
Introduction

Rivers flowing through valleys constitute one of 
the most diversified ecological systems with one of the 
highest indexes of biological production, species variety, 

and abundance of living organisms. Simultaneously, 
they are frequently subjected to strong anthropogenic 
activity [1, 2]. Each and every form of interference  
of a watercourse’s stream bed has an effect on its 
biocoenosis [3, 4]. Regulatory works such as channel 
resectioning, bank reprofiling, channel deepening, 
channel widening, and the protection of river banks 
– as well as sometimes unnecessary or overambitious 
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The aim of this study was to determine the link between the elements of a riverbed system  
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Sparganium emersum Rehmann, Phalaris arundinacea L., and Lemna minor L. The results found that 
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maintenance works – can all contribute to a reduction 
in the amount of natural variation normally found in 
a riverbed. These forms of technical interference are 
performed mainly to protect a valley from flood and 
drought. However, such works can lead to changes 
in the hydraulic characteristics of a river [5]. Their 
consequences can interfere with the existing dynamic 
balance in the stream and surrounding environment, 
resulting in numerous environmental threats [6]. 

Regulatory and maintenance works have both direct 
and indirect impacts on the biocoenosis of riverbeds [7]; 
a direct impact can stem from the adopted technical and 
technological solutions used during engineering works, 
while an indirect influence can originate from accepted 
design solutions. The indirect outcomes of water works on 
water biocoenosis include changes in water flow velocity, 
water levels, and the type of stream bed material [8]. Yet 
such works or modifications can cause the formation 
of diversified ecosystems with different structures and 
functions, such as both above and below a dam [9]. 
Regulatory and maintenance works are frequently linked 
with the necessity of excess vegetation growth removal 
from river banks and littoral zones. Such modifications 
can produce alternate conditions for the development of 
water organisms [10, 11].

One of the most sensitive organisms found in stream 
beds on technical interference are vascular aquatic 
plants. These aquatic plants are one of many biological 
components that are assessed when determining the 
ecological status of a water body [12]. They have 
autochthonous characteristics providing organic 
matter to the water ecosystem. They create suitable 
environmental conditions as well as influence the 
watercourse’s hydrochemistry. They create habitats for 
other water organisms, have a beneficial impact on a 
watercourse’s ability to self-purify, decrease the intensity 
of water erosion, and promote substrate stabilization 

[13-15]. Simultaneously, aquatic plants also play a role 
in engineering river channels [16]. Well-developed plant 
networks are used to elevate water levels to decrease 
the hydraulic throughput of a riverbed. As such, they 
can affect the flow velocity, sediment dynamics and, 
consequently, the development of habitats [17].

During periods of heavy rainfalls aquatic plant 
development is favoured, which may constitute a danger 
of flooding to adjacent areas and cause scarp landslides. 
During low flow periods, strongly developed plants may 
as well result in the deterioration of oxygen balance in a 
river due to decay processes caused by the decomposition 
of dead plant remains occurring in the bottom [15]. This 
influences the deterioration of ecological quality of the 
watercourse.    

Assessing the impact of environmental factors on 
aquatic biodiversity has become an important research 
objective in river management [18]. This applies to 
both aquatic fauna [19-22] and flora [17, 23-25]. Most 
of the research on the development of aquatic plants in 
different conditions is concentrated on only a few chosen 
environmental elements. The most widely examined and 
described factors influencing water plant communities 
have been: flow velocity [13, 23-27], bottom substrate 
[23, 24, 28, 29], and degree of shading [27, 30, 31]. In 
many European rivers the impact of altering hydro-
morphology on macrophyte communities also has been 
investigated [32, 33].

Our study aims to address the question as to how 
sensitive to physical habitat modification aquatic vascular 
plants are, and how they vary with regards to the physical 
elements that compose a river bed system, holding a 
significant influence on the development of aquatic 
plants and simultaneously being able to be modified by 
regulatory or maintenance works. The following elements 
of the system meeting the above criteria were alleged 
to be crucial: river length, longitudinal profile, bottom 

Fig. 1. Distribution of surveyed sections (developed based on http://geoportal.kzgw.gov.pl/imap/).
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width, river bed depth, bank slope, bank protection, 
bottom substrate, level of silt build-up, and degree of 
shading. 

To answer the questions we determined the link and 
interactions between these parameters and the vascular 
water plant richness. We used two metrics – the number 
of aquatic plant species and the evenness in species 
distribution.

