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Abstract: The effects of channelization with low in-stream barriers in mountain rivers on macroin-
vertebrate communities are still weakly recognised. We aimed to assess the differences in structure
and density of benthic macroinvertebrates between two north Carpathian mountain rivers: one
channelized with a cascade of concrete sills and the other one with block ramps. Water was collected
five times for physicochemical analysis. Macroinvertebrate fauna and fine bottom sediments were
collected three times (spring, summer, autumn) from different habitat types: glides, runs, pools
and riffles of the estimated channel surface. The in-stream barriers altered the channel gradient
and flow velocity, reducing the area of pools and riffles as well as extending the area of glides
with slow current velocities, associated with the highest rate of fine sediment deposition. Channel
modifications induced a general shift of investigated fluvial systems toward lentic habitat conditions.
Macroinvertebrate communities characteristic of slow-flowing rivers and pools became dominant,
while those characteristic for the riffles of mountain rivers were confined to only small areas. The
studied section of the Porębianka River channelized with block ramps exhibited greater diversity
in the macroinvertebrate community between habitats and significantly higher macroinvertebrate
density than the Mszanka River which was channelized with concrete sills.

Keywords: in-stream barriers; river restoration; channelization; water chemistry; sediment;
macroinvertebrate communities

1. Introduction

Channelization involves engineering work aimed at the modification of a river’s slope,
width, depth, or transported sediment load. It can be achieved by a number of methods
which vary depending on the hydrology and the type of a river reach [1]. Typically, chan-
nelized rivers differ from natural ones in their more uniform width and depth, regular bend
geometry and a bank lining reducing lateral erosion. Moreover, channelized river reaches
are stabilized vertically by grade control structures in order to reduce river downcutting [2]
and slow down the movement of the bed load [3]. In mountain streams, where the pro-
cesses of bed erosion are particularly active, these in-stream barriers are widespread [4].
They have become the most striking feature of channels in densely inhabited valleys where
natural sediment transport and flow hydraulics are imbalanced due to channelization [5].

It has been widely accepted that habitat homogenisation in river channels due to
channelization works can, among other environmental stressors, significantly reduce inver-
tebrate density [6–8]. Macroinvertebrates can respond to channelization with a decrease
of specialisation level associated with a decrease of species with narrow environmen-
tal tolerance [9], the expansion of lentic species in impounded river sections upstream
of in-stream barriers [10], or reduced longitudinal connectivity even by small in-stream
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barriers [11]. Bank modifications also can affect aquatic macroinvertebrates by reducing
their abundance [12], species richness, or proportion of individual feeding groups [13].

To overcome the negative effects of channelization, efforts toward the restoration of
pristine river conditions are often undertaken. Unfortunately, according to the numerous
works available, only one third of the studies found positive effects of increasing habitat
heterogeneity on invertebrate species richness due to channel reconfiguring with meanders,
bars, boulders etc. [14]. Most of them however, found more complicated relationships
controlling biodiversity, such as the scale of the riparian zone and upstream river sections
transformation [15], a specific substrate type [16], or nutrient load [17]. A considerable
number of restoration projects also deal with in-stream barriers of different dimensions
from dams, low-head dams, or weirs, to check dams, which are removed in order to
facilitate the passage of fish and to provide a riverbed habitat for macroinvertebrates [18,19].
The overall significance of these works for macroinvertebrate richness and abundance is
ambiguous. Larger barriers predominantly affect the macroinvertebrate community in a
more than moderate degree [20] and their removal leads, in principle, to an increase in
aquatic biodiversity [21]. The effects of functioning and restoring channelized river reaches
with low in-stream barriers, e.g., check dams or sills, are considered to be insignificant for
macroinvertebrate richness [22]. Generally, the role of channelization with check dams or
sills as low in-stream barriers in the modification of invertebrate heterogeneity is considered
to be small and neglected in investigations and the possible mitigation of low in-stream
barrier effects are not recognised.

In our study, we aimed to demonstrate the impact of channelization with low in-stream
barriers on the structure and density of benthic macroinvertebrate in two small mountain
rivers. One of the rivers was channelized with a cascade of concrete, 1 m high sills, whereas
the other was modified with dozens of block ramps forming chutes of a similar elevation
of 1 m. Each chute was designed as an environmentally friendly structure substituting
concrete sills to ensure river continuity over the ca. 3.5 km reach [23]. Both constructions
were applied at the dawn of the 21st century for channels heavily affected by earlier river
training works.

