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Abstract: The present research aimed to determine the diversity of macrophyte taxa in the Ljubljanica
River and its relationship with environmental parameters. In each of the 19 river sections, the
presence and abundance of plant taxa were recorded, and basic physical and chemical parameters
were measured. Additionally, selected environmental parameters were assessed using a modified
version of the Riparian, Channel and Environmental (RCE) method. We compared the obtained
data set with survey data from the year 2004. In 2019, a total of 34 macrophyte taxa were recorded.
The dominant taxa with the highest abundance were Sparganium emersum, Callitriche sp., and the
invasive alien species Elodea canadensis. The species richness and diversity of macrophytes decreased
with distance from the source, an increase in pH, and alterations of the riverbed structure due to
interference in the riverine ecosystem in the lower part of the Ljubljanica River and its catchment.
The comparison of 2004 and 2019 surveys revealed a decrease in the overall presence and abundance
of P. natans and in the frequency of occurrence of the species Myriophyllum spicatum and an increase
in the presence and abundance of the invasive alien species Elodea canadensis.
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1. Introduction

Slovenia is one of the richest European countries in terms of water resources as well
as biodiversity. Running waters form a dense network, except in the karst areas, where the
watercourses flow underground. Anthropogenic activities generate an array of pressures
that impact aquatic and riparian areas [1]. Nutrient enrichment, alteration of riparian
vegetation, riverbed regulation, and alteration of the hydrological regime of the river,
strongly influence the structure and function of ecosystems. Such changes significantly
impact all processes within the ecosystem [2—4] as they disrupt its natural balance and
ecosystem function [5,6].

Macrophyte communities are fundamental for the functioning of many river ecosys-
tems [7]. However, they respond to disturbances in ecosystems and are particularly
sensitive to anthropogenic influences, which negatively impact their diversity and species
composition [8,9]. Macrophyte associations depend on various abiotic and biotic fac-
tors [10,11]. Based on this, we can identify species that are reliable indicators of changes in
river ecosystems and use them as a tool to assess the ecological status of rivers [12-14]. The
presence and diversity of macrophytes depend on water quality, water depth, flow velocity,
flow rate, hydrological conditions, water level, pH, shading, and substrate characteris-
tics [15-17]. In addition, they are also affected by biotic factors, namely the properties of
species, interspecific competition, grazing, and allelopathy. Shading by riparian vegetation
is an important factor in lotic ecosystems, and it also affects the distribution and abundance
of aquatic plants [18]; thus, macrophyte diversity and their abundance reflect the quality of
an ecosystem as a whole [19].

In recent decades, aquatic vegetation has undergone significant changes. Anthro-
pogenic changes associated with climate change have contributed to the general decline of
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macrophyte species diversity and led to the homogenization of vegetation in many rivers
worldwide [20-22]. Such changes in macrophyte communities may also have implications
for other organisms due to their crucial role within river ecosystems [7]. The effects of
anthropogenic activities on macrophyte diversity depend on the type of activity, its fre-
quency and intensity, and the resistance of the ecosystem to a single load [23-25]. Intensive
agricultural activity is associated with physical modifications of aquatic habitats, such as
channelization of stream reaches, which alters environmental conditions that are important
for the biotic communities. The mentioned influences also accelerate the spreading of IAS
to which aquatic and riparian habitats are extremely vulnerable [26,27]. Macrophytes are
among the biological elements identified by the Water Framework Directive (WFD) [28]
for assessing the ecological status of waters. The WFD requires that the definition of the
ecological status of natural water bodies is based on the comparison of chemical, hydro-
morphological, and biological features in surveyed and reference water bodies [29]. RCE
is one of the ecomorphological analyses that evaluates the naturalness or degradation of
the structure of the riverine ecosystem and provides reliable results. Methodologies used
within the WFD analyze benthic invertebrates and fish for the evaluation of morphological
conditions, which requires a considerable amount of money and time.

The purpose of this research was to determine the diversity, abundance, and dis-
tribution of macrophytes in the Ljubljanica River and to determine the condition of the
river system based on an environmental assessment of the watercourse following the RCE
method. In addition, we compared the obtained data set with survey data from the year
2004. We also sought to establish the relationships between the environmental parameters
and the diversity of macrophyte taxa and the relations between physical and chemical
parameters and the distribution of macrophyte taxa.