All analysed factors modify habitat conditions in 
rivers. However, our hypothesis is that the qualitative 
and quantitative state of water plants in the river bed is a 
function of the cumulative impact of all these elements, not 
individually considered factors. Therefore, watercourses 
should be treated as complicated and ecologically 
dynamic systems when studying the impact of regulatory 
and maintenance works on water ecosystems. Such an 
approach needs to treat a watercourse as a composition 
of linked elements forming a complicated hydrological 
chain. 

Experimental Procedures

Study Sites

A field survey was conducted on Lower Silesian 
watercourses located in southeastern Poland (Fig. 1). 
Small (catchment area of 100-1000 km2) and medium 
(catchment area of 1000-10000 km2) lowland water-
courses (altitudes below 200 m above sea level) that 
comprise a part of the Odra River basin were selected 
for study in accordance to the “System A” river typology 
as derived from the EU Water Framework Directive 
[12]. One-hundred 100-meter-long study sections were 
determined in 29 watercourses. All were in areas with 
similar climate (moderate, transition zone between 
maritime and continental), geology (Foresudetic 
Monocline, Permian Rocks, and Trias) and soil (Luvisols 
formed from loess and brown soil) conditions. 

Due to the geological, hydromorphological, and 
climate characteristics, the examined waterways are 
representative of the lowland ecoregions found in central 
European highlands and plains [34, 35]. These were 
largely shaped by the huge ice cap of the last glacial 
period and consist mainly of glaciofluvial deposits, 
with most of the remaining sediment consisting of sand. 
Central European river basins are rarely underlain by 
solid bedrock. Hence, there is a high infiltration capacity 
following precipitation and typically little seasonal 
variation in river discharge [35]. These streams are 
characterised by low average flow velocities and low 
hydrological variability. Therefore, the obtained results 
of the following research may be related to other small- 
and medium-sized central European rivers.

Rivers with anthropogenic alteration process, both 
regulatory and maintenance works, were studied, 
totaling 65 sections. The type of regulatory work was 
most often channel deepening, changes to the bank 
slope, and bank reinforcement using fascine installation, 

rock riprap, gabion retaining walls, or concrete elements. 
Stabilization conservation work usually comprised 
manual bank mowing, mechanical elutriation with the 
removal of aquatic plants, and the stabilization of side 
banks using fascine installations. The study sections that 
were a part of the altered watercourses were quantified 
into two groups (Table 1). The first group comprised 
sections where technical interference was performed no 
longer than 10 years in relation to the research period, 
while the second group included sections where more 
than 10 years had elapsed from the completion of the 
work to the time when field research was conducted. 
Information on the date of when the works were 
completed was obtained from the responsible authorities 
for the watercourses. The remaining 35 study sections 
were located in the same watercourses, in their parts that 
featured no technical interference.

A field survey was conducted in the vegetative  
periods (July-August), between 2010 and 2013, after 
several days of stable hydrological conditions [36].

Water Quality

In each section, chemical analysis of water quality 
was performed. Water samples of 1 dm3 were taken 
from the river stream threefold. The measure involved 
six parameters: pH, dissolved oxygen, ammonia, nitrites, 
nitrates, and phosphates. Measurements were carried 
out directly in the field. The reaction was measured  
by the potentiometric method using a SLANDI pH204 
pH-meter. Other chemical analyses of water were made 
using a SLANDI LF300 photometer. Analysis was 
conducted for the duplicate samples using standard 
reagents.  

Based on the results of water measures in every 
section, waters were qualified into one out of three water 
quality classes. Chemical analyses were performed 
to exclude sections with high trophic contamination 
influencing quality and quantity of water plants. Although 
results of the research constituted only a background of 
further analyses, they were not included in this paper.

Hydromorphological Survey

In each study section, a detailed inventory of several 
parameters that compose a watercourse system was 
performed. These elements included river length, bottom 
slope, bottom width, watercourse depth, bank slope, type 

Type of 
watercourse 

works

Number of study sections

Time elapsed since technical interference 

>10 years <10 years

Regulatory 10 20

Maintenance 0 35

Table 1. Number of study sections in regulated and maintained 
watercourses.



612 Hachoł J., et al.

of bank protection, type of bottom substrate, level of 
silt build-up, and the amount of shade cast by riparian 
vegetation.