2. Materials and Methods
2.1. Study Area

The Porębianka (15.4 km) and Mszanka (19.5 km) rivers are Carpathian tributaries of
the Raba River, a right-bank tributary of the Vistula River, in southern Poland
(Figures 1 and 2). The catchment basins of both rivers equals 175 km2 and the mean
annual discharge downstream of their confluence is 3.3 m3/s [2]. The upper slopes of
river catchments are mostly forested and representative of the relief of middle mountains
built of flysch with elevations reaching 1300 m asl. The lower parts of the catchments,
700–400 m asl, are densely inhabited and utilised as meadows and cultivated land. Average
annual precipitation is 1000 mm, peaking in the summer months.

Prior to channelization in 1959, the Mszanka River was a braided, gravel bed river
with a width exceeding 100 m. A debris dam in the middle section of the river and extensive
gravel mining with some bank protection since the 1960s induced rapid channel incision,
which exceed even 1.5 m, and its narrowing by even 75% over the following years [24]. To
limit the incision, the ca. 6-km-long lower reach of the river was engineered with hydraulic
drop control structures between the years 1977–2003. The cascade of 25 concrete 1-m-high
sills reduced the channel gradient between the consecutive barriers to the designed value
0.004 (Figure 2). Channel width was reduced by even 65% to the uniform value, 30–34 m,
and the channel bar surface decreased by 100 times; banks were lined with boulders. Each
sill was accompanied by a concrete, ca. 14-m-long stilling basin terminated with a low, ca.
0.3 m high sill, designed to slow down water velocity and reduce stream power [2]. Since
the time of construction, the channel bedload started to deposit behind drop structures
over 100–150-m-long sections, raising the channel bed to the top of the consecutive sills
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(Figure 2). Because the channel width was oversized, the river started to deposit narrow
side bars which constrained the active channel [24].

The Porębianka is a gravel bed river with a predominance of sandstone pebbles and
cobbles characterized by an average diameter ranging between 40 and 65 mm [23]. The river
was trained in its middle and lower reaches in the 1960s and 1970s with groynes several
metres long for lateral channel stabilization. The concentration of the flow in the middle of
the channel and progressive filling of the intergroyne basins with coarse sediment induced
river narrowing and incision into alluvia. The large flood of 1970 significantly destroyed
the groynes and resulted in channel braiding with an increase in width of up to 150% [5].
In the following years, the channel was trained occasionally to protect a nearby road but
after the large floods of 1997 and 2001, a new scheme for channelization was designed
and implemented over the next 10 years. In the lower, 3.3 km-long reach, a cascade of
25 boulder ramps was built. The width of the channel was designed at a constant value of
28 m whereas the height of each ramp was set at ca. 1 m. The overall channel gradient was
reduced from 1.25 to 0.55 promile [25]. Each ramp was designed as an environmentally
friendly structure mimicking natural rapids (Figure 2). In order to facilitate the migration
of fish and invertebrates at even low discharges, a 20 cm depression was constructed in
the central part of each ramp and over the whole 12 m of the ramp length. Ramps were
constructed of boulders ca 1 m in diameter and the slope of the whole ramp bed is 0.083.
They end in a stilling basin which is 5 m long and approximately 1 m deep. These basins
are characterised by intensive erosion during high water discharge, but the eroded material
accumulates immediately downstream, forming central or side bars [25].
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2.2. Methods

For detailed study, we selected two river segments limited by constructed barriers:
one in the lower reach of the Mszanka River, constructed at the end of 1980s, and the
other on the Porębianka River, constructed at the beginning of the 21st century (Figure 1).
In September 2021, at low average discharges, in each of the two river segments, we
performed measurements of water depth and maximum flow velocities in a net 4 × 2 m on
the Porębianka and 6 × 4 m on the Mszanka river. We constructed maps of flow velocity
and water depth and identified 4 habitat types to be sampled and defined according to [26]:
Type 1—Glides (with shallow/slow moving water), sites P1 and M1; Type 2—Runs (with
moderately fast flow), sites P2 and M2; Type 3—Pools (deep/low flow velocities or no flow
with fine substrate), sites P3 and M3; Type 4—Riffles (with shallow/fast flowing water and
with a coarse substrate) (P4 and M4); they are presented in Table 1 and Figure 3. The share
of the particular habitats in each river was estimated (Table 1).

