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Abstract: In alpine Lake Bohinj, which is an LTER site and a part of the national park, the oc-
currence and depth distribution of submerged and emerged aquatic macrophytes were analyzed.
Nine submerged and one emergent macrophyte taxa were found in the lake: Myriophyllum spicatum,
Chara virgata, Chara aspera, Potamogeton lucens, Potamogeton alpinus, Potamogeton crispus, Potamogeton
perfoliatus, Potamogeton pusillus, Ranunculus circinatus with the synonym Batrachium foeniculaceum
and the emergent species Phragmites australis. The depth of the vegetation zones was measured
using a depth meter and their coordinates were recorded using a GNSS antenna with RTK receiver.
These data were used along with a DEM of lake depths to accurately map the potential zone of
macrophyte growth, which was based on the depths of macrophyte distribution. The potential zone
of macrophyte growth consisted of 28 different transects and covered 240.14 ha of the lake. The
macrophytes covered 5.55 ha. The most common and abundant species was M. spicatum. A significant
difference in macrophyte cover was found between the south and north shores of the lake, with the
south shore having more patches with a larger total area. A clear difference in macrophyte cover was
also noted between the main inflow and outflow of the lake. The presence of macrophytes and their
diversity varied in different parts of the lake due to differences in slope, depth and type of substrates.

Keywords: macrophytes; species richness; species distribution; mapping; Lake Bohinj

1. Introduction

Macrophytes are an important structural and functional component of the aquatic
ecosystem, reflecting its spatial, temporal, physical, chemical and biotic characteristics [1].
A combination of various abiotic and biotic factors, such as light intensity, water depth,
substrate characteristics, nutrient availability, competition and herbivory, often influence
the distribution and abundance of macrophytes [2]. Macrophytes can grow where certain
species-specific ecological conditions are met and thus reflect the physical and chemical
conditions and biological characteristics of an ecosystem [3]. The presence of species
and the range of their abundance provide qualitative information about limiting factors
responsible for species distribution [4,5]. This group includes various vascular plants,
ferns, mosses and certain macroalgae [6]. Vascular plants have higher light requirements
and are found in shallower parts of the littoral, while mosses and algae have a lower
compensation point and can inhabit greater depths [7]. Aquatic environments require
certain adaptations for life in water [6]. The general adaptation typical of most macrophytes
to an aquatic environment is thin and often dissected leaves that facilitate gas exchange.
The leaves are characterized by the presence of chloroplasts in the epidermis, which is also
an adaptation to low light conditions and is unusual for terrestrial plants [5]. On the other
hand, the proportion of vascular and mechanical tissues is reduced in submersed plants.
An important characteristic of macrophytes is the aerenchyma (air spaces), which allows
the transport of gases from the leaves to the roots (O;) and from the roots to the leaves
(CH4 and COz).
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It is not surprising that macrophytes have been shown to be sensitive to water quality
or its sudden change [8]. Therefore, macrophytes are widely used to determine the ecologi-
cal status of lakes [9]. Human activities have long exerted pressures on aquatic ecosystems,
changing the local chemical and physical properties of water, to which macrophytes may
respond strongly. Anthropogenic pressures include the direct management of water bodies,
as well as land use or activities in the catchment [10], notably changing nutrient availability
and consequently macrophyte assemblage.

Macrophyte surveying in lakes usually consists of the use of a bathyscope for under-
water viewing and the use of tools such as rakes, which are dragged across the bottom
to collect macrophyte samples [11,12]. Preselected strips of certain lengths and widths
are selected along the shoreline, from which boat-based transect surveys are then con-
ducted [13,14]. Additionally, bathymetric data can be used to achieve higher precision in
area calculations for plant communities [15]. High-precision mapping can also be achieved
by using medium- to high-resolution satellite imagery and imagery from unmanned aerial
vehicles in conjunction with machine learning algorithms [16-18]. Boat-based transect
surveys, along with the use of RTK-GPS technology, can also be used for high-precision
macrophyte mapping.