The length of each watercourse was measured from 
source to the study section based on 1:50000-scale 
topographical maps. The measurements of bottom width, 
depth, bank slope, longitudinal profile, and the level of 
silt build-up were conducted in the field in cross-sections 
spaced every 10 m. Subsequently, the average values  
of these factors for the whole section were then  
calculated. The type of bank protection and the bottom 
substrate that composed the whole study section was  
also noted. These two factors were evaluated by a 
4-point scale used to assess the type of material used and  
how much it differed from an unmodified natural 
watercourse (Table 2). An assessment of the degree of 
shading was made visually by standing in the water bed 
at a point halfway of the total study section. A 5-degree 
scale assessing the degree of shade cast on the test section 
was selected, where 0 denotes no shade, 1 – little shade, 
2 – medium shade, 3 – high shade and 4 – the section is 
entirely shaded [38].

Aquatic Plants Survey

The analysis was based on fieldwork using the WFD 
macrophyte method for river assessment [36], which 
is implemented for floral monitoring in Poland. Floral 
examination consisted of identifying the aquatic vascular 
plants found in the study sections and determining their 
cover. All aquatic vascular plants that were rooted in 
the water, floating on the water surface, or under it for 
at least 90% of the vegetative period were considered. 
The identification of water plant species was conducted 
manually by wading on the river bed from one bank 
to the other. Rakes were used for picking up plant life 
in places where access was difficult. All the vascular 
aquatic plants were identified to the species level except 
for Callitriche, which was identified to the genus level. 
The 9-point scale devised by Szoszkiewicz et al. [36] was 
used to determine the abundance of each species.

Data Analysis

We calculated an evenness index (E) based on 
Pielous’s evenness index [39]. The index was calculated 
as:

maxH
HJ =

…where:
H – the number derived from the Shannon diversity index
Hmax – the maximum value of H, calculated as:

Hmax = In S

…where:
S – the total number of aquatic vascular plant species.

The data obtained during our field study defined  
a set of diversified parameters in both longitudinal and 
cross-sections of the study sections, including bottom 
substrate, bank protection methods, and the amount of 
shade cover. To assess the influence of these elements on 
aquatic vascular plant communities, statistical analysis 
was performed, where the major gradients of the factors 
and two metrics (the number of aquatic plant species 
and the evenness in species distribution) were first 
analysed separately for the unmodified, maintained, 
and regulated study sections, including the Kruskal-
Wallis test, using Statistica v. 12 software. Additionally, 
constrained ordination analysis was used to visualize the 
relationships between the unmodified, maintained, and 
regulated study sites and their physical characteristics in 
the context of the number of aquatic plant species and 
evenness. 

Regression analysis was then performed where the basis 
for analysis constituted a model where the explanatory 
variables were the elements of a watercourse’s bed, while 
the response variable was the number of aquatic plants 
species. The τ-Kendall correlation coefficient was then 
calculated for all variables. The calculated coefficients 
allow for associations to be determined among the 
variables by presenting them in ordinal scales with tied 
ranks.         

To establish the influence of the abiotic factors of the 
river bed on the number of aquatic plants species we used 
the Shapley value regression (SVR) method, dedicated to 
modelling with multicollinearity. This method is based 
on the concept of cooperative game theory by using the 
Shapley value [40]. When applied to regression modelling, 
it provides reliable estimates of the individual contribution 
of each predictor on the prediction of the target variable as 
given by the model [41]. In multicollinearity, information 
on the individual contribution of each predictor cannot be 
derived from classical linear regression. In other words, 
high correlations between the explanatory variables 
may not affect the predictive power of the model, but 
the individual coefficients do not reflect the predictor’s 
contribution in such a setup [42, 43]. 

For the considered data, multicollinearity originated 
from two sources. First, it stemmed from the natural 
correlation between some of the parameters. Second, 
some of the features only had an ordinal character and 
their impact cannot be assumed to be linear (e.g., level 
of silt build-up). Therefore, the need to recode them as 
binary dummy variables in order to capture their impact 

Assessment 
scale Bank protection Bottom substrate

1 None Organic

2 Fascine installations Sand

3 Stone coating, gabions Gravel/stone

4 Concrete elements Concrete elements

Table 2. Assessment scale used to determine the type of bank 
protection and bottom substrate. 
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on the target variable emerged. Even with the reference 
category omitted (to avoid structural dependences),  
the dummy variables introduced additional multicolli-
nearity as their categories were mutually exclusive. 
The individual importance for each dummy-coded 
explanatory variable was obtained as a sum over the 
importance of the corresponding dummies. Dummy 
recoding was applied to the level of silt build-up, bottom 
substrate, bank slope, bank protection and the degree 
of shading. Other aspects were directly included in the 
model (whether unmodified or altered, watercourse 
length, longitudinal profile, and bottom width).