Benthic macroinvertebrate was collected in each river segment at low average dis-
charges on three occasions: in the autumn (September 2021), spring (March 2022) and
summer (August 2022). The density and biodiversity of macroinvertebrate fauna were anal-
ysed for the four selected habitats of the Porębianka (P) and Mszanka (M) rivers (Figure 3,
Table 1) varying in flow velocity and depth. Three subsamples were collected from every
habitat type, on each occasion (in total, 36 subsamples from each river). The samples of
benthic macroinvertebrates were taken with a hand net, 22.5 cm in diameter, covered with a
0.3 mm mesh bolting cloth. The obtained material was preserved in 4% formalin. The larvae
were selected, identified to higher taxonomic units, while Diptera were classified according
to family, and counted in the laboratory. The density of benthic fauna in the sample was
calculated per 1 m2 of the substratum. The presented macroinvertebrate densities for every
habitat type (sites 1–4) are given as average values from three subsamples taken on the
three sampling occasions.

Simultaneously, at each occasion in each habitat type, the selected parameters of water
(flow velocity, water temperature, dissolved oxygen, and oxygen saturation) were measured
in situ. In addition, at the same time and additionally in June 2021 and 2022, water samples
were collected from the runs (P2 and M2) for the analysis of physicochemical parameters
(pH, conductivity, main anions Cl−, SO4

2−, HCO3
− and cations Ca2+, Mg2+, Na+, K+ as

well as nutrients NO3
−, PO4

3−, NH4
+). Analysis was carried out in the laboratory within

24 h of sampling.

Table 1. Sampled stream channel habitats.

Habitat Area in the
Rivers [%]

Macroinvertebrate
Density [ind./m2]

Habitat Types Porębianka Mszanka Porębianka Mszanka

1. Glides (relatively shallow areas with slow current < 0.15 m/s) 53.7 26.3 7972 5571

2. Runs (areas of relatively moderate depth and current
0.15–0.6 m/s) 43.3 66.3 13,058 6981

3. Pools (relatively deep areas, >0.6 m with slow
current < 0.15 m/s) 1.7 2.7 11,967 7088

4. Riffles (relatively shallow areas with rapid current > 0.6 m/s) 1.4 4.7 8662 20,029

Median density in the studied stream section 10,314 7034
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Figure 3. Flow depths and velocities in the studied Mszanka and Porębianka river reaches.

Water temperature, dissolved oxygen and oxygen saturation were measured using
a HQ40D multimeter (HACH Lange GmBH, Düsseldorf, Germany), while the flow was
gauged using a flowmeter (MiniAir2, Schiltknecht Messtechnik AG, Gossau ZH, Switzer-
land). The pH and conductivity were measured with a WTW (Multi 340i/SET2, WTW
Wissenschaftlich-Technische Werkstatten GmbH, Weilheim, Germany) apparatus. An-
ions (Cl−, SO4

2−, HCO3
−, NO3

−, PO4
3−) and cations (Ca2+, Mg2+, Na+, K+, and NH4

+)
were analysed by ion chromatography (DIONEX ICS 1000 and IC DX 320, Dionex Cor-
poration, Sunnyvale, CA, USA). Before chromatography analysis, water samples were
filtered through pore-sized syringe filters (Minisart RC 25, Sartorius Stedim Biotech GmbH,
Göttingen, Germany) into polyethylene sample tubes.

Samples for fine sediment and organic matter were taken from surface and subsurface
layers (up to a depth of 10 cm) into 50 mL vessels during the agitation of water within a
Walling‘s cylinder inserted into the riverbed, according to the method described in [27].
Samples were then dried, weighted, and fine sediment deposition was calculated in mg/m2.
The content of organic matter was expressed as losses on ignition (LOI) after sample ignition
at 500 ◦C for 3 h.