In this study, we recorded the submerged macrophytes in the entire littoral zone of the
Lake Bohinj, with special regard to species identity, cover and environmental characteristics
such as substrate type, bottom inclination and water depth, which create different site
conditions or even inhibit growth. Macrophyte studies at Lake Bohinj have so far focused
mainly on a few sampling plots and transects along the shoreline, and detailed mapping
of the entire littoral has not yet been conducted [19,20]. Lake Bohinj is located in the
nature-protected area of Triglav National Park. Moreover, the studied lake is a Long Term
Ecological Research Network (LTER) site, meaning that Lake Bohinj and its conditions are
of great national and international importance. The considerable human pressure during
the summer in Lake Bohinj requires quantitative research of both site conditions and human
impact (crowds of tourists and visitors in bathing areas and elsewhere along the lakeshores,
roads, parking lots and accommodations) on the presence and cover of macrophytes.

Based on differences in terrain and catchment use, we hypothesized that (1) the
macrophyte cover will be higher on the gently sloping bottom on the south shore of the
lake than on the steeply sloping north shore; (2) the shaded parts of the littoral will have
lower macrophyte cover; (3) the macrophyte cover will be lower near the inflow than near
the outflow of the lake.

2. Materials and Methods
2.1. Study Site

Lake Bohinj is Slovenia’s largest natural permanent lake, with an area of 3.28 km? and
an average depth of 28 m (Figure 1). It reaches its maximum depth of 45 m in FuZina Bay
in the NE part of the lake. The deep basin of the lake is the result of glacial action in the
past. The low residence time of the water in the lake (34 months) is influenced by the
considerably high throughflow generated by the inflowing Savica River in the west and
the main outflow, the Jezernica River in the east. On the northern side of the lake, there
are steep slopes (Mount Prsivec) with numerous scree fields reaching into the lake. The
southern shore of the lake is flatter. Before the European Water Framework Directive was
implemented, Lake Bohinj was classified as oligotrophic according to the Organisation for
Economic Cooperation and Development criteria.

2.2. Water Quality Parameters and Environmental Conditions

The water quality parameters and environmental conditions were acquired from the
Slovenian Environment Agency (ARSO). The water temperature, pH, electrical conductivity
and oxygen content were measured at a depth interval of 1 m on 16.06.2022. Water samples
for the total nitrogen and total phosphorus content of the water column were also taken
on 16 June 2022. The samples were measured in a chemical analysis laboratory accredited
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by the Slovenian Accreditation Authority. The water analysis was performed using the
standard methods for total nitrogen (SIST EN ISO 12260) and total phosphorus (SIST EN ISO
6878). All of the chemical analyses were validated and they also underwent interlaboratory
testing. The water transparency was measured as Secchi depth.
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Figure 1. Location of Lake Bohinj within Slovenia. The map depicting Lake Bohinj has depth contour
lines with 1 m equidistance. Highlighted are also the main inflow, Savica River and the main outflow,
Jezernica River.

2.3. Sampling of Macrophytes

The presence, cover and distribution of macrophytes were assessed from a boat along
the entire shoreline of the lake. Sampling and surveying were conducted in 6-10 June 2022
under sunny weather conditions that allowed optimal visibility. Different species of macro-
phytes were identified using a bathyscope. Macrophytes were also sampled using a
telescopic rod with hooks and a rake with hooks.

The littoral was divided into 28 transects based on the presence and distribution
of macrophytes and the change in riparian vegetation. For each transect, the slope and
substrate types of the littoral, the vegetation type of the riparian zone and the presence
and distribution of the macrophyte patches were recorded. Additionally, certain transects,
mainly on the northern shore, contained tall trees in the riparian zone with canopies
extending toward the center of the lake, shading the shallow parts of the littoral. These
transects were classified as partly shaded while the transects absent from this phenomenon
were classified as fully sunlit.

In each patch, the cover of all macrophytes was estimated. We recorded two different
species of stonewort. However, we could not efficiently differentiate between them during
the surveying of specific patches. Therefore, for the purpose of GIS and the statistical
analyses of the macrophyte patches, the two species were characterized as Chara spp. The
depth of each macrophyte patch was measured using a depth meter (Speedtech Instruments:
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Unionville, VA, USA) at their end points (minimum and maximum depths). These points
were also recorded using a GNSS antenna with an RTK receiver (Ardusimple: Andorra la
Vella, Andorra) to achieve centimeter-level accuracy, resulting in 4 points per macrophyte
patch. These points were later used to approximately map the entirety of the Lake Bohinj
macrophyte distribution in GIS.