Results

Water Quality and Hydromorphological Survey

The values of chemical and physical indicators of 
water quality in river beds unmodified and altered as 
a result of regulatory and maintenance works (Fig. 2) 
are similar in all groups of study sections. Therefore, it 
can be considered that in this case water quality is not  
a decisive factor influencing aquatic vascular plants.

The minimum, maximum, and average values of 
analysed hydromorfological parameters were presented 

Fig. 2. Box-Whisker plots for the average, minimum, and maximum values of chemical and physical indicators of water quality in 
unmodified, maintained, and regulated watercourses. 

Parameter
Unmodified 

study sections
Maintained 

study sections
Regulated 

study sections

Min. Max. Average Min. Max. Average Min. Max. Average

Bottom 
Width, m 0,80 8,00 3,34 1,00 10,00 3,56 1,00 12,00 4,27

Watercourse depth, m 0,50 3,50 1,72 1,00 3,50 2,00 0,60 3,00 1,92

Bottom
slope, ‰ 0,10 3,50 1,20 0,20 4,20 0,99 0,20 4,30 1,07

Bank 
Slope 1:0,5 1:3,5 1:2 1:0,5 1:3 1:1,5 1:0,2 1:2 1:1,5

Level of silt build-up, cm 0,00 55,00 10,50 0,00 25,00 9,68 0,00 50,0 9,31

Shading 
degree 0 4 1 0 4 1 0 4 1

Type of bank protection No bank protection No bank protection or fascine None, fascine, stone coating, 
gabions, concrete elements

Type of bottom substrate Organic, sand, gravel and 
stones

Organic, sand, gravel and 
stones

Organic, sand, gravel, stones, 
concrete

Table 3. Minimum, maximum, and average values of analysed parameters in the unmodified and modified study sites.
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in Table 3. The width of the watercourse bottoms in  
study sections ranged from 0,8 m to 8,0 m in the 
unmodified and from 1,0 m to 12,0 m in the altered 
watercourses. The depth ranged from 0,5 m to 3,5 m 
in unmodified study sections. In the regulated and 
maintained sections the values were similar, with 
minimum depth 0,6 m and maximum 3,5 m. The 
bottom slope was between 0,1-3,5‰ in unmodified and  
0,2-4,3‰ in altered watercourses. All the study sections 

showed a wide range of values of the bank slope. There 
were both vertical slopes and sections with flat and 
irregular slopes. In study sections, five different bottom 
substrates were observed with organic substrate, sand, 
gravel, stones, and concrete elements. However, the 
concrete elements were only in regulated watercourses. 
The level of sludge accumulation ranged from 0 to  
55 cm in unmodified and to 50 cm in altered study 
sections. All shading stages were registered, from 
complete lack to total shading. 

Aquatic Plants Survey

In total, 27 taxa of aquatic vascular plants were  
found in the 100 study sites (Table 4). The data shown in 
Table 4 suggests that the most frequently occurring aquatic 
plants were Sparganium emersum Rehmann, Phalaris 
arundinacea L., and Lemna minor L. They were present 
in about 40% of the study sections in both unmodified and 
altered watercourses. In most study sites these species 
occurred frequently, forming dense phytocenosis. Less 
common, in only 20-30% of the study sections, were 

