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Abstract: The hydromorphological conditions of watercourses depend on numerous natural and an-
thropogenic factors such as buffer zones or human infrastructure near their banks. We hypothesised
that, even in a small stream, there can be substantial differences in the hydromorphological forms
associated with naturalness and human impact. The paper aims at the field inventory and evaluation
of the hydromorphological conditions of a small upland stream in the conditions of contemporary
human activity, against the background of meteorological and hydrological conditions. The study
concerned a left-bank tributary of the Stradomka River located in the Wisnicz Foothills (Western
Carpathians). The analyses were conducted with the use of the Polish method, the Hydromorpho-
logical Index for Rivers (HIR), which conforms to the EU Water Framework Directive (WFD). The
hydromorphological condition and quality of habitats were evaluated based on the Hydromorpholog-
ical Diversity Score (HDS) and Habitat Modification Score (HMS). The study shows that the largest
changes in stream hydomorphology and habitat conditions took place in the downstream, urbanised
stream catchment area with an intensive development of construction and technical infrastructure.
The hydromorphological condition of the examined stream sections was evaluated as good or poor.
The best hydromorphological conditions were found in the section located in the semi-natural area,
and the worst in the urbanised area. As our research shows, the strong influence of human activity,
including weather extremes, and the risks and hydrological hazards of the hydromorphological
conditions of the small, ungauged catchment, highlight the necessity to search for other research
methods to support the decision-making cycle in the transformation of riverbeds and catchments.

Keywords: hydromorphological diversity; highland watercourse; human activity; catchment management;

weather extremes

1. Introduction

Upland and mountainous rivers, streams and brooks have large flow variations during
a year, which are caused by higher precipitation than in the lowlands, as well as the varied
topography—especially the gradient (slope) of the river which, for upland and mountain
streams, generally ranges from 2% to 7% [1]. The density of the river network is greater
than on the lowlands; hence, the dynamics related to water flow and changes in the river
catchment are significant. The evaluation of the ecology conditions/potential of a WFD
body of surface water, to date, has mainly focused on larger watercourses (classified as
rivers) with a catchment area greater than 10 km?, omitting their numerous tributaries
(streams, brooks); the latter permanently or temporarily supply them with water, and are
considered—often incorrectly—as artificial watercourses (e.g., ditches) formed as a result
of land reclamation. Some of these small watercourses, often called ‘wild streams’, have
never been examined in terms of their hydromorphology. Some of them are unnamed,
not supervised and are not classified in terms of their natural or artificial origin. The
beds of numerous, but mainly small mountain and upland streams are often dry, and
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are classified as ‘temporary sporadic’, while heavy rainfall causes streams and rivers to
swell, sometimes leading to landslides. The Carpathian streams also experience high
water erosion which carves the flysch bedrock [2]. An important part of understanding
a stream’s hydromorphology is to undestand the catchment’s geological structure and
topography [3,4]. The Carpathian region (including the Wisnicz Foothills) is built by flysch
formations, Cretaceous and Eocene shales, marls and sandstones. They are covered with
several inches of loess layers from Quaternary sediments [5]. The stream catchment area
can be divided into three sections: upper, middle and lower [6]; these three sections are
clearly distinguishable in mountain streams, and are hard to distinguish in upland streams.
The heads of mountain and upland streams are usually located on mountain sides covered
with trees or other vegetation.

The role of such watercourses in mountainous and upland areas is the natural drainage
of the catchment areas [7]. Far-reaching anthropogenic changes in recent years, such as
the development/sealing of river catchment areas, amongst other changes, cause various
problems. Often, such small watercourses/streams/brooks are significantly changed or
eliminated, e.g., for land development. The anthropogenic modifications involving the
transformation of open riverbeds, streams and brooks into concrete pipelines can increase
the occurrence of inundations and so-called flash floods [8-10]. Studies show that changes
in climate and the use of land and water must be considered together to fully understand
watershed hydromorphology [11]. A great deal of attention is given to the pollution of
surface waters, and not enough attention has been paid to the effects of transformations
in the beds and micro-catchments of small upland and mountain streams that form an
integral part of larger river catchment areas.

The term ‘hydromorphology’ relates to the hydrology and geomorphology of a small
watercourse, and includes the analysis of the physical attributes of the watercourse bed,
such as flow type, material of the bottom and bank slopes, channel modification, and its
natural elements; it also includes the characteristics of the land-use within 5 m and 50 m
of the bank-top [12,13]. Hydromorphology is one of the key elements of the ecological
integrity of waters, according to the EU Water Framework Directive WFD [14]. Member
States shall, in accordance with this directive and European Standards EN 14614 [15] and
EN 15843 [16], standardise provisions regarding the hydromorphological evaluation of a
watercourse, allowing a better understanding of its functioning, and, if necessary, correct
regulation of the riverbed [6]. The basic term used in hydromorphology is catchment,
i.e., the area limited by the watershed in which the water flows to one place (the main
watercourse/recipient). This is a dynamic system that depends on natural factors. The
catchment morphodynamics vary and depend on elements of the natural environment, such
as geological structure, climate and weather conditions, landform, river gradient/slope,
soil and flora [17]. Under unfavourable conditions (e.g., flash floods), a seemingly small
stream can cause damage to both a catchment area and human property.