2. Materials and Methods
2.1. Study Area

The Ljubljanica River sensu stricto, which is the subject of our research, is a 41-km-
long surface flow belonging to the Ljubljanica River sensu lato, which is known as the
river of seven names [30]. The flow of the Ljubljanica River (s.l.), which has distinctly
karst characteristics, alternates between surface sections on karst poljes and subsurface
sections flowing through the cave systems in the limestone bedrock. The final section of
the Ljubljanica River (s.s.) originates from karst springs near Vrhnika. It passes Ljubljana
Moor and the city of Ljubljana, and, near the settlement Podgrad, it joins the Sava River.
On its way, numerous tributaries of the northern and southern edges of the Ljubljana
Moor flow into the river. The Ljubljanica River flows between grasslands, arable land,
settlements, and through the city of Ljubljana, so it is subject to numerous anthropogenic
influences. The shape of the riverbed is mostly flat, resulting from numerous regulatory
interventions [31]. The river belongs to the Dinaric hydro-ecoregion; it is characterized by
a medium-sized catchment.

The sampling of the first 17 sections (Figure 1) was performed from a boat. The
river sections near the city of Ljubljana were sampled from the bank. When sampling
macrophytes at greater depths, we used a telescopic stick with hooks, with which we
were able to sample plants from the bottom of the river. Selected chemical and physical
parameters in the water were measured with a multimeter (Eutech PCD-650, Singapore).
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Figure 1. The spring of Ljubljanica River is marked with the blue circle on the map. The red squares and numbers from
1 to 19 indicate surveyed sections from its source near Vrhnika to the outflow river Sava (ARSO Geoportal: Atlas of

the Environment).

2.2. Macrophyte Survey and Assessment of Environmental Parameters

The starting and end points of the sections were documented using a GPS (Global
Positioning System) device. A new section started when the diversity of macrophytes,
or environmental parameters—such as land-use type, riparian vegetation, or type of
substratum—changed significantly. In each section, we selected a 100 m stretch and
performed a survey of macrophytes, assessed their diversity and abundance, assessed
the environmental parameters of the river ecosystem according to the RCE inventory,
and measured the physical and chemical parameters of the water. The abundance of
macrophytes was determined using a five-degree scale [32]. These values were transformed
by the function x>, as suggested by Schneider and Melzer [33].

The RCE method is used to provide an assessment of the environmental character-
istics of the watercourse, covering the physical properties of the riverbed, the properties
of the riparian vegetation, and the properties of the catchment area. The modified RCE
method covers a total of twelve different environmental parameters. We estimated the
following RCE characteristics according to Petersen [34], where detailed descriptions are
found: RCEl—Land-use pattern beyond the riparian zone (RZ); RCE2—Width of RZ;
RCE3—Completeness of RZ; RCE4—Vegetation structure of RZ within a 10 m channel;
RCE5—Retention devices; RCE6—Channel structure; RCE7—Channel sediment type;
RCE8—Bank structure; RCE9—Bank undercutting; RCE10—Stony substrate appearance;
RCE11—Stream bottom interstices; RCE12—The presence of riffles and pools, or meanders.
For all the characteristics, the highest values represent the most preserved or near-natural
environment, while the lowest values characterize the most human-altered or most de-
graded environment.
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2.3. Data Analyses

The relative plant abundance (RPA) was used to calculate the quantitative significance
of individual taxa in each river section. RPA was calculated according to the method
described by Pall and Janauer [35].

Diversity was measured as the number of species and the Shannon-Wiener diver-
sity index (H’), which was calculated based on mean cover values according to Braun-
Blanquet [36] with PAST (version 2.17c) [37]. Correlations between explanatory variables
and the diversity of the macrophytes were tested with a Kendall tau rank correlation
coefficient [37].