Water 2023, 15, 1059 7 of 16

2.3. Statistics

The differences in the values of physicochemical parameters in water between the
Porębianka and Mszanka rivers were calculated using the Wilcoxon test. To study the
relationship between the values of the environmental variables and the density of the
dominant group of benthic macroinvertebrates, Spearman correlations were used.

The mean density of benthic macroinvertebrates in the studied rivers sections were
calculated according to the formula of [28]:

QM = (QI × %I + QII × % II + QIII × %III + QVI × %IV)/100

where QI, QII, QIII, and QIV denote the mean density of benthic macroinvertebrates in
different habitats (Types 1–4), while %I, %II, %III, and %IV represent the percentage of the
different habitats in a studied river section.

The similarity in the density and structure of benthic macroinvertebrate communities
at the studied sites/habitats of the Porębianka and Mszanka rivers were classified according
to hierarchical cluster analysis. The Euclidean distance and within-groups linkage were
used as a grouping method. Dendrograms of similarities were obtained, on the basis
of which groups of habitats with similar benthic macroinvertebrates communities were
separated. We used STATISTICA 13.1 software for the statistical analyses (Statsoft Inc.,
Tulsa, OK, USA).

3. Results
3.1. Environmental Parameters

Throughout the study period, the waters of the Porębianka and Mszanka rivers were
of overall good quality (Table 2). The water of both rivers was slightly alkaline, and
their chemical composition was dominated by the presence of ions of HCO3

− and Ca2+.
Despite their similar quality, values of conductivity and concentrations of major ions in
the Mszanka river (SO4

2−, HCO3
−, Mg2+, Ca2+, Cl−, Na+, and K+) were higher than in the

Porębianka river (Table 3). Particularly, the content of Na+ and Cl− ions was up to two
times higher in the Mszanka than in the Porębianka. There were no significant differences
in the concentrations of nutrients between the studied rivers. However, the slightly higher
mean concentrations of NO3

−, NH4
+, and PO4

3− found in the Porębianka than in the
Mszanka might suggest its accidental pollution.

Table 2. The values of physicochemical parameters (mean, standard deviation) in the waters of the
Porębianka and Mszanka rivers.

Parameter Unit Porębianka Mszanka

Dissolved oxygen mg/L 11.3 ± 1.1 11.3 ± 1.1
Oxygen saturation % 105.6 ± 10.0 108.2 ± 15.2

Conductivity µS/cm 281.8 ± 65.5 323.0 ± 66.2
pH 8.0 ± 0.3 8.0 ± 0.2
Cl− mg/L 6.5 ± 3.4 11.9 ± 2.4

SO4
2− mg/L 12.6 ± 2.2 14.8 ± 2.0

HCO3
− mg/L 118.5 ± 39.2 141.0 ± 30.1

Na+ mg/L 4.9 ± 2.8 8.7 ± 1.4
K+ mg/L 1.8 ± 2.0 3.0 ± 0.6

Ca2+ mg/L 41.2 ± 9.4 45.1 ± 10.1
Mg2+ mg/L 7.3 ± 1.9 8.5 ± 1.9
NO3

− mg/L 3.5 ± 1.7 2.9 ± 0.9
NH4

+ mg/L 0.028 ± 0.013 0.015 ± 0.018
PO4

3− mg/L 0.008 ± 0.011 0.007 ± 0.010
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Table 3. Differences in the chemical composition of waters between the Porębianka and Mszanka
rivers (Wilcoxon test). Only significant differences are given.

Parameter N T Z p

Conductivity 5 0.00 2.02 0.043
Cl− 5 0.00 2.02 0.043

SO4
2− 5 0.00 2.02 0.043

HCO3
− 5 0.00 2.02 0.043

Na+ 5 0.00 2.02 0.043
K+ 5 0.00 2.02 0.043

Ca2+ 5 0.00 2.02 0.043
Mg2+ 5 0.00 2.02 0.043

Water temperature in the sampled habitat types (1–4) of both rivers varied over
the studied period in a wide range, from 3.8 to 18.3 ◦C. The dissolved oxygen con-
tent (8.5–13.6 mg/L) and oxygen saturation (91.9–150.3%) were high in all sampled sites
(Table 2). In the Porębianka River, the mean flow velocities in glides (type 1) and riffles
(type 4) were lower by one third than in the Mszanka River but they were higher in runs
(type 2) by even two times.