Hydromorphology still occupies a small space in the water environment management
of Europe and Poland. With the constant pressure of climatic change and changes in politics,
society and economy, the restoration of natural habitats in our water environment is often
regarded as a non-priority, despite the fact that hydromorphology supports the biodiver-
sity of our waters. Good hydromorphological condition is a basic element of ecosystem
health and a foundation of many ecosystem services and benefits for society [18]. The
hydromorphological evaluation of a watercourse can be used for planning the restoration
of rivers and streams by means of their regulation or biotechnical development [6]. There is
evidence that even a small hydromorphological interaction can have a deep impact on the
functioning of an ecosystem [19]. There are numerous methods for the hydromorphological
evaluation of watercourses [20-22]. The most commonly used methods for assessing the
quality of physical river habitats are: the German LAWA-FS [23]; the British River Habitat
Survey, RHS [6]; the Spanish assessment of bank habitats, QBR; and the Czech compre-
hensive morphological assessment, HEM [24]. These methods are based on field surveys
and the characterization of physical attributes of riverbeds and flow regimes, and can be
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classified as river habitat surveys or physical habitat assessments [20]; despite the different
assumptions, the methods lead to similar results and can be used in various countries, espe-
cially in Europe [24]. From the groups of methods used for field inventory of rivers for their
restoration purposes, those recommended are: the Australian River Styles Framework [25];
the IHG method in Spain [26]; the MQI method in Italy [27]; and the Polish method of
river hydromorphological quality assessment RHQ [28]. The index-based methods are
being developed to allow the standardisation of methods and tools used for evaluation of
hydromorphology and impact on the the ecological condition of watercourses/catchment
areas [29]. In Poland, the Hydromorphological Index for Rivers (HIR) method, which
conforms to the EU Water Framework Directive (WFD), has been used since 2017. The
method provides the assessment of lowland, upland and mountain rivers and streams, and
it can be used to evaluate natural and heavily modified watercourses, as well as artificial
channels [30]. The HIR method is based on the British River Habitat Survey method, which
is widely used for the hydromorphological assessment of waters around the world, as
demonstrated by a number of citations in other research papers more than 2,000,000 times
(on the Google Scholar website). The majority of the research on the hydromorphological
assessment of watercourses has focused on large river systems. This work concentrates
on the hydromorphological evaluation of a small upland stream, whose catchment area is
being transformed as a result of high human activity. It is considered that, for the small
ungauged aquatic ecosystem, it is advisable to know the hydromorphological conditions,
which affect the flow of water and biodiversity.

We hypothesised that, even in a small stream, there is a significant variety of hydro-
morphological forms associated with naturalness and anthropopressure. The paper aims
to provide a field inventory and evaluation of the hydromorphological conditions of a
small ungauged stream catchment using the HIR method, including the meteorological
and hydrological conditions.

2. Materials and Methods

The stream catchment area is located in southern Poland (Figure 1), in the Wisnicz
Foothills, part of the Western Carpathians. Empirical studies were conducted in the bed
and valley of the ‘unnamed stream’, a left-bank tributary of the Stradomka river of the
left-bank tributary of the Raba river (in the Upper Vistula Basin). The unnamed stream is a
natural, periodic watercourse. In the currently valid typology of surface waters [31], it is
classified as an upland carbonate stream with fine-grained substrate on loess and loess-like
rocks (type code: 6). The studies were divided into 3 stages:

(1) meteorological and hydrological conditions;
(2) physiographic parameterisation of the stream catchment area;
(8) hydromorphological characteristics of the watercourse based on HIR.

In terms of climate, according to the Koppen-Geiger classification [32], the examined
catchment is located in a warm, humid continental climate (Dfb). The datasets from 2
meteorological stations from a multi-year period (2001-2020) were used in the analysis.
The monthly precipitation totals (from the Lapanéw station; GPS coordinates: 49°51'44” N,
20°1632” E) and monthly average temperatures (from the Lazy station; GPS coordinates:
49°57'54” N, 20°29'43” E), provided by the monitoring network system and carried out by
the Institute of Meteorology and Water Management-National Research Institute IMGW-
BIP), was used in the study. Both stations are located in the basin of the Upper Vistula within
a distance of 20 km. The precipitation characteristics for monthly and annual periods were
made on the basis of the relative precipitation index (RPI). The RPI classifies precipitation
in terms of its excess or shortage [33]. The precipitation and thermal characteristics of the
year 2020 were presented against the background of the long-term period 2001-2020. The
RPI coefficient was calculated using the following formula:

RPI = % -100 (%) 1)
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where P—precipitation sum in the studied period (mm), and P—average precipitation
value in the studied long-term period (mm).
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Figure 1. Location of the studies and sections with control profiles on the stream.

Based on the value of the RPI, the months and years were classified as follows:
RPI < 25—extremely dry; 25 < RPI < 50—very dry; 50 < RPI < 75—dry; 75 < RPI < 125—
normal; 125 < RPI < 150—wet; 150 < RPI < 200—very wet; RPI > 300.0—extremely wet [34].

The thermal classification of months, seasons or years was prepared according to
Lorenc [35,36] in relation to the average monthly temperature (T) and the average monthly
temperature calculated over the multi-year period (Tay), increased or reduced by the
standard deviation value () (Table 1).

Table 1. Thermal classification of months, seasons and years.