The influence of environmental factors on the macrophyte diversity was tested by
canonical correspondence analysis in the program package Canoco 4.5 [38]. The unimodal
gradients in the matrix of species data were revealed beforehand with detrended corre-
spondence analysis. The eigenvalue for the first axis was 0.69, and the gradient length
was 3.69 standard deviations [39], so canonical correspondence analyses (CCAs) were
performed. Species data were log(x + 1)-transformed. We used forward selection, where
499 permutations were performed in every round to rank the relative importance of ex-
planatory variables. The second and third rounds of the analysis only involved factors for
which p < 0.05 in the previous step. In addition, detrended correspondence analysis (DCA)
was performed to compare the similarity of macrophyte species presence and abundance
along the Ljubljanica River in 2004 [40] and 2019.

3. Results and Discussion

A total of 34 different macrophyte taxa were recorded in the field. Their diversity
varied within individual river sections. Table 1 shows the presence of macrophyte taxa in
the years 2004, when the first study on diversity of macrophytes in the Ljubljanica River
was performed, and 2019.

Table 1. List of recorded macrophyte taxa in the Ljubljanica River in years 2004 (according to [40])
and in 2019. Taxa not common to both years are marked in bold.

Species Recorded in 2019 Species Recorded in 2004 [40]
1 Alisma plantago-aquatica Alisma plantago-aquatica
2 Alisma sp.
3 Berula erecta Berula erecta
4 Callitriche sp. Callitriche sp.
5 Carex sp. Carex sp.
Ceratophyllum demersum
Chara sp.
6 Elodea canadensis Elodea canadensis
7 Equisetum palustre
8 Fontinalis antipyretica Fontinalis antipyretica
9 Hippuris vulgaris Hippuris vulgaris
Hottonia palustris
10 Iris pseudacorus Iris pseudacorus
11 Juncus effusus
Lemna minor
Lemna trisulca
12 Lycopus europaeus Lycopus europaeus
Lysimachia vulgaris
13 Lythrum salicaria Lythrum salicaria
14 Mentha aquatica Mentha aquatica
15 Mentha longifolia
16 Myriophyllum spicatum Myriophyllum spicatum

Myriophyllum verticillatum
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Table 1. Cont.

Species Recorded in 2019 Species Recorded in 2004 [40]

17 Myosotis scorpioides Myosotis scorpioides
18 Nasturtium officinale Nasturtium officinale
19 Nuphar luteum Nuphar luteum
20 Phalaris arundinacea Phalaris arundinacea
21 Phragmites australis Phragmites australis
22 Polygonum amphibium
23 Potamogeton crispus Potamogeton crispus
24 Potamogeton lucens Potamogeton lucens
25 Potamogeton natans Potamogeton natans
26 Potamogeton pectinatus Potamogeton pectinatus
27 Potamogeton perfoliatus Potamogeton perfoliatus
28 Ranunculus circinatus Ranunculus circinatus
29 Ranunculus trichophyllus Ranunculus trichophyllus
Potamogeton filiformis
30 Rorippa sylvestris Rorippa amphibia
31 Sagittaria sagittifolia Sagittaria sagittifolia
32 Senecio paludosus
33 Sparganium emersum Sparganium emersum
Typha angustifolia
34 Veronica anagallis-aquatica Veronica anagallis-aquatica
34 37

In 2019, a total of 34 macrophyte taxa were recorded within the entire set of 19 sections
of the Ljubljanica River (Figure 2). The greatest diversity of macrophyte taxa was recorded
in the upper part of the river (sections nr. 1-7). We identified a significant correlation
between the number of taxa and distance from the source (Table 2). The closer we got to
the part of the river in the city of Ljubljana, the less diversity we found (Figure 2). The
lower diversity was probably also a consequence of less natural land use, which was
documented in this research (Table 2). The distribution and abundance of macrophytes
along the Ljubljanica also changed (Table 1). In the upper sections, the abundance of
macrophytes was high (sections nr. 1-6), but in the middle part, the species appeared with
a high abundance only in certain areas, indicating worse environmental conditions and
nutrient inputs from the catchment (sections nr. 11-13). Filamentous algae appeared in all
examined sections, appearing with higher abundance in the lower part of the river, from
sections downstream of nr. 7, and where their mats covered the macrophyte stands.