Contents of fine sediment in surface and subsurface layers in the sampled sites ranged
between 70 and 15,376 g/m2 and 70–22,544 g/m2, respectively (Figure 4). Differences
correspond to average flow velocities: the lowest contents were observed at high flow
values in riffles (type 4) and in runs (type 2) and much higher contents of fine sediment
were at low velocities in glides at river banks (type 1) and in pools with a slowly circulating
current (type 3). These values, however, varied in the studied period, particularly for
subsurface sediments in the sites with high sediment deposition rates. The content of
organic matter (LOI) also exhibited highly variable values both for surface, 1.0–17.3%, and
subsurface sediments, 1–13.1% (Figure 4). In general, contents of sediment and organic
matter (LOI) showed positive correlations for subsurface sediment strata, whereas LOI
values were extremely variable over the studied period in the surface sediment and for
this reason they were not well correlated with fine sediment content (Table 4). Moreover,
there were noticeable differences in the sediment content within the particular habitat types
between both rivers. Namely, the mean sediment content in the glides of the Porębianka
River was higher than in the Mszanka River (on the surface by 400% and by 250% in the
subsurface), in pools (in the subsurface by 45%), while it was lower in runs (on the surface
by 40% and in the subsurface by 60%) and in riffles (in the subsurface by 50%).

Table 4. Spearman correlation coefficients between the values of environmental variables and density
of benthic macroinvertebrates in the Porębianka and Mszanka rivers (in total). Significant at p < 0.05.
Only significant correlations are given. Abbreviations: DO—dissolved oxygen, * LOI Surface—LOI
in surface sediment, ** LOI SubSed—LOI in subsurface sediment.

Parameter/Fauna Group Flow Dissolved
Oxygen

Surface
Sediment

Subsurface
Sediment

LOI
Surface *

LOI
SubSed **

Surface sediment −0.88 - 0.91 0.66
Subsurface sediment −0.81 0.91 - 0.54

LOI Surface * - 0.68
LOI SubSed ** −0.61 0.66 0.54 0.68 -

Oligochaeta −0.42 0.41
Chironomidae −0.47

Simullidae 0.49 −0.47 −0.46 −0.47 −0.56
Ephemeroptera 0.56 −0.56 −0.42 −0.43

Plecoptera 0.46 −0.47
Trichoptera 0.57 −0.48
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3.2. Benthic Fauna

The median density of benthic macroinvertebrates was higher by 30% in the studied
section of the Porębianka River than in the Mszanka River (Table 1). Considering the density
of benthic macroinvertebrates in individual habitats, it was higher in glides, runs, and pools
and lower in riffles of the Porębianka River in comparison to the Mszanka River (Figure 5).
The differentiation of macroinvertebrate density in all of the habitats of the Porębianka
River was relatively small and ranged from 7992 ind./m2 in glides to 13,057 ind./m2 in runs.
There were no clear differences in the density of benthic macroinvertebrates between riffles
(8661 ind./m2) and the other habitats. Inversely, the density of benthic macroinvertebrate
in the riffles of the Mszanka River (20,029 ind./m2) was significantly higher in comparison
to those in the other habitats (5571–7087 ind./m2).
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Figure 5. The mean density (A) and mean percentage (B) of benthic macroinvertebrate groups in
the Porębianka and Mszanka rivers (present study) and in the Biała Woda River (according to [28]).
In [28] the description of pool and riffle had a wider meaning: * pool—without or with slow current
** riffle—fast current.

In all habitat types of the Porębianka and Mszanka rivers, Chironomidae larvae were
the dominant group of benthic macroinvertebrates (36.8–77.2% of the total) (Figure 5).
Oligochaeta were more numerous in glides and pools (14.7–37%) than in riffles (1.3% and
6.6%, respectively). Solely in runs (type 2), the differences in the percentage of Oligochaeta
between studied rivers were manifold (2% and 32%). The percentage of Ephemeroptera,
Plecoptera, and Trichoptera, characteristic for mountain rivers, did not usually exceed
10%. The percentages of Ephemeroptera and Trichoptera were the highest in riffles (type
4) on the Porębianka River (15.9% and 5.5%, respectively) and on the Mszanka River
(9.5% and 12.5%, respectively). A relatively high percentage of Coleoptera in riffles of the
Porębianka River (10.1%) and the Mszanka River (12.7%), as well as Heteroptera in pools of
the Porębianka River (12.8%), was unusual for a mountain river. The remaining groups of
Ceratopogonidae, Hydracarina, Mollusca, Turbelaria, Sialis, Hirudinea, and Gammaridae
were only present sporadically in the studied sites.