Month, Period, Year Criteria
extremely cold T>Tay +258
anomalously cold Tay +2.06 < T < Tay +2.56
very cold Tav +1.50 < T < Tyy + 26
cold Tav +0<T < T,y +1.50
slightly cold Tay + 050 <T < Tay + 6
normal Tay =050 < T < Tyy + 0.58
slightly warm Tav =0 < T < Tyy —0.58
warm Tav —050 < T <Tyy -0
very warm Tav =0 <T < Tyy —1.58
anomalously warm Tav =156 < T < Tay — 20
extremely warm T <Tay —258

Explanations: T—air temperature in a given period; Toy—long-term average temperature in a given multi-year
period; 6—standard deviation of air temperature in a given period. Source: elaborated according to Lorenc (2000).
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A direct measurement of the water flow rate (Q) was performed using a bucket of
known volume (V) and a stopwatch (¢). The Q was calculated using the following formula:

Q=< @

where: Q—water flow rate (m>-s~! or dm3-s~1); V—volume flow rate of water (m3 or dm?);
and t—time (s).

The average annual water flow (SSQ) for small ungauged catchments located in the
Carpathian region was calculated by Punzet formula [37-39]:

SSQ =1072-5Sq- A A3)

SS!] — 0.00001151 - P2.05576 . 10.0647 . N—0.04435 (4)

where: SSQ—average annual water flow (m3.s71); S5S5q—average annual surface runoff
(dm3-s~1.km~2); A—catchment area (km?); P—average annual precipitation (mm); [—river
slope indicator (%o); and N—soil imperviousness index (%).

The soils in the catchment area were comprised of regoliths and loess-like dusty
formations formed as a result of flysch weathering and simultaneous eolian sedimentation.

The physiographic characteristics of the catchment area included the 15 parame-
ters [40,41] listed in Table 2, which presents: catchment geometry and shape, catchment
morphometry, and hydrological conditions. On a 1:10,000 vector topographic map were
areas with the following forms of land use: arable land, grassland and wasteland, forests
(tree-covered areas) and built-up areas. The share of individual land use forms was calcu-
lated based on the total areas.

Table 2. Characteristics describing the stream catchment physiographic conditions.

Item Parameter

Topographic catchment area A [km?]—determined based on the planimetry of the

1 area, which is closed by the boundary determining the topographic watershed
2 Maximum catchment length Ly, [km]—main river valley length from the mouth to
the point on the watershed in the extension of the spring
3 Catchment perimeter P [km]—length of the catchment’s topographic watershed
Catchment mean width B, [km]—ratio of the catchment topographic area (A) to the
4 catchment length (Lax.):
B= 4 [km]
Form coefficient Cy [-]*—ratio of the catchment area (A); ratio of the catchment area
5 squared (ngx‘z):
Cr=-—45
(Lmux.)
Elongation coefficient Cyy [-]—ratio of the diameter of the circle of surface area
6 equal to the catchment area, to the catchment length (L):
Cw = L)Vi)’ ’ %
Circularity coefficient Cx [-]—ratio of the catchment area (A), to the surface area of
7 the circle of the same perimeter as the catchment perimeter (P):
Cr = L gz.A
Gravelius catchment compactness coefficient GC [-]—ratio of the catchment
8 perimeter (Oy), to the perimeter of the circle of the same surface area as the

catchment area (A):

GC= o ma
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Table 2. Cont.

Item Parameter
9 Minimum H,,;, and Hyax [m a.s.1.]—taken from the topographic map as the lowest
and the highest value on the watershed
10 Altitude H [m a.s.].]—taken from the topographic map as the lowest altitude (H,;;, )

and the highest altitude (Hyux.) of the spring (Hs ) and mouth (Hy,,) on the watershed

Channel mean altitude Hyeq; [m a.s.l.]—arithmetic mean of the maximum altitude
(Hmax) and the minimum altitude (H,;;;,) in the catchment area:
11 Hoean = Hm%%
and from the Reitz formula:

— . Hyax — Hpin
Hmean =0.434 logHme - logHmin

Catchment area denivelation (AH)—difference between the maximum (Hy,,) and
12 minimum (H,,;,,) altitude in the catchment area:
AH = Hygxy — Hypiy [m]

Stream gradient/slope [%]—ratio of the altitude difference between the watercourse
spring (Hs m a.s.1.) and mouth (H;; m a.s.l to the watercourse length in this section

13 (Ls in m):
§ =t 100 [%]
14 Stream length L; (km)—distance from the spring to the mouth
15 Land use types in catchment (%)—percentages of the various forms of use in the

catchment area as arable land, forests etc.

Explanations: * [-]—dimensionless indicator /parameter.

The stream, at a length of about 250 m, carries water in the pipeline before spilling into
the Stradomka river, a consequence of the progressive residential and service developments
from the mid-1980s. In the middle part of the stream, a car park was built, which was also
associated with the transformation of the water flow from an open stream bed into a closed
pipeline. The increasing encroachment of urban areas in the stream catchment will follow
the adopted land-use plan.

The hydromorphological evaluation of the ‘unnamed stream” was performed in Au-
gust 2020 with the use of the Hydromorphological Index for Rivers (HIR), which comprised
of a field evaluation on two representative 300 m sections—semi-natural and urbanised—
in which 10 control profiles (marked as PO-P10) were delimited about 30 m apart from
each other, as well as a synthetic evaluation of the entire stream section (Figure 1). The
study involved the determination of the presence and diversity of the natural elements
of the stream and of the valley, and characterisation of the range of modifications in the
watercourse’s morphology [30,42].