Lacoul and Freedman [41] report that pH and associated factors are crucial determi-
nants of macrophyte diversity, as also shown by Ljevanai¢-Masi¢ et al. [42]. Similar to
our study, Svitok et al. [43] report that river sites with a pH higher than 8.4 supported
significantly less macrophyte species richness than the sites with a lower pH did. Rosso
and Fernandez Cirelli [44] also reported that the higher pH (i.e., values above 8) in the
prairie streams was unfavorable for macrophytes. Svitok et al. [43] claimed that the effect of
pH is related to the physiological traits of macrophytes, as some of the aquatic macrophytes
are capable of using only carbon dioxide as a carbon source, which is scarce in waters with
a pH of 8.3 [43]. Above these values, bicarbonate ions are predominantly present [44].
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Survey Unit

‘ ‘1‘2‘3‘4‘5‘6‘7‘8‘9‘10|11‘12|13‘14‘15‘16‘17‘18‘19‘

Species/Survey Unit 13 13 15 16 16 14 8 11 11 13 8 15 12 12 12 10 11 13 9

Number of all Species 34 ‘

Alipla
Ali sp
Ber ere
Cal sp
Car sp
Elo can
Equ pal
Fon ant
Hip vul
Iri pse
Jun eff
Lyc eur
Lyt sal
Men aqu
Men lon
Myr spi
Myo sco
Nas off
Nup lut
Pha aru
Phr aus
Polamp
Pot cri
Potluc
Pot nat
Pot pec
Pot per
Ran cir
Ran tri
Ror syl
Sag sag
Sen pal
Spa eme

Ver ana

Figure 2. Diversity and abundance of macrophytes in the examined sections of the Ljubljanica River at the peak of the

growing season in August 2019. The height of the black column represents the abundance of taxa from 1-5.

Unlike in this study, Svitok et al. [43] found that macrophyte diversity showed only a
weak or no relationship with spatial variables on various scales. In addition, abundance
of submerged and emergent macrophytes was not dependent on adjacent land use or on
regional phytogeography in the prairie lotic ecosystems [44]. Alahuhta et al. [45] discovered
that species richness of emergent macrophytes in lakes was best explained by the land use
in 300 and 500 m buffer zones, whereas land use did not affect submerged hydrophyte
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richness. In a recent work by Murphy et al. [46], it was stated that macrophytes generally
have narrow rather than broad world distributions.

Table 2. Results of correlation analysis (Kendall tau) between diversity of macrophytes and assessed
parameters. * significant correlations (p < 0.05), ns—non significant, RZ—riparian zone.

Taxa_S Shannon_H
pH —0.3325 * ns
conductivity ns ns
[02] ns ns
water temperature ns ns
saturation (O2) ns ns
distance from the source —0.3306 * ns
land use 0.3940 * 0.3428 *
width of RZ ns ns
connectivity of RZ ns ns
vegetation structure of RZ ns ns
retention structures ns ns
shape of the channel ns ns
sediments in the channnel ns ns
bank structure ns ns
bottom of river ns ns
riffles, pools 0.3411 * 0.3774 *
detritus ns ns

Out of all macrophyte taxa listed, the genus Potamogeton included the highest species
diversity. Five different species were recorded along the entire river, namely, Potamogeton
crispus, P. lucens, P. natans, P. pectinatus, and P. perfoliatus. Representatives of the genus
Potamogeton are considered to thrive in habitats with slow or moderate flow and fine sub-
strate. In terms of nutrient content in water, mesotrophic or eutrophic water offer the best
conditions for their growth [47]. Two of the mentioned species are reported as indicators of
eutrophic waters, namely, P. crispus and P. pectinatus, together with Myriophyllum spicatum
and Sparganium erectum [33,47,48], which occurred in Ljubljanica River in both time periods.
The species Nuphar luteum does not survive in waters with low nutrient levels and high
current velocity [49]. In the Ljubljanica River, N. [uteum was recorded in more than half of
the sections of the river, where it occurred with a low abundance. M. spicatum was found
in the last two sections only. In the eighteenth section, the species appeared with a high
abundance, while in the last section, it was rare. The species is typically found in alkaline
waters [50] and thrives in nutrient-rich environments [51]. Zelnik et al. [11] analyzed
macrophyte, spatial, and environmental parameters in 906 stretches of the watercourses
in Slovenia and identified 87 vascular plant taxa. Unlike in the present study, the most
abundant species were M. spicatum, Phalaris arundinacea, and P. nodosus. It seems that
environmental conditions in the Ljubljanica River do not offer appropriate conditions for
the luxuriant growth for M. spicatum, which is otherwise the most abundant species in the
majority of Slovenian rivers. The most probable reason for its absence is the presence of the
invasive alien species Elodea canadensis, which has outcompeted M. spicatum, as the only
two sections where M. spicatum is still present lack this invasive species. E. canadensis has
become one of the most abundant species according to data from 2019.