Aquatic plant species
 Number of study sections 

featuring the species

Unmodified Modified

Alisma plantago-aquatica L. 2 3

Berula erecta (Huds.) Coville 8 10

Butomus umbellatus L. 2 4

Callitriche L. 4 18

Ceratophyllum demersum L. 1 4

Elodea canadensis L. 5 12

Glyceria maxima (Hartm.) 
Holmb. 11 23

Hydrocharis morsus ranae L 0 2

Iris pseudacorus L. 1 0

Lemna minor L. 13 28

Myosotis palustris (L.) L. em. 
Rchb. 3 1

Nuphar lutea (L.) Sibth. & Sm. 3 4

Oenanthe aquatica (L.) Poir. 0 2

Phalaris arundinacea L. 16 25

Phragmites communis Trin. 7 17

Polygonum amphibium L. f. 
natans Moench 0 1

Potamogeton crispus L. 2 2

Potamogeton filiformis Pers. 1 3

Potamogeton natans L. 0 2

Potamogeton pectinatus L. 2 3

Ranunculus fluitans Lam. 1 2

Sagittaria sagittifolia L. 9 15

Sparganium emersum Reh-
mann 15 27

Sparganium erectum L. em. 
Rchb. s.s. 4 1

Spirodela polyrrhiza (L.) 
Schleid. 2 6

Typha angustifolia L. 7 17

Veronica beccabunga L. 3 3

Table 4. Frequency of aquatic plants in the studied sites.

Fig. 3. Box-Whisker plots representing the differences in the 
unmodified, maintained, and regulated watercourses by the 
number of aquatic vascular plant species and evenness; squares 
denote the average, boxes denote average ± standard error, and 
whiskers denote minimum and maximum values; p signifies 
p-value calculated using the Kruskal-Wallis test.
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Fig. 4. Box-Whisker plots for the differences in unmodified (white boxes), maintained (black-white boxes), and regulated (grey boxes) 
watercourses in terms of the number of aquatic vascular plant species according to the values ​​of analysed factors; squares denote average 
values, boxes denote average ± standard error, and whiskers denote the minimum and maximum values; p-values for unmodified (U), 
maintained (M), and regulated (R) study sections, calculated using the Kruskal-Wallis test, are shown in the boxes.
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Glyceria maxima (Hartm.) Holmb., Sagittaria sagittifolia 
L., Phragmites communis Trin., Typha angustifolia L., 
and Callitriche sp. Other species occurred rarely or 
sporadically. Four species, Hydrocharis morsus ranae L., 
Oenanthe aquatica (L.) Poir., Polygonum amphibium L. 
f. natans Moench, and Potamogeton natans L., were only 
observed in watercourses where technical works had once 
been performed. The species Iris pseudacorus L. was 
observed only in natural riverbeds. Although Myosotis 
palustris (L.) L. em. Rchb. and Sparganium erectum L. 
em. Rchb. s.s. occurred in all groups of watercourses, they 
were observed more often in unmodified study sections 
than in altered ones. The obtained data indicated that the 
plants with the most cover belonged to the most abundant 
species. The remaining species were represented only by 
a few individuals, resulting in low cover.

The research indicated that the number of aquatic 
plant taxa observed in the study sites was diversified, 
with values ranging from 0 to 11. The average number 
of taxa was 3,7 in unmodified, 3,9 in maintained, and  
3,3 in the regulated watercourses (Fig. 3). In addition,  
we found no significant differences between the 
unmodified and altered study sections (p-value > 0,05). 
However, we found significant differences in case of 
the evenness index (p-value < 0,05). The average value 
of the evenness was 0,45 for the unmodified, 0,69  
for maintained, and 0,44 for the regulated watercourses 
(Fig. 3). This may be attributed to the fact that this index 
also takes plant cover into account.

Linkages between Aquatic Plants and Physical 
Characteristics of the Riverbed

To explain if any of the considered elements of a 
riverbed system influenced aquatic plants, we used 
statistical analyses, including the Kruskal-Wallis test. 
Since evenness index is correlated with the number 
of taxa, only the analyses on the number of taxa were 
presented in Fig. 4. 

We did not find any significant relationship between 
river length to the intersection and the number of aquatic 
plant species (p-values > 0.05). However, we found  
a significant relationship between the number of  
aquatic plant species and longitudinal profile in both 
unmodified and maintained study sections (p-value < 
0.05) (Fig. 4). The highest average number of species 
was found in unmodified sections with a ≤ 1.0‰ slope. 
Analysis also found that in both watercourse groups a 
decline of the longitudinal profile value was tied to 
an increase in the number of species. In the regulated 
watercourses, there were no significant relationships to 
note (Fig. 4). The results found that an increase in the 
bottom width was tied to a rise in the number of water 
plant species in unmodified and maintained study sections 
(p-values < 0.05). In the regulated watercourses, we did 
not find any significant relationships between these two 
parameters. Considering the obtained results, the depth 
of the riverbed had no influence on the number of species 
(p-values > 0.05). Additionally, watercourses subjected 

to technical interference and those left untouched had a 
similar average number of species occurring in studied 
depth ranges. The sections in all the watercourses 
showed no correlation between the number of species and 
bank slope. In unmodified study sections changes in the 
number of species in terms of riverbanks with different 
slopes were more significant than in the sections located 
in altered watercourses. The highest average number of 
water plant species was found in watercourses where 
maintenance work was performed but without any bank 
protection. However, there was no significant correlation 
between bank protection type and the plant metric.