The land use in the stream valley was determined based on the orthophotomap from
2020, available at geoportal.gov.pl (accessed on 20 December 2021) (supported by a site
visit), within a 100 m wide buffer on each bank; as a percentage of the area and then used
to determine the weight coefficient (w) to calculate the mean HIR. Out of three basic land
use forms, i.e., urbanised (U), agricultural (R) and semi-natural (S), the urbanised areas
dominated in the buffer—sealed surfaces with dense or dispersed development, roads
and other anthropogenic non-built-up areas, which made up about 58% of the buffer area
(wU = 69.9). Next, there were semi-natural areas—forests, trees and shrubs, marshy areas,
rush and herb vegetation, covering about 25% of the buffer area (wS = 30.1). The remaining
17% were agricultural areas—arable land, grassland and allotment gardens (wA = 0.0). Only
the land use forms with a share >25% in the buffer were used in the calculation [42]. Two
study sections were determined based on the land use analysis in the stream valley: the first
in the semi-natural part, and the second in the urbanised part. Due to the stream features
(its small length and partial pipelining) and the property conditions in the catchment area
(the stream flows through private properties, often fenced), the study sections lengths were
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300 m long instead of the standard 500 m, which is acceptable according to the authors of
the method [30,42].

For each stretch, the HIR value was calculated. The multimetric HIR index combined
two indices: The Hydromorphological Diversity Score (HDS) and the Habitat Modification
Score (HMS). The HDS informed about the presence of natural attributes in the channel,
coastal zone and the river valley. Each of the HDS attributes delivered a range of points,
enabling the calculation of the HDS of the river stretch. HMS provided information on
the hydromorphological modifications; it included various forms of fluvial ecosystem
transformations, such as profile modifications and reinforcements, and the presence and
abundance of engineering facilities. The detailed procedure of scoring is presented in the
HIR method manual. In practice, HDS and HMS values usually do not exceed 100 [30,42].

HD816OHMS) 4 085

HIR = ( 1.8

©)

The obtained values were compared with the classes for a given type of watercourse:
class I HIR > 0.824; class II HIR > 0.715; class III HIR > 0.600; class IV HIR > 0.485; and
class V HIR < 0.485.

The assessment of the hydromorphological state of the stream catchment consisted
of calculating the weighted average of the HIR values, taking into account the weighting
factor for three forms of land development (calculated on the basis of their percentage share
in the buffer), according to the following formula:

(HIRy - wl) + (HIR - wA) + (HIRg - wS)

HInggn - 100 (6)

where: HIR,.sn—average HIR value for the whole water body; HIR;—HIR calculated for
the survey sites located in an urbanised area; wl—weighting factor for urbanised areas
calculated on the basis of their percentage share in the buffer; HIR 4—HIR calculated for
the survey sites located in an agricultural area; wA—weighting factor for agricultural areas
calculated on the basis of their percentage share in the buffer; HIRs—HIR calculated for
the survey sites located in a semi-natural area; and wS—weighting factor for semi-natural
areas calculated on the basis of their percentage share in the buffer.

3. Results
3.1. Meteorological and Hydrological Characteristics

The characteristics of the meteorological conditions are presented in Figures 2 and 3.
The climate is fairly dry in the winter half-year, and is characterised by fairly hot summers,
where short rain showers are quite common and often come in intense bursts.
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Figure 2. The characteristics of the precipitation conditions: (a) average annual precipitation in
2001-2020; (b) average monthly precipitation from the multi-year period 2001-2020 and in 2020;
(c) classification of precipitation conditions on the basis of Relative Precipitation Index (RPI) for the
months and years.

Typically, 30% of the precipitation falls during the winter half-year and 70% during
the summer half-year. In the multi annual period from 20012020, the average annual air
temperature was 9.1 °C, and total precipitation was 792 mm. Increased average tempera-
tures and rainfall are observed over the analysed period, which is in line with a report by
the Institute of Meteorology and Water Management—National Research Institute, which
has been monitoring Poland’s climate for over 100 years on an ongoing basis [43]. To
assess the meteorological conditions of the region where the study was conducted, the
relative precipitation index (RPI) values were calculated, as a measure of the precipitation
efficiency in a given month and year. Based on the RPI values calculated for the months
from 2001-2020, as shown in Figure 2¢, it was determined that 112 of the months were dry,
63 of the months were optimal and 65 of the months were wet. In terms of precipitation,
2020 belonged to the wet year. The average multi annual temperature varies between 7.8 °C
and 10.3 °C (Figure 3c). The water temperature depends on the air temperature which, in
turn, translates into the amount of oxygen in the water [44]. The annual average tempera-
ture in 2020 was 0.7 °C higher than the multi annual average. In the analysed multi-year
period, two years were very cold, six years were slightly cold, six years were normal, two
were slightly warm, three years were warm and one year was very warm. In general, the
variable meteorological conditions in the study area, characterised by periods of excesses
and shortages of water, indicate the need for good maintenance of the hydromorphological
conditions of watercourses, mainly drainage functions.
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Figure 3. The characteristics of the thermal conditions: (a) average annual temperature in 2001-2020;
(b) average monthly temperature from the multi-year period 2001-2020 and in 2020; (c) monthly
thermal classification proposed by Lorenc (2000).