The dendrogram of similarity (Figure 6) exhibited the highest resemblance of the
structure and density of benthic macroinvertebrate communities in glides, pools, and
runs of the Mszanka River and glides of the Porębianka River. All of these habitats were
characterized by the higher percentage of Oligochaeta (14.7–37.0%) and a low percentage
(usually <5%) of Ephemeroptera and Trichoptera, which are characteristic of mountain
rivers. The similarity of the other habitats was not as clear.
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Porębianka and Mszanka rivers.

The density of EPT (Ephemeroptara, Plecoptera, Trichoptera) and Simuliidae exhibited
a positive correlation with flow velocity, while Oligochaeta had a negative one (Table 4).
Moreover, the density of EPT, Simuliidae, and Chironomidae showed a negative correlation,
while Oligochaeta were positively correlated with the sediment content. The density of
Simuliidae and Ephemeroptera was negatively correlated with the organic matter content
in the sediment.

4. Discussion
4.1. Environmental Parameters

The waters of the Porębianka and Mszanka rivers were well oxygenated and had
a slightly alkaline pH typical for other Carpathian streams and rivers in Poland [29,30].
The river waters, in principle, were clean. According to [31], the physicochemical class
I was defined in terms of dissolved oxygen and nutrients NO3

−, NH4
+, and PO4

3− in
both of the rivers, as was conductivity in the Porębianka River, whereas the Mszanka
was class II in terms of conductivity. Slightly higher mean concentrations of NH4

+ and
PO4

3− in the Porębianka River might indicate the possible weak influence of domestic
effluent. The samples were collected during low river discharges, when the share of the
point source pollution load in total river flow is greater. It seems that the water chemistry
was mainly controlled by natural processes, and much higher concentrations of Cl− and
Na+ in the Mszanka than in the Porębianka were most probably also of natural origin. This
difference might be related to numerous occurrences of natural chloride enrichment in
springs or surface waters in this mountain area (up to 13.8 g/dm3) as a result of the local
diagenetic dehydration of clay minerals or the leaching of marine water remnants from
flysch rocks [32]. The observed differences in the water chemistry of both rivers were not
important enough to have a negative impact and to varying degrees affect the benthic
macroinvertebrate community.

There is a large variety of possible agents controlling the macroinvertebrate communi-
ties at both the landscape scale and in-channel microhabitats [16]. Channel morphology is
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a crucial factor controlling the diversity of river habitats. In the Porębianka and Mszanka
rivers affected by channelization, small in-stream barriers became the main feature modi-
fying channel gradient and flow velocities, albeit in a different way. The gradient of the
traditionally engineered Mszanka River was reduced by 2.5 times from the average value of
0.018 to 0.007 in the studied river section. It resulted in the very small area of riffles (<5%),
which occur immediately below the sill (Table 1). Pools were also associated with concrete
sills where high flow velocities during floods induces the formation of scour holes [2] but
they covered a very small area of the studied section (<3%). Most of the area, over two
thirds in the middle part of the section (~66%), was associated with runs of moderate flow
velocities whereas the areas of glides with very low flow velocities, favouring the highest
deposition of fine sediments, extended over as much as 25%, mainly of the lowest parts of
the section. Despite the eco-friendly design of the barriers on the Porębianka River, they
reduced the natural channel gradient by seven times, and the areas of riffles and pools
became even smaller than on the Mszanka River (Table 1). Due to the greater reduction of
the channel gradient on the Porębianka River, there was the largest proportion of glides
with the slowest currents (<0.15 m/s), exceeding half of the whole surface (~54%) in that
river section. Riffles are recognized as local hot spots of macroinvertebrate density in
mountain rivers due to high water turbulence and oxygenation [19]. However, as a result of
the extensive channelization, the riffles became particularly unique in both studied rivers
as their total length in the whole 140 m long reach of the Mszanka River is only in the
order of a dozen meters. The reduction of habitats with fast flowing currents upstream
of barriers and the expansion of the lentic sub-environment is widespread in impounded
river sections [33].