In unmodified, natural watercourses, the highest 
number of species occurred in sections with a sandy 
bottom substrate, while fewer were found in watercourses 
that had a gravel or stony substrate. In altered sections, 
the influence of the bottom substrate on the number of 
species was less noticeable. In unmodified watercourses, 
the highest average number of water plant species was 
observed in sections with a silt layer up to 10 cm thick. 
From the current study results showing that in regulated 
and maintained sections the number of species increased, 
there were those where there was an increase in silt 
thickness. Only in the maintained study sections were 
the relationships statistically significant.

Similar tendencies were observed for the evenness 
index. In the unmodified study sections we found a 
statistically significant relationship between the index 
and only two physical characteristics: longitudinal 
profile and level of silt build-up (p-values < 0.05). In the 
modified study sections we did not find any significant 
relationship between analysed characteristics.

We used constrained ordination analysis to 
visualize the relationships between the unmodified, 
maintained, and regulated study sites and their physical 
characteristics in the context of the number of aquatic 
plant species and evenness. This is based on the results of 
a variant of canonical correlation analysis implemented 
by the RDA function of the ‘vegan’ R package. The 
plot presented in Fig. 5 shows the sites on the RDA 
plane with shape indicating the types of investigated 
study sections (unmodified, maintained, and regulated), 
and the overlaying biplot showing the considered 
characteristics.  The highest positive contribution to the 
first axle (RDA1) was longitudinal profile and negative 
– bottom width while for the second axis (RDA2) the 
highest positive contribution was the level of silt build-
up and negative – bottom substrate. However, there 
is no visible pattern among the points and their shape 
distribution (Fig. 5). 

Based on presented results, we cannot directly state 
what influence the watercourse elements have on the 
number of species in vascular water plant communities. 
Hence, this was the reason why regression analysis 
was later used. In order to pick the regression approach 
properly accounting for the relationships existing in 
the data and providing a reliable estimate of the overall 
influence of the factors considered, the structure of 
associations between the variables that make up the model 
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had to be analysed. Fig. 6 presents a map with the marked 
τ-Kendall correlations. This is a heatmap where colors 
reflect the strength of the correlation between each pair 
of intersected variables, while the overlaid topographical 
lines additionally indicate the areas of similar strength 
relationships. For example, although we can see that 
the bottom width relatively strongly correlates with the 
number of species, its correlation with the river length 
creates an even higher, isolated peak. In general, the 
occurrence of the area corresponding to associations 
above 0.4 and below -0.4 indicates that some of the 
considered parameters are quite strongly correlated. 
Simultaneously, associations between these parameters 

and the number of water plant species were at the same 
value level as the associations among the parameters. 
These two facts indicate that, in this case, we should not 
consider the effects of the specific parameters based on 
a classical linear regression model. Hence, this was why 
the SVR method was used to analyse the influence of the 
elements on the number of species.

The performed analysis indicates that the number 
of vascular aquatic plants in both small and medium 
lowland watercourses is only party modified by the group 
of the 10 riverbed elements that were examined. The 
following elements comprise regulatory and maintenance 
works: length of the watercourse to the study section, 
longitudinal profile, width and depth of the riverbed, 
bottom substrate, sludge load, bank slope, type of bank 
protection, and the degree of shading. The total effect 
of these factors amounted to 54% (RDA analysis). The 
remaining 46% comes from factors that were not taken 
into consideration in this study. 

Among the elements of the watercourse system, the 
strongest effect on the number of species was the level of 
silt build-up, at 28%, and the width of the bottom, at 25%. 
The results of the study indicate that with an increase 
in the parameters that define these elements influenced 
water plant species, hence their proliferation. Statistical 
analyses found similar tendencies with regards to length, 
bank slope, and bank protection. However, an increase 
of the other elements – i.e., bottom slope, watercourse 
depth, and degree of shading – showed a decrease in the 
number of species occurring in the watercourse.