2.4. GIS Analysis

To estimate the extent of the potential macrophyte growth zone of the lake and
approximately map the distribution and cover of the macrophytes, we used a generated
digital elevation model (DEM) of the lake depth. The DEM was generated by applying
inverse distance weighting interpolation (IDW) onto the contour lines created by Harpha
Sea from its bathymetric survey of the lake conducted in 2016 [21]. The created DEM
layer was then used to calculate the slope of the lake basin (Figure 2). After generating
the desired raster layers, we then imported the points that marked macrophyte patches at
their maximum and minimum depths. The depth information of the macrophyte patches
in combination with the DEM layer allowed us to create a polygon vector layer that
accurately depicted the macrophyte distribution. The potential macrophyte growth zone
was estimated from the edge of the lake basin to the maximal detected depth of the
macrophytes per transect. The last step was to apply zonal statistics to calculate the average,
standard deviation, minimal and maximal values of depth and slope of the potential
macrophyte growth zone per transect and per macrophyte patch. We also calculated
the area of the entire potential macrophyte growth zone and macrophyte patches. The
described procedure was carried out in QGIS version 3.22.9 (the Open Source Geospatial
Foundation: Beaverton, OR, USA).
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Figure 2. Workflow of GIS processing and analysis of data.

2.5. Statistical Analysis

To detect differences in macrophyte cover between the northern and southern shore,
as well as differences between fully sunlit and partly shaded parts of the littoral, we used
Welch's two-sample t-test. The normality of the data and homogeneity of variance were
tested beforehand. These tests were performed using the RStudio software: 2022.07.1 Build
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554 (RStudio PBS: Boston, MA, USA). A redundancy analysis (RDA) was used for the
explanatory data analysis to explain the variability in species richness and macrophyte
cover with depth, slope, shading of shallow littoral and shoreline variables. Since our
data were not compositional, a detrended correspondence analysis (DCA) was not used
beforehand. A forward selection of explanatory parameters was applied using Monte Carlo
tests with 499 permutations to avoid collinearity. RDA was performed using the Canoco 5
software (Microcomputer Power, Ithaca, NY, USA).

3. Results
3.1. Water Quality Parameters

Basic parameters, such as water temperature and oxygen concentration, change consid-
erably with depth, so we provided the data for 1 m and for 10 m depth to cover most of the
potentially vegetated zone of the littoral (Table 1). The water temperature at a depth of 10 m
was noticeably lower compared to the water temperature at 1 m. The oxygen concentration,
pH, and electrical conductivity were similar at both depths. The measurements of nutrients,
namely total nitrogen (TN) and total phosphorus (TP), were available as average values
for the entire photic zone of the lake. The average content of TN was 1.59 mg/L, while TP
was below 0.015 mg/L. The water transparency was measured at 9.2 m, resulting in the
compensation or photic zone reaching approximately 18.4 m in depth. The 20-year average
water transparency from the 1996-2016 period is reported at 9.22 m [19].

Table 1. Temperature, pH, conductivity and dissolved oxygen concentration, measured at different
depths on 16.06.2022 and acquired from the Slovenian Environment Agency (ARSO).