The average annual water flow of the unnamed stream is placed at SSQ = 0.004 m3-s~!

and corresponds to the flow measured directly (Q = 0.005 m3-s~1). The catchment basin
of the stream receives water both from rainfall and from snow melt in the slope. The
higher precipitation levels in 2020 lead to a higher supply of water to the stream. Based on
conversations with residents, there have been dry years or months in which the stream did
not carry water.

3.2. Catchment Characteristics

The basic physiographic parameters describing the catchment of the examined stream
are presented in Table 3. The stream catchment area is very small (<10 km?). The catchment
length is just over 1 km, its mean width is 0.23 km, and the perimeter is about 3 km. The
form coefficient (Cf), elongation coefficient (Cw), circularity coefficient (Ck) and compact-
ness coefficient (Cz) indicate that the stream catchment is narrow and elongated. The
denivelation of the catchment area is 59 m, with a watershed slope of about 23.9%o.. The
mean altitude in the catchment is about 258 m a.s.l.
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Table 3. Physiographic parameters of the studies stream catchment.

Parameter Value
Catchment Geometry
Topographic catchment area (A): 0.31 km?
Maximum catchment length (L;yy.): 1.37 km
Catchment perimeter (P): 3.10 km
Mean catchment width (B,): 0.23 km
form (Cf): 0.17
elongation (Cw): 0.46
Shape coefficient: circularity (Ck): 0.41
Gravehui Cc;:z):r)x:lpactness 157
Catchment Morphometry
minimum/mouth (H,,;, ): 229.10 m a.s.l.
maximum (H;y.): 288.30 m a.s.l.
Altitude: spring (Hy;): 253.00 m a.s.1.
mean (Hg;): 258.70 m a.s.L.
mean (Hg;) acc. to Reitz: 25744 m a.s.l.
Denivelation (AH): 59.20 m
Stream gradient/slope (Jc): 2.4% (23.9%o)
Catchment Hydrography
Stream length (Lc): ~1.00 km
Type of Land Use
Forests 6%
Arable land 41%
Grassland 28%
Built-up areas 25%
Sum 100%

The dominant land use is arable land with slightly over 40% of the catchment area. The
catchment afforestation rate is 6%. The trees and shrubs occur mainly in the stream valley,
thus forming the natural biological development of the watershed bed. The urbanised area
(dispersed and dense development) is 25%. Grassland (meadows/pastures) and wasteland
with grass vegetation form about 28% of the catchment area (Table 3, Figure 4).
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Legend:

stream

e catchment boundary

- forests

graslands
arable land

urbanized areas

Figure 4. Land use structure in the stream catchment.

3.2.1. Characteristics of the Semi-Natural Section

Marshy areas without a distinctively formed bed can be found near the control point
PO1—the spring area. Valuable environmental elements include marshy meadows, as a
spring area in the form of a weak outflow of groundwaters to the surface (seeps, bogs). The
dominant land use forms include forest, trees/shrubs and grassland (marshy meadows)
(Figure 5A). From cross-section P02, the bed-bottom material is classified as clay and silt,
sometimes covered with a thin layer of mud (Figure 5B). The average water depth is about
3.0 cm. No modifications in the bed and natural morphologic elements were found. Soil
(loess) is deposited on the slopes. The banks’ cross-sections in the majority of the control
profiles are eroded (as a result of water erosion), with vertical or underwashed banks of
the stream. No modifications were found on the slopes, and the natural morphological
elements include eroding bank undercuts with visible plant roots and numerous bank
outwashes not fixed with vegetation (Figure 5C). There is no vegetation in the bed, and
the vegetation appears on the slope as a uniform structure (Figure 5C) with ferns and
grass vegetation, and as a complex structure on the slope tops with continuous tree stands
(mainly maple, alder, oak, and spruce and grass vegetation). The stream valley in the
semi-natural section is very shaded (50-75%). The land use in the areas near the banks is
forest, trees and shrubs. The synthetic evaluation of the entire examined section (300 m)
indicates an unobstructed flow in the bed, despite an occasional weak natural swelling by
minute wood bed load (Figure 5D) and the vegetation in the bed and on the slope being
typical of marshy areas (i.a. sedge). Detritus in the form of small-size dead organic matter
from falling leaves and weak lateral tributaries can be found in the upper course of the
stream. The laminar water flow dominates in the bed (this was the case when the studies
were conducted, but rapid flow and overflow was also observed, mainly upstream in places
where erosion faults/incisions formed small waterfalls). Florae were found in the stream
valley, in the form of ivy (Hedera helix) and small balsam (Impatiens parviflora DC.) Faunae
were also found, in the form of Roman snail (Helix pomatia) and slug. Debris classified as
refuse/waste was also found the stream valley.
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Figure 5. Selected elements of the hydromorphological diversity index in the semi-natural section:
(A)—marshy areas and spring zone; (B)—laminar water flow; uniform vegetation on the slopes;
(C)—eroding bank undercuts; bank outwash not fixed with vegetation; (D)—natural swelling by
small wood bed load.