Fig. 7 presents the occurrence of two most common 
species in the analysed watercourses: S. emersum and 

Fig. 5. RDA ordination graph for the first two axes for the dataset of the study sites described by the 10 considered characteristics and  
the aquatic plant metrics (the number of plant species and evenness) as constraining variables.

Fig. 6. τ-Kendall correlation map. 
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P. arundinacea in the unmodified and altered study 
sections, depending on the level of the silt build-up  
(Fig. 7a) and the bottom width (Fig. 7b). In the unmo-
dified study sections S. emersum most often was found 
in sections with no silt on the bottom. P. arundinacea 
preferred watercourses with the level of the silt build-
up greater than 10 cm and the watercourses without  
the silt. In the modified (regulated and maintained) 
watercourses the number of study sections where  
S. emersum or P. arundinacea were found increased 
with an increase in the level of the silt build-up  
(Fig. 7a). In both watercourses groups unmodified 

and modified as a result of technical interference by  
S. emersum and P. arundinacea occurred most often 
in study sections with bottom width greater than 2,0 m 
than in the narrower watercourses (Fig. 7b).  

Discussion of Results

We found that aquatic plants were partially influenced 
by the examined factors regardless of whether they 
were present in modified watercourses by technical 
interference or not. The variability in abundance and 
diversity of aquatic plants in unmodified rivers was 
highlighted by Baattrup-Pedersen et al. [44], who notice 
macrophyte assemblage patterns varied considerably 
among the main watercourse types. Based on the 
conducted research and analyses, the influence of nine 
elements of a watercourse system on the number of 
vascular aquatic plants was evaluated. The strongest 
effects were found to be the level of silt build-up and the 
width of the watercourse’s bottom. The number of water 
plant species in the examined rivers in both modified and 
unmodified sections was found to rise with an increase 
in these two parameters. Numerous studies showed 
that the more stable bottom and contained detritus, the 
higher diversity and abundance of occurring organisms 
[17, 45, 46]. Silt accumulation in the watercourse bottom 
causes an increase in bottom stabilization, which favours 
better rooting. It is also a rich source of nutritional 
components used both by plants and animals [47]. In 
addition, the width of a watercourse is a factor that 
provides many water organisms with adequate living 
space. The wider the watercourse, the higher potential 
for structural diversity at the watercourse’s bottom and 
a higher biodiversity of water biotopes. Such conditions 
favour water plant development as the growth of physical 
heterogeneity leads to an increase in biodiversity [48]. 
Furthermore, wide watercourses are less shaded, thus 
enhancing macrophyte growth [49].

Despite the positive impact of bottom width and 
the level of silt built-up on the number of aquatic plant 
species, there were no significant correlations between 
these parameters and the occurrence of two species 
most commonly found in the study sites (S. emersum 
and P. arundinacea). Both species also occurred in 
the beds of the narrowest watercourses. In the case of 
silt accumulation this relationship was not obvious. In 
the unmodified watercourses both species occurred 
more frequently in sections without silt. However, in 
the regulated and maintained watercourses the number 
of study sections where S. emersum or P. arundinacea 
were found, they increased with an increase in the level 
of silt build-up. Lack of the effect of those factors on 
S. emersum and P. arundinacea may be because both 
species are very common in lowland watercourses and 
have a high tolerance to habitat conditions [45].

The impact of riverbed depth, although slight, can 
affect the number of aquatic plants species. Numerous 
studies indicate a strong relationship between the depth 

Fig. 7. Percentage of unmodified and modified study sections 
where S. emersum (S.e.) and P. arundinacea (P.a.) were found 
in each range of the level of silt build-up a), and in each bottom 
width b).
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of a riverbed and the abundance of aquatic plants.  
Lorenz et al. [49] found that in lowland sites the 
variability of depth had the highest influence on the 
quantity, richness, and abundance of aquatic plants. 
The importance of riverbed depth as a key factor for 
increased diversity and abundance was also found by 
Chambers and Kaiff [50]. They showed that the depth 
and the riverbed influence the amount of light reaching 
the bottom of the watercourse.   