Slow flows favour the deposition of fine sediments clogging spaces in the gravel
bed. This process, known as siltation, impacts macroinvertebrate communities and is well
known from other anthropogenically modified rivers [34,35]. In the studied river sections,
due to their reduced gradient, the siltation of the stony substrate, strongly dependent on
the longevity of low flow periods, also became widespread over most of the channel bed.
In the Porębianka River, the highest siltation rate (expressed as fine sediment content) was
confined to glides with the slowest flows occupying ~54% of the river bed. However, runs
(43.3% of area) had considerable faster flows and a lower siltation rate as compared to
those in the Mszanka River (66.3% of area) (Figures 2 and 4). With respect to general flow
velocity reduction, small in-stream barriers i.e., sills on the Mszanka and boulder ramps on
the Porębianka, impacted fluvial ecosystems in a similar manner to dams, weirs or check
dams. However, their upstream extent, depending on the height of the barrier, channel
gradient, and purpose of the construction, was obviously much smaller [36].

The style in which the in-stream barriers were designed seems to be of minor im-
portance, as all low in-stream barriers potentially only weakly affect benthic habitats [22].
Block ramps, which were designed in order to ensure better connectivity, do not seem to be
particularly better than concrete sills as ramps do not provide connectivity even in the case
of small fish [37].

The macroinvertebrate communities in rivers can also to some extent be associated
with the different degree of the channel and riparian area modification. Its significance
was indicated by many other studies documenting the naturalness of the channel and
riparian zone. They stressed their role as a refuge for colonising species, being of the utmost
importance for every river system and also affecting the effectiveness of many restoration
projects [21,38]. The Porębianka and Mszanka rivers showed the different degree of the
riparian area modification. The length of the channelized Porębianka river reach upstream
of the studied section equals about 700 m and is almost three times shorter than on the
Mszanka River. Moreover, the 3-km Porębianka River reach situated further upstream is
fully natural, with bed rocks alternating with alluvial bars and also an up to 100 m wide
riparian forest zone almost continuously overgrowing the channelized river section. It
differs from the more extensively channelized 2-km-long upstream of the Mszanka River,
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with over 30 sills, with a height of 1 m or 30 cm, constructed over the course of 20 years and
which are not accompanied by riparian forest but by occasionally removed willow bushes.

4.2. Benthic Macroinvertebrates

To assess the influence of channelization and flow velocity modifications on the
benthic macroinvertebrate structure of both of the studied rivers, we referred our results
to the studies of the natural Biała Woda River carried out in the 1970s [28]. This river
catchment is representative for Carpathian middle mountain relief and of a very similar
hydrology [39] and water chemistry [40]. The percentage of Chironomidae larvae in the
investigated habitats of the Biała Woda River was very high (66–74%) and in that respect it
resembled their content in the studied rivers (Figure 5). Conversely, Oligochaeta larvae,
which occurred sporadically in the Biała Woda pools (without or with slow current; 5.8%)
and riffles (1.7%) [28], were numerous (14.7–37%) in the glides, pools, and runs of the
Mszanka and in the glides and pools of the Porębianka, whereas their content was only
low in riffles. Ephemeroptera, which is an important group of benthic macroinvertebrates
in habitats with high flow velocities, were more abundant in the Biała Woda in riffles
(15%) [28] than in the studied rivers. In the Porębianka and Mszanka rivers, the similar
percentage of Ephemeroptera was only found in riffles with turbulent flows whereas their
percentage in runs, glides, and pools was lower (0.9–4.8%). Finally, the Coleoptera larvae
occurred numerously in all habitats of the Porębianka and Mszanka rivers in comparison
to the riffles and pools of the Biała Woda River, where only single specimens of that group
were found [28]. Overall, the density of the benthic macroinvertebrates in the Biała Woda
River was 4–6 times higher than in the Porębianka and Mszanka rivers. The comparison
of the studied, human altered rivers with the natural Biała Woda River presented above
indicates, that the modification of the benthic communities corresponds to the general
shift of the investigated fluvial systems toward lentic habitat conditions. In particular, this
change is reflected in the increase in the density of Oligochaeta in the studied rivers and a
decrease in the share of rheophilic forms, such as Ephemeroptera and Trichoptera. This
change can be partially related to the observed siltation of stones, which can favour the
occurrence of Oligochaeta [41,42]. In contrast, Ephemeroptera, Plecoptera, and Trichoptera
(EPT) are better adapted to habitats with rapid flow velocities [43], so they predominated in
the riffles particularly of the Biała Woda River [28]. The dependence of EPT, Simuliidae, and
Oligochaeta densities on flow and sediment content was also confirmed by the obtained
correlations. EPT and Simuliidae densities were positively correlated with flow currents
and negatively correlated with sediment content. Conversely, Oligochaeta densities were
negatively correlated with flow and positively correlated with the sediment content.