3.2.2. Hydromorphological Characteristics of the Urbanised Section

In the initial control profiles of the urbanised section (P01-P03), the dominant bed
material is fine sand and dust covered by a layer of muddy sediments. The water flow
in the bed is laminar (Figure 6A). The water level in the bed is about 6 cm. The left-hand
and right-hand banks, in the 1 m wide strip, are made of loose material (soil). In the 5 m
strip from the bank, there are semi-continuous trees and shrubs, and a simple vegetation
structure on the top and slopes of the banks; these are mainly alder (Alnus), maple (Acer),
oak (Quercus) and spruce (Picea abies); there is also moss (Bryophyta), particularly on the
tree branches and ferns (Polypodiopsida). No water plants were found in the bed. The bank
profile ranges from gentle, which is classed as <45° (left-hand bank), to steep, which is >45°
(right-hand bank). Typical land use in the strip 50 metres away from the bank top was
trees/shrubs and buildings (school, private houses). Shading of the bed is visible, as well
as exposed roots and outgrowth on the slopes of both banks. The natural erosion-related
morphological elements include an undercut on the right-hand bank.
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Figure 6. Selected elements of the hydromorphological diversity index in the urbanised section: (A)—
overgrown bed with laminar flow; (B)—outlet of & 1.00 m concrete culvert; (C)—grass vegetation
(wasteland) and built-up areas; (D)—trees and shrubs. Grass vegetation (wasteland).

Farther in the urbanised section, the dominant bed-bottom materials are still fine
sand and silt. The water flow is laminar. For about 30 metres, the stream flows in
the pipe (the closed bed) with a paved surface over it (the car park). Then, the wa-
ter flows out of the & =1.00 m concrete pipe (the culvert) (Figure 6B), and the flow is
Q ~ 0.005 m3-s~1. There are no cross-section modifications in the open bed, and no nat-
ural morphological elements were found in the bed. The material of the right-hand and
left-hand slopes is soil (sand and dust are dominating). No modifications on the right-
hand and left-hand slopes, and no natural morphological elements were found. The bed
is heavily overgrown with vegetation; these are mainly plants above the water surface
or recumbent amphiphites. In section P04-P07, the watercourse runs through unculti-
vated land. There is simple vegetation structure on the right-hand bank in the form
of single trees/shrubs—mainly willow (Salix), hazel (Corylus) and oak (Quercus)—and
green vegetation—mainly reed (Phragmites australis) and sedge (Carex) (Figure 6C,D). Uni-
form vegetation—mainly grass vegetation (Phragmites australis)—and tall herb vegetation—
mainly nettle (Urtica dioica)—dominate on the left-hand slope. Vegetation typical of marshy
habitats and areas has also been found, i.e., purple loosestrife (Lythrum salicaria) and
marsh horsetail (Equisetum palustre). The plot through which the stream flows is built
up/developed on both sides. There is a road to the north with housing development along
it, and single-family houses to the east (Figure 6C). Refuse/waste was found near the bank
on the south side, behind the fence.

From profile P07 to P10, the stream bed is heavily overgrown with grass vegetation,
with clear signs of anthropopression in the form of bottom- and slope- grading. The
dominant bed-bottom material is fine sand. There is soil on the slopes. The water flow
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in the bed is laminar. Farther along, the stream is pipelined (concreted) and flows under
the urban development; before flowing into the Stradomka river, the stream bed is open
again with visible signs of grading and vegetation mowing (inter-embankment zone of
the Stradomka river). In addition, from among the elements recorded in the synthetic
evaluation, gullies and culverts were found. The bed dimension for the semi-natural and
urbanised section are presented in Figure 7A,B, respectively.

A) B)

2.50m

9 1.00m

1.00m muddy

1.00-1.50 m

Figure 7. Bed dimensions: (A)—semi-natural section; (B)—urbanised section.

The HDS index indicates the hydromorphological diversity of the stream. The HDS
values calculated for the individual study sections are varied from 27 for the urbanised
section to 56 for the semi-natural section (Table 4). The HDS values for the semi-natural
section are mainly influenced by: the presence of the natural morphological elements of
the slopes in the control profiles (17.8%); the diversity of elements accompanying the trees
(14.3%); and the naturalness and heterogeneity of the stream valley use (14.3%). For the
urbanised section, the highest percentage of HDS value is found in the bed material hetero-
geneity (15.0%), the natural morphological elements of the slopes (15.0%), the vegetation
diversity in the channel bed (15.0%), and the structure of the bank vegetation (15.0%). The
HMS values reflecting the degree of anthropogenic changes in the hydromorphology of
streams and rivers indicate that the lower part of the examined stream is the most modified
(Table 4). The score for the lower-urbanised stream section is 15.5, indicating a significant
modification of the stream related mostly to the modifications in control profiles (38.7%),
especially profiling the bottom and slopes of the stream and the disturbance of the con-
nectivity with the river valley (25.8%); the latter is especially influenced by urban areas.
The upper examined section, for which the HMS is 0, is a hydromorphological habitat
which has not been significantly modified. It is located within the tree stand boundaries
and remains almost in semi-natural conditions.