A high abundancy of the species P. pectinatus was recorded in a broad band along
the middle of the riverbed at the inflow of the Radna stream into the Ljubljanica River in
the thirteenth section. Given the significant change in aquatic vegetation with the high
abundance of P. pectinatus, we concluded that elevated nutrient concentrations are coming
into the river at this location. P. pectinatus indicates nutrient-rich water [47], which is
also consistent with the high levels of orthophosphates (0.13 mg/L) that were detected in
section 18, where this species also appeared with high abundance.

Taxa that are characteristic of moderately nutrient-rich waters were also detected in
the Ljubljanica River. Haslam [48] states that such conditions are characterized by the
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taxa Callitriche sp., Ranunculus sp., and Veronica anagallis-aquatica. Species of the genus
Callitriche occurred with a high abundance in the upper part of the Ljubljanica River, while
they appeared with low abundance in the sections of the river flowing through the city
of Ljubljana. The species V. anagallis-aquatica, Ranunculus circinatus, and R. trichophyllus
occurred in the upper part of the river but with low abundance. We rated them as rare
species. From the sixteenth section onwards, none of the mentioned species appear in
the river.

In the Ljubljanica River, Elodea canadensis reached very high RPA (Figure 3). It appeared
with a high abundance in the upper sections, and then its abundance decreased slightly
from the fifth to the thirteenth section and increased again in sections 14-16. The species
was not present in the sections in the city of Ljubljana (sections 17 and 18) or in Podgrad
(section 19) (Figure 2). E. canadensis is one of the most widespread invasive alien species in
the world [52]. In some places, the species spread rapidly and displaced autochthonous
species [53,54], while elsewhere, it did not show its invasive character [55,56]. E. canadensis
has a high tolerance for different environmental factors, so it is found in almost all types
of aquatic systems [57]. Depending on the nutrient contents, the species occurs in a wide
range of environments, ranging from mesotrophic to eutrophic waters [58,59]. Kuhar
and co-workers [56] state that the species in Slovenia most often occurs in rivers flowing
through agricultural landscapes with a narrow and more-or-less disturbed riparian zone,
with moderate presence of retention structures and sediment consisting of gravel, sand,
and silt with coarse or fine organic particles. In general, the scarcity of knowledge about the
majority of aquatic IAS prevents the suitable implementation of measures for the effective
recovery of impacted ecosystems [60].

c 10 1t 2N e

RPA [%] in 2004

0 1c 2N c

RPA[%] in 2019

g

[S)
w

Figure 3. Comparison of the relative plant abundance (RPA) in different time periods. The value is
expressed as a percentage and represents the biomass of each species in the watercourse.

Sparganium emersum was also an abundant and dominant species in the Ljubljan-
ica River, appearing in all sections except for the final one before the confluence of the
Ljubljanica and Sava Rivers (Figure 2). Of all the species, it occurred with the greatest
abundance (Figure 3). Moderately eutrophic and eutrophic waters characterize the species.
One of its advantages is that it tolerates shady areas [48]. The species appeared in the
Ljubljanica River along the banks and at greater depths. In the field, we observed that the
species occurred in the community with a variety of other macrophyte species, indicating a
low level of competition, special habitat demands, and high phenotypic plasticity of the
species [61].

