channels with slowly running
water, as well as in lentic sections on lower river courses. The dominant S. erectum agg.
develops aerial and long submerged floating leaves, which are tolerant to moderate current
velocity. Usually, optimal water level is 10-60 cm, but sites may dry out for short periods
in summer [43,68].

The association Schoenoplectetum lacustris is dominated by the tall-growing species
S. lacustris that favors mesotrophic to eutrophic water, constantly wet conditions and is
usually found deeper than P. australis [70]. It often colonizes a transitional zone between
the open water and reed vegetation. The distribution of this association was limited to
rivers on karst poljes.

The association Phalaridetum arundinaceae, which is dominated by P. arundinacea, pre-
viously classified to the association Rorippo-Phalaridetum [68]. This association occurred
on stream banks of the middle reaches of watercourses with high current velocity and
is characterized by species tolerant of disturbance. Landucci et al. [70] classified stands
dominated by P. arundinacea into one single association Phalaridetum arundinaceae, which
was assigned to the alliance Phragmition communis since the floristic differences between
these associations are too small.

The association Alopecuro-Alismatetum plantaginis-aquaticae was only found in five
stretches. It usually occurs in shallow water in sites, which are seasonally dry. Habitats are
typically mesotrophic to eutrophic and inundated by up to 50 cm. However, occurrences
on wet and occasionally inundated soil are also common [68]. In our study, this association
was found in the watercourses of the Pannonian area with such character.

The association Sagittario sagittifoliae-Sparganietum emersi includes stands dominated
by S. sagittifolia and S. emersum, respectively, which are both characteristic and dominant
species of this association. In rivers, both species produce different leaf forms, namely
submerged or emergent, or even partly floating leaves on the water surface. This association
favors up to 120 cm deep eutrophic waters [68]. In summer, the water table can decrease
and expose the bottom. However, these dominant species can regenerate from their
underground organs.

The association Eleocharito palustris-Hippuridetum vulgaris is represented by stands of
H. vulgaris. In stretches with low current velocity, this species forms dense stands [107].
In deep waters, it appears in the submerged form, while in shallow waters, it occurs in
the emergent form. It thrives in calcium-rich waters and is often found in cool waters. In
general, the number of localities is low and is decreasing due to eutrophication and spread
of competitively stronger plants [68]. This association was among the rarest and occurred
only in the river IZica in central Slovenia.
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The association Glycerio notatae-Veronicetum beccabungae is dominated by V. beccabunga
and was defined in 2020 due to the previously invalidly published names [70]. The
subdominant species were Juncus effusus, P. australis, and A. stolonifera. These stands were
rare and species-poor.

The association Beruletum erectae, which is dominated by the amphiphyte B. erecta, was
found in 56 stretches of 18 watercourses in all the surveyed regions. The dominant species
and consequently the association thrive in waters rich in nutrients and calcium, and can be
found in different forms, namely in emergent stands in shallow water or on wet banks, in
stands with leaves, partly floating on the surface in slow streams, and in submerged stands
with strongly branched stems in fast streams [68], as was also the case in our study:.

The association Mentho aquaticae-Oenanthetum fistulosae is a species-rich, newly defined
association, limited to five stretches in the river Mali Obrh on Losko polje. Stands of this
community are dominated by the low stature amphibious species O. fistulosa, which thrived
in the company of numerous other amphiphytes.

The flood-meadow association Rumici crispi-Agrostietum stoloniferae is species-poor
because of the dominance of the taxon A. stolonifera agg., which forms dense stands [69].
This association occurred only in six stretches in sites that are frequently dry, but mostly
inundated at moderate or high-water levels.

5. Conclusions

High heterogeneity of the surveyed watercourses, their catchments, and environ-
mental parameters resulted in high diversity of vascular plants and consequently in high
diversity of plant communities they form. We found high heterogeneity of aquatic veg-
etation and low total share of species with a wide ecological valence. We determined a
total of 87 vascular plants among which 36% of total abundance belonged to submerged
macrophytes, 30% to amphiphytes, 18% to helophytes, 3% to floating-leaved plants, and
only 3% to pleustophytes. The most abundant species was M. spicatum with a 12% share,
followed by P. arundinacea and P. nodosus. Spatial parameters explained the highest share of
species presence and abundance variability. The examined river stretches host 25 different
associations belonging to 5 classes and 9 alliances, which are mostly distributed in differ-
ent hydro-ecoregions. Seven plant associations had local distribution, and three of them
were only found on karst poljes. This distribution pattern reveals specific environmental
conditions in these karst poljes and lack of regionality elsewhere.
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Appendix A

Table Al. Synoptic table of the clusters classified into plant communities. Their dominant (orange) and subdominant (yellow) species are presented in average values
of cover-abundance values (%). 0 stands for values <0.5.

Cluster Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

number of stretches 6 31 10 10 5 31 6 8 7 12 26 6 1094 4 5 22630 5 27 32 23 18 87 18 13 15 7 38 19 11 18 4 35