It is unequivocally found that the value of the HIR index varies significantly for the
tested sections. The final HIR value for the semi-natural section is 0.78, and is 44% higher in
relation to the urbanised section (0.54); the changes in its numerical value mainly depend
on the heterogeneity of the water flow, the natural morphological elements of the slopes,
the diversity of elements accompanying the trees, and the natural land use of the valley
(Tables 4 and 5). According to the classification [30], the hydromorphological condition
in the semi-natural section is determined to be good, and in the urbanized section, to
be poor. The hydromorphological condition of the whole stream is determined to be
moderate (Table 5).
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Table 4. Components of the Hydromorphological Diversity Score (HDS) and the Hydromorphology

Modification Score (HMS).

Parameters Collected during the On-Site Evaluation

Section

Semi-Natural Urbanised
HDS
1. The stream channel zone—riverbed
1.1. Variation of the river line 3.0 (5.3%) 0.0 (0.0%)
1.2. Variation of the riverbed slope 3.0 (5.3%) 1.0 (3.5%)
1.3. Heterogeneity of water flow 5.0 (9.0%) 3.0 (11.0%)
1.4. Bed material heterogeneity 4.0 (7.3%) 4.0 (15.0%)
1.5. Natural morphological elements of the bed-bottom 1.0 (1.8%) 0.0 (0.0%)
1.6. Natural morphological elements of the slopes 10.0 (17.8%) 4.0 (15.0%)
1.7. Vegetation diversity in the bed 5.0 (9.0%) 4.0 (15.0%)
2. The stream channel zone—bank face
2.1. Vegetation structure on the slopes 0.0 (0.0%) 0.0 (0.0%)
2.2. Diversity of elements accompanying the trees 8.0 (14.3%) 1.0 (3.5%)
3. The stream valley adjacent to the bank-top zone
3.1. Structure of bank-top vegetation 5.0 (9.0%) 4.0 (15.0%)
3.2. Not-managed bank-top zone 4.0 (7.3%) 3.0 (11.0%)
4. The stream valley zone
4.1. Natural land use of the valley 8.0 (14.3%) 3.0 (11.0%)
4.2. Connection between the stream and the valley 0.0 (0.0%) 0.0 (0.0%)
>HDS 56.0 (100%) 27.0 (100%)
HMS
1. Transformed transverse section of the stream channel 0.0 (0.0%) 2.0 (12.9%)
2. Hydroengineering structures 0.0 (0.0%) 0.5 (3.2%)
3. Transformations observed in spot-checks 0.0 (0.0%) 6.0 (38.7%)
4. Disturbance of the connectivity with the river valley 0.0 (0.0%) 4.0 (25.8%)
5. Other types of human degradation 0.0 (0.0%) 3.0 (19.4%)
~HMS 0.0 (0.0%) 15.5 (100%)

Table 5. Results of hydromorphological evaluation and quality classes of individual examined

sections and the whole stream.

Study Section Watercourse/Stream (Whole)
ltem ~ Measuring Hyd hological Hyd hological
Section ydromorphologica ydromorphologica
HIR Condition Class HIRmean Condition Class
1 i-natural 7 d I
semihatura 078 800 0.61 moderate 11
2 urbanised 0.54 poor v

4. Discussion

In the catchment area of the analyzed stream, an increase in the sum of annual pre-
cipitation and the average annual temperature is visible. Carpathian streams play an
important role in draining the local catchment area, especially during flash floods, which
are appearing more and more frequently [45]. The highest flood risks in Poland are charac-
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teristics of the Carpathian tributaries of the upper Vistula river, including the catchment
area of the studied stream [46]. The negative impact of extreme weather phenomena is
already visible, with drought and soil erosion bringing major problems, especially in the
Carpathian Region; however, as reported by Ionita et al. [47], the frequency of droughts
has not unusually increased in Central Europe when compared to preindustrial drought
records. Natural climate change has led to changes in the water regimes of small upland
and mountain streams, thus causing the occurrence of flash floods, or the drying up of
watercourses in late summer [48]. The results of climate models show that in the area of
Poland, in the near and far future, there will be an increase in air temperatures and in
precipitation [49-51]. On the other hand, according to Atwood et al. [52], Climate models
are quite poor when it comes to rainfall on a regional level. Any future trends in rainfall
coming from climate models have to be treated with utmost caution. Attempts to identify
climate change in the city micro-environment and improvement through water retention
are conducted in Slovakia [53].

The physiographic (geometrical and morphometric) parameters of the catchment
indicate a mountainous character of the examined stream; this includes a small area and
significant elongation, a mean elevation of >200 m a.s.l., and a large slope [54]. The results of
hydromorphological evaluation revealed significant differences between the semi-natural
and urbanised part of the stream, indicating regulation and canalisation as the main reasons
for hydromorphological degradation. Studying the catchment areas of two Carpathian
flysch streams (the Jaszcze and Jamne), Bucata-Hrabia and Wiejaczka [54] concluded that a
higher diversity of hydromorphological forms, with a corresponding HDS, occurs in the
upper and medium course of the streams in the upland landscape; they also concluded
that a lower diversity occurs in the lower part of the streams’ catchment areas, which
are subjected to anthropopression. A similar regularity of naturality and anthropogenic
changes of the habitat between the upper and lower course of streams in Poland, India and
China was shown by Kijowska-Strugala et al. [55].