The other examined factors were found to influence 
the number of aquatic plants to a lesser extent. Taking into 
account the obtained results, there were no significant 
correlations between river length to the intersection 
and the aquatic plant species. This may result from the 
small lengths of rivers and from the location of most of 
the research sections being in lower courses. Significant 
relationships were found between the number of aquatic 
plant species and longitudinal profile in both unmodified 
and maintained study sections. In both groups, a decline 
in the value of longitudinal profile caused an increase in 
the number of species. With an increase of bottom slope, 
the energy of the water flow increases. It is widely known 
that velocity flow is one of the most important factors 
limiting the development of most aquatic plants [51]. 
In the regulated watercourses there were no significant 
relationships. This proves that such strong interference 
in the watercourse’s bed, such as regulatory works, 
disrupts the natural functioning mechanisms in natural 
watercourses. Similar responses were observed in the 
case of bank slope and bottom substrate. In unmodified 
study sections changes in the number of species in terms 
of different slopes were significantly higher than in the 
sections located in disrupted, altered watercourses. In 
natural watercourses, the highest number of species 
occurred in sections with a sandy bottom substrate. It is 
known that higher plants prevail in watercourses where 
the bottom is sandy. Coarse materials, such as gravel or 
stones favour the growth of algae, lichens, and bryophytes 
[27]. In altered sections, the influence of the bottom 
substrate on the number of species was less noticeable.  

The current study shows that in the unmodified 
sections the number of species decreased in shadier 
areas. The availability of light is a very important factor 
influencing aquatic plant communities in watercourses. 
However, many authors justified that the impact of this 
factor on the development of aquatic plants is marked 
primarily in the zone of the watercourse to a depth of 
1 m [27]. This may justify the fact that in watercourses 
subjected to technical interference, which were deeper 
than unmodified ones, that relationship was not  
observed.

In the case of one of the considered factors, the 
time that elapsed from technical interference in the 
watercourse bed, no correlation was determined between 
this parameter and the number of aquatic plants species. 
It is believed that any disturbance to the environment 
caused by watercourse modification is in any case 
quickly repaired by the regeneration of the ecosystem. 
The field observations in current and previous [7, 52] 

research revealed that plant regeneration occurred 
already in the first vegetative season after the works’ 
completion, and point to the secondary succession in 
watercourses subjected to technical works. Similar 
results were obtained by, e.g., Caffrey et al. [53]. In their 
studies, plants removed from the riverbed regrew in 3-4 
months, recreating their quantity and quality from the 
period before the interference. Authors tried to explain 
the matter in the discussion. Considering every section 
separately, the influence of maintenance work on species 
composition and plant density in the riverbed – especially 
in the first vegetation season after works completion – 
is noticeable. Considering all sections together, this 
influence is statistically insignificant. This process was 
highlighted by Hearne and Armitage [54], as it is linked 
with the fact that most aquatic plants have a very effective 
mechanism of vegetative reproduction and proliferation 
[27, 55]. Because of secondary succession, organisms are 
able to rebuild their community to a level that existed 
before the work was initiated. However, the creation of 
an aquatic community identical to the one before any 
technical work is rarely obtained.

Moreover, the effect of maintenance works had 
very little influence and the effect of regulation had 
no influence on the number of defined species and on 
their evenness. Our analysis showed no significant 
differences in species richness between the modified 
and unmodified reaches. This may have been caused 
by using environmentally friendly designs and methods 
(i.e., fascine installations). Additionally, most species 
were characterised by a high degree of polymorphism 
and phenotypic adaptive ability to changeable habitat 
conditions. These traits cause them to be able to adapt 
to watercourses with completely different characteristics 
[56, 57] and cover extensive areas in both natural and 
man-made freshwater ecosystems [58]. An exception is 
strongly altered rivers, where the material used for the 
bank and bottom protection were rock-filled gabions or 
concrete elements. We found that in these study sections 
the number of aquatic plant species was significantly 
lower than in other reaches (Fig. 4).

However, a stronger effect was demonstrated by all 
the analysed factors when considered as a group. Their 
total influence on the number of species was calculated at 
54%. The results confirmed the thesis that watercourses 
are complex systems where elements are linked by a series 
of relationships [33, 59-62], where the factors influencing 
water plant communities act synergistically, and that 
single correlations among individual environmental 
elements, anthropogenic interactions, and aquatic plants 
are very rare.

The remaining 46% of influence on the composition 
of vascular plant communities must stem from other 
factors that were not considered in this study or from 
the combination of the factors. Their identification 
is necessary to better understand the links between 
environmental factors and the biodiversity of water plant 
communities. This would allow researchers to predict 
the resistance of water plant development in particular 
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conditions and may contribute to the optimization of 
managing flowing waters and flora in river beds.
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