The obtained result indicates that the Porębianka River represents a more natural
habitat for benthic macroinvertebrates as compared to the Mszanka River. Their comparison
exhibited a higher variability of the macroinvertebrate communities in the Porębianka than
in the Mszanka river. This is evidenced by the dendrogram of the similarities where the
studied sites of Porębianka (P1–4) did not form a separate group. Moreover, the higher
median density of macroinvertebrates (by 30%) in the studied section of the Porębianka
than the Mszanka indicates its more natural-like character and fits better to the other
communities found in Carpathian rivers unaffected by extensive channelization [28]. The
larger bias of the Mszanka than Porębianka river benthic communities, as compared to
that of the natural river, was also evidenced by the generally lower and similar density
of benthic macroinvertebrates in glides, runs, and pools (Table 1). This can be partially
associated with generally slower flows and a higher siltation rate (express as sediment
content) over longer low flow periods which was observed in the runs of the Mszanka
River (Figures 2 and 4).

To sum up, the obtained results exhibited the negative influence of channelization with
in-stream barriers on benthic communities in both rivers. This can be mainly attributed
to the decrease of channel gradients and the domination of relatively slow currents and
shallow areas. Channelization, which evidently reduced riffle habitats in both studied
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rivers in comparison to the natural one, might affect macroinvertebrate density in other
river reaches engineered with grade control structures. It seems that the higher density
of the benthic macroinvertebrates in the Porębianka than the Mszanka river can also be
associated to some extent with the differing degree of the modification of riparian areas.

5. Conclusions

The water chemistry of the studied rivers was typical for the northern Carpathians.
The waters were well oxygenated, of the calcium-carbonate type and had a low content of
nutrients. Therefore, the chemical composition of the waters of both rivers could not have
adversely affected the communities of benthic macroinvertebrates.

The obtained results indicate that both types of the channelization of the Porębianka
and Mszanka rivers induced modifications of the structure and density of the macroinver-
tebrate communities. Channelization of the Mszanka river extended over 2 km upstream
and was associated with the periodic removal of riparian coppices. Due to the reduction in
channel gradient by the concrete sills and the general slowing of flow currents, almost the
whole surface of the investigated channel section became uniform, with runs of moderate
depths and velocities occupying the prevailing part of its surface. The siltation of the
stony substrate became widespread over most of the surface of the channel bed. The
construction of a cascade of sills significantly reduced the surface of pools and riffles. In
the Porębianka River, the cascade of block ramps reduced the channel gradient more than
on the Mszanka River, but the highest siltation rate was confined to the glides with the
slowest flows occupying half of the riverbed surface. The river section channelized with
block ramps was accompanied by riparian forest and a natural river reach situated several
hundred metres upstream.

The channelization of both rivers altered the macroinvertebrate communities. The
river habitats were dominated by communities characteristic for slowly flowing rivers and
pools, while communities characteristic for riffles and dominating in unaffected mountain
rivers were only found in small areas. The macroinvertebrate community in individual
habitats of the Porębianka River exhibited greater diversity and their median density in the
studied river section was significantly higher (~30%) than in the Mszanka River. Therefore,
overall, the Porębianka River represents more natural habitat conditions.

The results provide insights into the effects of the channelization of mountain river
channels. Thus, they are important for making decisions on the selection of cost-effective
techniques for the channelization of Carpathian rivers, especially in the case of the presence
of not entirely justified interference with channel ecosystems.
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