Parameter Im 10 m
Temperature (°C) 14.5 8.3

pH 8.5 8.5

Electric conductivity (uS/cm) 165 166
Oxygen concentration (mg/L) 11.7 12.6

3.2. Macrophyte Species Composition and Distribution

In the entire littoral zone of Lake Bohinj, 10 macrophyte taxa were found (Table 2).
Eurasian watermilfoil (Myriophyllum spicatum) and two species of stonewort (Chara aspera
and Chara virgata, from now considered as Chara spp.) comprised most of the macrophyte
cover in Lake Bohinj. Eurasian watermilfoil was the most common species, making up
63% of the macrophyte cover. Patches containing Chara spp. covered a total of 35.1%
of the macrophyte cover. Common reed (Phragmites australis) was the third most com-
mon species inhabiting the littoral zone. Three different species of pondweeds, namely,
alpine pondweed (Potamogeton alpinus), curly-leaf pondweed (Potamogeton crispus) and
clasping-leaved pondweed (Potamogeton perfoliatus), were also found in smaller patches,
each covering <1% of the entire macrophyte cover. Fan-leaved water crowfoot with scien-
tific name Ranunculus circinatus Sibth. and the synonym Batrachium foeniculaceum (Gilibert)
Kreczetowicz was found in a single small patch and covered <1% of the entire macro-
phyte cover. Additionally, small pondweed (Potamogeton pusillus) and shining pondweed
(Potamogeton lucens) were also recorded; however, due to their low abundance (less than
5 specimens), they were not considered patch-forming. The maximum depth for Chara spp.
was recorded at 12.99 m, which is nearly 3 m deeper than M. spicatum. In contrast, the upper
limit of the slope was higher for M. spicatum compared to Chara spp. The average recorded
slope inclination values were around 20% for both species. Common reed was recorded up
to 1.14 m of depth with an average slope of 2.8%. Potamogeton alpinus, the most common of
the pondweeds, was recorded at greater depths than the P. crispus and P. perfoliatus. The
species covering the smallest total area—0.32 m>—was R. circinatus/B. foeniculaceum.
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Table 2. Average, minimum and maximum values of slope and depth of macrophyte patches of Lake
Bohinj along with their total area of coverage and percentage of coverage per species. Avg—average,
max—maximal and min—minimal.

. o Min Slope Max Slope Avg Depth Min Max 2 Percentage
Species Avg Slope (%) (%) (%) (m) Depth (m)  Depth (m) Area (m?) (%)
Chara spp. 1912 £7.42 0 48.12 3.62+1.2 0 12.99 19,465.46 35.07
M. spicatum 2047 £ 7.67 0 62.4 2.65 +0.74 0 10.04 34,979.81 63.02

P. australis 2.82 0 3.94 0.3 0 1.14 985.76 1.77
P. alpinus 11.8 £45 2.19 38.22 2.78 +1.53 0.62 5.01 46.46 <1
P. crispus 3.09 3.01 3.28 1.26 1.1 1.41 18.88 <1
P. perfoliatus 7.54 £3.16 0.69 9.78 1.39 £ 0.61 0.54 1.92 6.92 <1
R. circinatus/B. 7.66 7.65 7.67 1.26 1.22 13 0.32 <1

foeniculaceum

The potential macrophyte growth zone of Lake Bohinj covered a total of 240.14 ha and
included 28 different transects. The macrophyte patches covered a significantly smaller area,
making up a total of 5.55 ha (Figure 3). The southern shore was divided into 16 transects,
indicating greater heterogeneity in macrophyte distribution and differences in the riparian
zone conditions (Table S1). Transects 1, 5 and 15 included three different taxa, M. spicatum,
Chara spp. and P. alpinus or P. perfoliatus, while other southern transects included one or
two taxa, mainly Chara spp. or M. spicatum. The potential macrophyte growth zone along
the southern shore covered a total area of 87.1 ha. The western shoreline was divided into
three different transects (16-18). In the 16th and 18th transects, we recorded four different
taxa, making them the most species-rich. The 16th transect contained Chara spp., M. spicatum,
P. australis and P. crispus. The 18th transect contained Chara spp., M. spicatum, P. perfoliatus
and R. circinatus/B. foeniculaceum. The potential macrophyte growth zone along the western
shore covered a total area of 39.7 ha. The north shore was divided into five transects only,
containing two or one taxa. The potential macrophyte growth zone along the northern shore
covered a total area of 54.7 ha. The much shorter eastern shore was divided into four transects
containing one or two taxa per transect. The potential macrophyte growth zone along the
eastern shore covered a total area of 58.6 ha.

A comparison between the southern and the northern shore proved to be statistically
significant regarding macrophyte cover (Table 3). The transects along the southern shoreline
had an average macrophyte cover of 2.56% of the potential macrophyte growth zone per
transect which was significantly higher than the northern shoreline (0.97%). Comparing
fully sunlit transects with partly shaded transects was not statistically significant, with
the fully sunlit transects having an average macrophyte cover of 2.58% and the partially
shaded transects having an average macrophyte cover of 1.84% (Table 3).

Table 3. Comparison of macrophyte cover based on the shoreline and fully sunlit and partly shaded
transects with the name of the statistical test used along with its result.