The results of the scoring correspond to the preliminary hypothesis, according to
which, despite the small stream, there is a noticeable difference between the analysed
sections of the stream. An extensive amount of literature on linkages between the effects
of anthropopression in stream habitats and river hydromorphology reports a number of
relationships, at many levels. The need is urgent to develop refined and updated hydromor-
phological assessment systems targeting small ungauged watercourse evaluation, for use
by the European Water Framework Directive (WFD) and national water-related policies.
The topography and rich vegetation in the river’s catchment area may make it difficult to
perform field studies. Recent studies shows that Unmanned Aerial Vehicles (UAVs) can
be used for inventory and assessment of the shydromorphological status of streams and
rivers, especially in hard-to-reach areas. Drones and digital photogrammetry now provide
an alternative approach for monitoring river habitats and hydromorphology [56,57].

The aim of the research currently carried out in Ireland is to advance knowledge on
the role of small streams in water quality, biodiversity and ecosystem services protection;
this will inform policy, measures and management options to meet water quality and other
resources protection targets [58].

As a rule, natural watercourses have a higher HDS and the artificial watercourses
(ditches, channels) have a higher HMS [21]. Hajdukiewicz et al. [6] indicate sbed regulation
and significant grading (canalisation of the river) as the main causes of the hydromorpho-
logical degradation of the Biala river. Bryndal et al. [59] prove that high human activity
in the catchment area deteriorates its natural drainage/water removal, thus contribut-
ing to a more frequent occurrence of high water stage and floods. Bedla et al. [60] and
Pietruczuk, et al. [61] indicate that that the excessive piping of a river or stream adversely
affects the natural environment in their valleys, deteriorating the aesthetic values of land-
scape. The diversity of morphological forms (flow type, bottom and slope material) plays
a significant role in the biodiversity of fauna and flora in the watercourse bed and val-
ley [28,62,63]. This can be seen in the examined stream, where the vegetation cover of the
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watercourse body is much larger in the lower urbanised part of the stream than in the
upper, semi-natural part (Table 4), characterised by a great slope and a larger dynamic of
the flowing water. In the studied stream, it was demonstrated that, depending on the vege-
tation diversity, the HDS variation could change by about 25%. Furthermore, Kiraga [64]
reported that, depending on the season, the vegetation diversity variation could change,
which could lead to a step from one hydromorphological class to another. It was similar in
the case of the HMS parameter, where modifications in the riverbed and stream valley were
visible in the urbanised section. These changes significantly reduced the hydromorphologi-
cal condition. It is well known that riparian vegetation plays a crucial role in sustaining
river hydromorphological conditions [65]. Forests, trees and shrubs play an important
part in the hydromorphological diversity of the zone near the stream banks. They act as
biological protection (natural development) of the stream bed and valley, increasing the
catchment retention, equalising the flows, and slowing down erosion of the stream slopes,
bottom and banks. The root systems of these plants protect the soil from being washed out.
Kaluza et al. [66] reported that, in the forested river reach, bottom and riverbank vegetation
was completely absent. The river channel was narrow; however, due to the vicinity of trees
and shrubs, considerable accumulation of organic matter was observed in the river channel.
The flora acted as basic protection, mainly in the upper part of the catchment, where the
land gradient was higher [62,67]. The majority of soils in the Wisnicz Foothills, including
the soils in the catchment of the examined stream, are made of Carpathian flysch (loess)
which, without appropriate vegetation cover, are subject to intensive erosion [1,54].

Any transformation of the stream channel (riverbed) and catchment area should
be thought out and included in the land use plan, as some of them might prove to be
irreversible and have a destructive impact on the quality of the water environment [68-70].

5. Conclusions

The conclusions of the studies are as follows:

In its upper course, the stream has winding meanders, where the banks are subjected
to erosion by flowing water, particularly during high water and high flow speed. In
addition, it has low anthropopression and moderate diversity of morphological forms
and conditions. Its lower course, on the other hand, has been significantly modified
and transformed, in both the bed and the banks. The mouth part of the stream belongs
to the intensively modified part of the surface waters. Factors significantly worsening
hydromorphological conditions are various forms of anthropopressure, with particular
emphasis on urbanization.

The evaluation indicates hydromorphological features of the stream which have been
changed significantly at canalised sections, and which will most likely undergo the largest
improvement when the bank protections are removed and the free channel migration is
made possible, which—as a result of the progressing development of the lower part of the
stream—is no longer possible.

This applied method can be used for the hydromorphological assessment and inven-
tory of small, ungauged streams, because its scope includes elements that testify to the
naturalness of stream habitats and a radical transformation in stream catchments. A major
advantage of the HIR method is that it accounts for the HDS and HMS; this allows one
to determine to what extent a given watercourse section is natural, and to what extent it
is transformed. On the other hand, the final valorisation results are strongly affected by
the presence of vegetation, which varies during the whole year. The type of water flow
may also turn out to be an insufficient parameter—especially in periodic streams or those
susceptible to rapid fluctuations in the water level after heavy rainfall.

This example of an examined stream indicates the need for more frequent monitoring
the catchment areas of small streams not included in any hydrological classifications.

The authors believe that proper management of water resources in small, ungauged
catchments lies with the local and regional authorities. All actions taken in the stream bed,
and its catchment area, should be in accordance with the principle of sustainable development.
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Based on this hydromorphological assessment, the results obtained helped us to
evaluate the environmental changes and anthropogenic pressures on the stream sections;
however, further research is required on the changes in the hydromorphological status of
small watercourses.
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