dominant species of the plant associations

Ceratophyllum demersum ' 63 37 36 . . . . 5 . . . . . . . 3 0 . 1 2 0 1 .
Potamogeton nodosus 22 31 63 66 . 16 39 13 6 . O . 4 . . 1 1 4 4 9 15 18 6 1 3
Myriophyllum 3. . 2.6 . . 2 1 0 3.0 0 3 1 0 2
verticillatum
Muyriophyllum spicatum 26 27 22 23 39 64 63 21 42 9 3 15 .1 11 13 4 22 19 33 5 3 4 3 2 12 13 7
Potamogeton pectinatus 18 24 29 . 15 2 59 63 39 0 0 14 0 0 1 6 6 1 1 0 8 1
Polygonum 1 1 2 2 5 6 46 2 1 0 26 0 1 2 8 0 2 2 01 1 1
hydropiper/mite
Phragmites australis 9 1 1 8 132 . 4 . 633 3 1 8 131 1 2 . 1 0 2 0 1 3 3 1 4 1 5 2
Phalaris arundinacea 7 2 0 20 33 7 28 12 42 2 38 7 5 2 9 4 4 1911 6 9 13 2 5 69 5 9 9 15 2 7
Agrostis stoloniferaagg. . . . . . . 22 . 13 5 42 1 4 8 2 2 3 2 2 3 0 . 2 2 2 4 1 . 1
Rorippa amphibia .. . . . 0 8 . 0 3 0 44 . 1 4 9 . 5 0 0 2 4 6 o . 0
Veronica beccabunga r . .24 . . 1 . . 2 . 0 . 38 . 1 0 4 0 2 1 . 1
Alisma plantago-aquatica 1 . . 1 . 2 8 1 5 5 1 2 0 10 ./291 2 . 3 . 0 6 1 . 3 2 1 2 0 2
Oenanthe fistulosa . . o .. 0 . 6 . 4 . . . 3 5 e . .
Potamogeton crispus 3 0 0 7 2 19 0 18 6 1 3 1 1 2 3 13 13 9 2 . 0 O O 3 5 0 3 8 9
Ranunculus trichophyllus 3 7 12 . 2 . 3 1 1 1 2273 2 2 1 0 5 . 2 7 1 5 2
Potamogeton perfoliatus 5 8 2 6 4 10 8 1 1 . 2 .11 0 743 . 3 15 0 3 0 5 . 131 9
Sparganium erectumagg. 6 0 3 8 5 2 13 10 1 3 11 1 . 3 1 5 4 . 1 41 2 . 2 3 10 15 . 1
Schoenoplectus lacustris 3 11 5 4 1 7 . 3 1 2 1 2 4 12 2 1 157 5 1 1 15 1
Nuphar luteum .. . 12 . 0 235 . 3 . 0 .1 17 .0 1 0 4 65 .7 19 6
Callitriche spp. 1 2 2 1 1 7 320 0 0 6 1 . 1 4 4 0 5 10 . 38 15 19 4 6 27 5
Berula erecta 1 0 3 170 1 11 . 8 3 1 1 1 3 4 1 4 0 5 4 38 24 13 65 7 27 3
Sparganium emersum 8 6 . 8 8 4 5 11 16 . . 0 1 3 1 . 1 1 0 3 7 291 47 . 18 1 10
Butomus umbellatus ... ... 46 . 13 . 1 0 1 0 .0 2 0 .
Potamogeton natans 9 1 . . 8 1 . 21 . 11 0 0 7 2 3 9 1 1 1 0 15 3 |51 10 13
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Table A1l. Cont.

Cluster Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
number of stretches 6 31 10 10 5 31 6 8 7 12 26 6 1094 4 5 22630 5 27 32 23 18 87 18 13 15 7 38 19 11 18 4 35

dominant species of the plant associations

Hippuris vulgaris ...y 70014 001 . .7 68 2
Elodea canadensis 1 0 2 o0 8 3 . 9 . . . .0 1 0 . 2 2 0 2 5 3 15 38 49
subdominant taxa e . . . .
Najas marina . 143 . . 1 5 0 0 0 0 .1 0 . . .
Zannichellia palustris .. . 10 8 . . 0 .0 . o . 0 5 2 0 .
Potamogeton berchtoldii . . . . 26 2 . 2 1 1 3 0 1 .11 0 2 .3 1 1
Iris pseudacorus 9 0 1 . 131 289 8 3 6 1 1 8§ 2 1 2 4 0 1 4 1 1 2 1 3 5 3 4 1 4
Lythrum salicaria 2 8 1 5 1 5 7 10 1 1 2 3 2 1 3 3 2 1 1 122 1 31 2 0 2
Leersia oryzoides Lo .2 1 6 5 . 1 0 . . 8 0 .
Ranunculus circinatus 1 1 11 1 5 9 0 . 0 5 2 0 . 0 1 1 0 2 1 4
Sium latifolium e Y o 1.1 . 2 0 o120 .
Nasturtium officinale 6 1 . . 36 1 9 .0 0 8§ . 1 0 7 1 0 1 0 m . . 16 0 3 5 5 5
Juncus effusus ... .. .. . . 0 3 . 0 23 3 0 0 2 . . 20 . 0 .
Sparganium spp. .. .9 .3 1 3 1 . 8 . 1 3 1 4 21 4 . 2 16 . 3 1 ... 2
Mentha aquatica 3 . . 3 200 .5 2 3 0 4 12 3 291 131 3 0 6 2 7 . 7 0 140 4 1
Myosotis scorpioidesagg. 10 . . 2 10 0 9 . 5 1 3 0 2 3 1 145 12 2 0 2 2 5 18 4 0 2 8 2 3
Alisma spp. 0 1 3 0 2 1 0 15 . 4 1 0 5 2 0
Polygonum amphibium . 4 1 . 2 11 7 . 2 0 .3 46 . . . . . . .
Potamogeton lucens .2 2 0 5 4 . 1 4 1 6 9 101 13 . 231 4
Veronica 39 30 . 1 . 7 . 30 . 0 1 1 4 9 112 3 0 . 8 0 6 120 13 13 23 6
anagallis-aquatica
Sagittaria sagittifolia ) 0 1 0o 4 . 1 0 0 19 0
Avg. nr. of species 12.5 6.8 19.653 13.712512982 83 7.3 45 7.8 43 65 88 14.07.8 14.610.011.842 13.69.3 11.56.7 82 88 9.6 11.5. 107
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