Comparison Test p-Value Average Macrophyte Cover (%)
Welch'’s N shore 0.97
South shore vs. north shore f-test 0.02859 S shore 2.56
Fully sunlit vs. partly shaded Welch’s 0.2725 Sunlit 2.58

t-test Shaded 1.84
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Figure 3. Estimated potential macrophyte growth zone of Lake Bohinj and mapped macrophyte
patches per transect layered over the lake depth model. Numbers along the shoreline indicate the
middle point of each observed transect.

On the western shoreline at the main inflow from the Savica River, we recorded
four patches of M. spicatum for a total area of 593.47 m?. In contrast, on the eastern shoreline
near the only outflow, the Jezernica River, we recorded five much larger macrophyte
patches (Figure 4). Two larger patches contained M. spicatum, while three smaller patches
included Chara spp. The total macrophyte cover at the outflow was significantly higher at
10,533.45 m? with M. spicatum covering a greater area than Chara spp.

3.3. Relationship between Environmental Variables, Species Richness and Macrophyte Cover

The results of the RDA showed that environmental parameters explained a total of
45.5% of the variance in species richness and macrophyte cover (Table 4). The variables
regarding the slope characteristics explained a total of 19.2% of the variance, with the
average slope accounting for 16.9% of the variance. The depth variables explained a total
of 11.5% of the variance, with the average depth of the potential macrophyte growth
zone explaining 6.4% and the maximal depth of the potential macrophyte growth zone
explaining 5.1% of the variance. Fully sunlit and partly shaded transects only accounted
for 1.4% of the explained variance. Classifying transects based on the shoreline explained a
total of 13.4% of the variance.

The RDA ordinate plot shows the relationship between species richness and macro-
phyte cover with the environmental variables (Figure 5). A negative relationship can be
observed between species richness and the minimum slope of the potential macrophyte
growth zone as the vectors are pointed in opposite directions. A positive relationship can
be observed between species richness and the area of the potential macrophyte growth
zone per transect. On the other hand, a negative relationship can be observed between
macrophyte cover and the average slope, maximum slope and average depth of the poten-
tial macrophyte growth zone, indicating that the steeper the slope and greater the depth,
the lower the macrophyte cover. The western shoreline was the most species-rich and
distinctly different from the other parts of the shore.
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Figure 4. Comparison of macrophyte patches at the main inflow and outflow of Lake Bohinj.
(a) Macrophyte patches at the inflow; (b) macrophyte patches at the outflow of the lake and their area
in square meters.

Table 4. The results of RDA. Ratio of variance of species richness and macrophyte cover explained by
environmental variables of the littoral zone.

Group Variables Variable % of Explained Variance
avgSlope 16.9
Slope maxSlope 12
minSlope 1.1
avgDepth 6.4
Depth maxDepth 5.1
. . Fully sunlit 0.7
Shallow littoral shading Partly sunlit 07
N 1.3
. S 41
Shoreline E 13
w 6.7

avgSlope—average slope of the potential macrophyte growth zone per transect; maxSlope—maximum slope
of the potential macrophyte growth zone per transect; minSlope—minimum slope of the potential macrophyte
growth zone per transect; avgDepth—average depth of the potential macrophyte growth zone per transect;
maxDepth—maximum depth of the potential macrophyte growth zone per transect; N—potential macrophyte
growth zone along the northern shoreline; S—potential macrophyte growth zone along the southern shoreline;
E—potential macrophyte growth zone along the eastern shoreline; W—potential macrophyte growth zone along
the western shoreline.
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Figure 5. RDA plot showing the relationship between macrophyte cover and species richness with
environmental variables. Blue vectors indicate dependent variables, while red vectors indicate in-
dependent variables. Red and green triangles indicate independent variables presented as factors.
Black dots with numbers indicate transects. (minSlope—minimum slope of the potential macro-
phyte growth zone per transect; avgSlope—average slope of the potential macrophyte growth zone
per transect; maxSlope—maximum slope of the potential macrophyte growth zone per transect;
avgDepth—average depth of the potential macrophyte growth zone per transect; maxDepth—max
depth of the potential macrophyte growth zone per transect; PS—partly shaded shallow littoral;
FS—fully sunlit shallow littoral; Area—area of the potential macrophyte growth zone per transect;
W-—potential macrophyte growth zone along the western shore; S—potential macrophyte growth
zone along the southern shore; W—potential macrophyte growth zone along the western shore;
E—potential macrophyte growth zone along the eastern shore).