Compared to the data presented by Sraj-Krzi¢ et al. [40], minor changes in the diversity
of macrophytes were observed (Table 1, Figure 3). The most obvious difference was in the
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presence of the species M. spicatum which, according to previous survey, occurred along
the entire Ljubljanica, whereas in 2019, we recorded the species only in section 18 and
observed a single plant in section 19. However, the species is considered a generalist and
grows almost everywhere. The species grows rapidly, creating dense stands and shading
other aquatic plants [62]. In lake Provala (Serbia), researchers evidenced that M. spicatum
formed predominantly monospecific stands, demonstrating its allelopathic activity [63]. A
possible reason for the absence of the species in the upper and middle parts of the river
is the high competitiveness of other species or the invasiveness of E. canadensis, which
expressed its invasive character in the Ljubljanica River with its high abundance. Alien
aquatic plants can drastically transform the structure of freshwater habitats and their water
quality [64]. There is also an important change in the occurrence of the species S. emersum
in this time period, which increased in abundance by 50% (Figure 3), according to data
from 2004 [40]. In this study, the mentioned species appeared with great abundance in
sections in the middle part of the Ljubljanica (Figure 2).

Detrended correspondence analysis showed more intense clustering of the locations
along the river flow, based on macrophyte species data from 2019 than in previous re-
search [40], indicating the homogenization trend of vegetation (Figure 4), since the majority
of locations along the flow were less scattered in 2019 than in 2004. Homogenization of
aquatic vegetation across a longer time frame was reported by Lindholm et al. [22]. The
exception was the two final locations, where the river leaves the city of Ljubljana, which
differed from other locations even more so than in the previous research [40].

0
N

0
Q@

05 ' ' ' ' ' 35

Figure 4. DCA plot showing the clustering of locations along the river flow based on different
macrophyte species’ presence and abundance. White diamonds—2004, grey diamonds—2019.

Canonical correspondence analysis revealed that distance from the source was one of
the most important parameters that significantly influenced the distribution of macrophytes,
apart from RCE parameters (Table 3), and it was highly significantly correlated with species
diversity in Slovenian rivers [11].
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Table 3. Results of canonical correspondence analysis (CCA) parameters between diversity of
macrophytes and assessed parameters. Only parameters that significantly influenced the distribution
of macrophytes are listed (TVE—total variance explained).

Variable LambdaA 4 % of TVE
retention structures 0.55 0.002 34.9
conectivity of RZ 0.13 0.006 8.2
distance from source 0.13 0.004 8.2
channel shape 0.11 0.022 7.0
sediments in the channnel 0.1 0.036 6.3

The analysis of environmental factors showed that the greatest influences on the abun-
dance and distribution of macrophytes besides the distance from the source were retention
structures in the riverbed, the connectivity of the riparian zone vegetation, the shape of
the riverbed, and sediments in the riverbed (Table 3). The occurrence of macrophytes was
significantly influenced by the retention structures in the river. Larger patches of macro-
phytes appeared in some areas next to fallen trees in the water. The completeness of the
riparian zone vegetation, in connection with shading, mainly influenced the appearance of
E. canadensis and S. emersum. In the more open, sunny parts of the river, a high abundance
of E. canadensis was observed, while S. emersum predominated in shady areas.

Similarly, as in the present study, macrophytes’ growth was affected by the riparian
vegetation in the study conducted by Ali et al. [65]. The authors found a significant
difference in both the type and density of submerged macrophytes growing under shaded
areas as compared to unshaded areas regarding riparian woody vegetation. In the upper
and middle part of the river, the form of the riverbed, which is defined as the ratio between
width and depth, also had a great influence on the distribution of macrophytes.

4. Conclusions

In 2019, a total of 34 different macrophyte taxa were observed in the river (compared
to 37 in 2004), of which the taxa Callitriche sp., Elodea canadensis, and Sparganium emersum
appeared with the highest abundancy. Their appearance reflects the loading of the water
with nutrients. The diversity of macrophytes is very high and comparable to that observed
in historical data. The most outstanding differences were the decrease in the presence and
abundance of P. natans and the presence of the species Myriophyllum spicatum, which was
very abundant in 2004 but was only recorded in the last two sections in 2019, possibly
as a consequence of the increased presence and abundance of the invasive alien species
Elodea canadensis.
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