4. Discussion
4.1. Local Catchment Area

The catchment characteristics influence the physical and chemical properties of the
lake [22], such as pH, substrate, nutrient content, content of toxic substances and the amount
of dissolved and suspended organic and inorganic particles. A part of the catchment area
adjacent to the lake, also called the local catchment area, influences the littoral directly also
via other environmental characteristics, such as the shoreline topography [23], of which
the most important feature is the steepness of the shore and the hillside behind it. This
also influences the substrate texture; the vegetation height on the shore shading the upper
littoral [24]; the land cover [25], which also influences the amount and quality of run-off, etc.
Human activities and interventions in the catchment areas affect the status of the lake [26].
Negative anthropogenic impacts include increased nutrient and toxin inputs, reduction in
the natural buffering and self-purifying capacity of the system and physical alteration of
the landscape (deforestation).

On the northern shore, the terrain is very steep, rising rapidly several hundred meters
above the lake. In the western part of the north shore, there are screes where natural
disturbances are frequent, as they continue underwater in some places where the substrate
particles are very large (rocks and boulders) (Table S2). The substrate is unstable there and
the steep slope is the main limiting factor for macrophyte growth [27] (Table 2). Moreover,
the shallower parts of the littoral are shaded by trees, spreading their canopies above the
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water surface, preventing direct sunlight from reaching the bottom. Due to the morphology
of the terrain and inaccessibility to humans, human impacts are minimal there, except
for the occasional cutting of trees, which is accompanied by increased soil erosion and
run-off into the lake. Light intensity, water depth and the degree of eutrophication are very
important for the growth of submerged macrophytes [28].

On the eastern shore is the largest settlement by the lake, called Rib¢ev Laz. The
settlement has a sewage system and the water from the settlement does not drain into the
lake. The northern part of the eastern shore is a frontal moraine with agricultural land-use.
Most of it is intensively cultivated grassland, fertilized almost to the lake shore. As the
ground is very permeable to water, this results in additional nutrient input to the lake.
The most critical area is in FuzZina Bay, where the water retention time is high. There is
an official bathing area where bathers stir up the sediment, releasing additional nutrients
(Table S2). The biotic communities in the substrate are affected by bathers walking around
on the substrate, picking off macrophytes and turning over stones [20].

In the southern part, the road along the lake shore is the most impactful and potentially
threatening factor. Toxic substances and salt seep into the lake from the road. Moreover,
the road allows the presence of numerous visitors who often disturb the littoral zone. On
the other hand, the road close to the lake has also contributed to the removal of many large
trees that used to shade the upper parts of the littoral.

On the western shore of the lake is the tourist settlement of Ukanc, with a campsite
and several apartment houses (Table S2). The buildings on the left bank of the Savica River
are not connected to the sewage network, so the wastewater enters the groundwater and
then slowly flows into the lake. There are also reedbeds that form a buffer zone between
the lake and the land. The common reed is among the macrophytes that most efficiently
absorb nitrates and other nutrients from the water [29].

The studied lake can still be classified as an oligotrophic lake, but the situation may
deteriorate for the reasons mentioned above. The short residence time of the water in Lake
Bohinj mitigates the inflow of nutrients from the catchment and prevents the development
of eutrophication processes. Differences in slope and land use around the lake resulted in
different substrate types and their distributions along the shore, which were expected.

4.2. Macrophytes—Species Found

We confirmed the presence of 10 macrophyte taxa: Myriophyllum spicatum, Chara aspera,
Chara virgata, Potamogeton lucens, Potamogeton alpinus, Potamogeton crispus, Potamogeton
perfoliatus, Potamogeton pusillus, Ranunculus circinatus Sibth. synonym Batrachium foenicu-
laceum (Gilibert) Kreczetowicz and Phragmites australis (Table 2). The species composition
is similar to that of a survey conducted between 1996 and 2016 by Germ et al. [19], where
they additionally found Chara rudis and Ranunculus trichophyllus.

Myriophyllum spicatum was the most frequently occurring and abundant macrophyte
in Lake Bohinj, present in most of the surveyed sections and having the highest cover
among the macrophytes (Table 1). The high abundance of M. spicatum shows a clear
shift in macrophyte structure, since in the past, the abundance of the genus Chara was
higher than that of M. spicatum [27]. This shift may indicate also the trend toward the
mesotrophic status of the lake, which could be also confirmed by the relatively high content
of TN (1.26 mg/L). This species thrives in stagnant and slow-flowing waters [30]. It has a
wide ecological amplitude, which also makes it the most common macrophyte species in
Slovenian watercourses [31]. M. spicatum can thrive at depths from 1 to 10 m [32], but its
optimal depth, where it is most abundant, is from 1 to 4 m [33]. Since it spreads quickly and
efficiently through its vegetative parts (fragmentation), this macrophyte has the potential
to outcompete and displace other vegetation due to its high competitive ability. After
M. spicatum reaches high biomass, it can also alter the physical and chemical characteristics
of the waterbody and negatively affect other aquatic organisms [34].

Species of the genus Chara occurred together with Potamogeton perfoliatus, but in smaller
patches and with a lower percentage of cover (Table S1). Due to the higher ratio of pho-
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tosynthetic tissue to non-photosynthetic tissue, they can reach greater depths, sometimes
up to 12 m in New Zealand lakes [35]. In Lake Bohinj, their presence was confirmed to a
depth of 12.99 m, which was also the greatest depth reached by the macrophytes recorded
here. The water transparency was not an important factor influencing the distribution of
macrophytes. Some Chara species are an indicator of good ecological quality [36], such as
C. aspera, one of the two Chara species found in the conducted survey.

We also found five species from the genus Potamogeton (Table 1). P. alpinus has a higher
cover on the south side of the lake. P. [ucens grows in the same area as P. crispus in Lake
Bohinj. Preston [37] states that this species is characteristic of water bodies at lower altitudes
up to 380 m above sea level (a. s. 1.) in Great Britain (Lake Bohinj is at 526 m a. s. 1.). Both
species were found only on the western shore.

We found 10 macrophyte taxa in Lake Bohinj, which is similar to the year 2020 [38].
In both years, the taxa M. spicatum, P. perfoliatus, P. lucens, P. pusillus and P. alpinus were
present in Lake Bohinj. The similar number of taxa and depth of macrophyte growth in
2020 and 2022 indicate that the macrophyte growth conditions are stable. Most of the
species found are on the Red List [39]. This is another reason why the lake ecosystem needs
to be protected to prevent deterioration. These submerged macrophytes are also important
indicators of the ecological status of Lake Bohinj.

4.3. Macrophyte Distribution and Cover

We recorded higher macrophyte cover on the gently sloping bottom in the littoral of
the south shore of the lake than in the north shore, with an average cover of 2.56% of the
potential macrophyte growth zone on the southern side and 0.97% on the northern side.
The total cover of all macrophyte patches recorded was approximately 5.55 ha, which is less
than 2% of the area of the potential macrophyte growth zone (Figure 1). Macrophytes may
not be as important as phytoplankton or phytobenthos for the gross primary production of
Lake Bohinj, but are very important as a habitat for macroinvertebrates. During fieldwork
with students, a significantly higher abundance of benthic invertebrates was recorded in
macrophyte stands than in unvegetated parts of the littoral, which was also discovered
by James et al. [23]. However, the north shore was steeper and less suitable for anchoring
macrophytes. The failure to anchor macrophytes could also be associated with the soft
sediments [40]. The southern shore is dominated by fine substrate such as sand and silt,
while the substrate on the northern shore is coarse, consisting mainly of pebbles and
stones (Table S52). At the same time, due to the lower inclination of the slope along most
of the southern shore, the aquatic vegetation extends farther away from the tall forest
vegetation on the coast and deeper, as can be seen from the maximum depths. In contrast,
the northern side has steeper and narrower shorelines and consequently vegetated strips
that end abruptly. The run-off of nutrients and suspended solids is more intense on the
north side due to the steep slope and less developed vegetation. As the depth increases,
the light availability for photosynthesis may decrease [41]. The forest vegetation on certain
parts of the north shore of the lake also has an important influence on macrophyte growth
by shading the littoral [24] and reducing light availability. The trees on the bank often
have the lushest canopies due to better water and light availability on the edge of the lake
compared to the sites few meters away. A similar trend is observed on the south side for a
comparable shoreline type where tree canopies extend over the water and provide shade in
the shallow littoral. Thus, in the north, the conditions are less favorable for macrophytes,
which is consequently represented by a lower cover of vegetation.

M. spicatum was mostly found in the shallow littoral and did not reach greater depths
due to its higher light requirements (Table 1). An increased water depth causes a light
deficiency for submerged macrophytes [42]. In sites where the light intensity is too low,
this macrophyte is replaced by Chara species (Table 2). It is important to note that species
dominance can be reversed on the north shore, meaning species-specific depth zones are
atypical where large trees with lush canopies extending over the water shade the shallowest
part of the littoral and prevent light from reaching the substrate, which in turn inhibits the
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growth of M. spicatum. Therefore, in the shallower parts of the littoral, we see Chara species
first and then M. spicatum, which finds better light conditions in the deeper parts, provided,
of course, that it has a suitable substrate and slope to root.

Another significant difference is the macrophyte cover at the inflow of the lake, the
River Savica, and at the outflow of the lake, where the cover at the outflow is significantly
higher (Figure 4). The inflowing Savica River generates frequent disturbance and con-
tinuously deposits fluvial sediments that cover the bottom and macrophytes, hindering
their growth and the substrate stability. In addition to the instability of the substrate, the
bottom at the inflow is very steep (Figure 2), causing the inflowing colder water (6-7 °C) to
sink rapidly into the hypolimnion, washing away the nutrients and FPOM. The constantly
lower temperature at the inflow could also affect the difference since the temperatures at
the outflow are significantly higher, receiving the warm epilimnion water reaching above
15 °C from early June to late August [43]. In addition, the hydromorphological conditions
are different at the outflow. At the outflow, there is almost a flat bottom (Figure 2), reaching
far from the shore. There, the outflowing warm water supplies the area with settling fine
organic particles, which provide available nutrients for macrophytes, allowing for a fertile
and stable substrate. Barko et al. [44] reported that temperature strongly influences the dis-
tribution of submerged freshwater macrophytes, which is also species-specific. Moreover,
the optimal water temperature for submerged macrophytes is 28-32 °C [45].

5. Conclusions

The aquatic macrophyte cover is significantly higher on the southern shore than on
the northern shore of Lake Bohinj due to differences in slope, substrate and littoral shading.
We can confirm the first hypothesis. The substrate is of primary importance to the rooting
and persistence of macrophytes, providing a substrate for them to adhere to and a reservoir
for plant-available nutrients in the case of rooted vascular plants. The cover differed most
between fine (sand and silt) and coarse substrate (pebbles, stones), which was the key
difference in favorable conditions observed for macrophytes in all sections, regardless of
the side of the lake. The shading alone has not caused a significant difference in macrophyte
cover, so the second hypothesis cannot be confirmed. The differences in conditions are
more complex as they also include the steepness of the slope and the texture of the substrate.
Human impact is more evident on the southern shore. In the bathing areas, the upper edge
of the aquatic vegetation is shifted deeper due to frequent disturbances such as trampling
and the removal of macrophytes. The difference in the aquatic vegetation cover can also
be observed at the inflow and outflow (Figure 4), which differ significantly according to a
number of physical parameters. We can confirm the third hypothesis. The steep slope of
the littoral and cold inflowing water, causing frequent disturbances, prevents macrophyte
growth at the inflow. At the outflow, the substrate is stable, enriched with fine organic
particles and consequently nutrients, allowing aquatic vegetation to thrive.

Mostly in the shallower part of the littoral, we recorded vascular plants such as
Muyriophyllum spicatum and various pondweeds. However, in the shaded parts of the littoral,
we observed an inverse distribution of the vegetation zones. The first zone with Chara spp.
was followed by a zone with M. spicatum. This phenomenon is more common on the north
side of the lake due to the shoreline topography but also occurs on the south side, where it
is less common, occurring only in isolated shaded sections. The increasing proportion of M.
spicatum cover, which has overtaken the proportion of Chara spp. that used to be dominant
a few decades ago, indicates the shift toward the mesotrophic status of the lake, which can
be supported by the relatively high concentration of TN.

The performed method of sampling individual species of aquatic macrophytes, es-
timating their cover and the depth to which they extend, along with recording the exact
coordinates, will enable accurate detection of the aquatic vegetation distribution in the
future and advanced monitoring of this LTER site.
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