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Abstract: Hydromorphological assessment of watercourses provides much valuable information about the river-
bed and its immediate surroundings, including the influence of geographical environmental factors along with
anthropogenic pressures in the catchment area. This paper presents diversity of hydromorphological conditions
of 77 sections located on 39 watercourses in southern Poland in three European ecoregions: Eastern Plains, Cen-
tral Plains and the Carpathians. The study was based on the Hydromorphological Index for Rivers (HIR) method
and two sub-indices: Hydromorphological Diversity Score (HDS) and Hydromorphological Modification Score
(HMS). Basic and multi-dimensional statistical analyses were performed to identify the main gradients of the
geographical environment and the variables that contribute most to the total variability of HIR. The highest mean
HIR values were recorded in the Carpathians ecoregion, then in the Central Plains and the lowest in the East-
ern Plains, 0.70, 0.67 and 0.58, respectively. Significant differences were found between the Carpathians and
Eastern Plains ecoregions in HIR values obtained. Hydromorphological differentiation is most influenced by alti-
tude and geological type. The cluster analysis enabled two main groups of watercourses to be distinguished - the
first one was dominated by variables showing HMS > HDS relationship, while the second one was dominated by
HDS > HMS relationship. Multi-dimensional analysis provided additional information on the relationships be-
tween the variables and the sections studied. The greatest positive impact on the formation of the final HIR value
had the variation of the riverbed slope and natural morphological elements of the bed bottom, while the greatest
negative impact on HIR had the transformations observed in spot-check.
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INTRODUCTION

The existing hydrological and morphological con-
ditions of watercourses are determined primari-
ly by the geographical environment that exerts
a fundamental influence on water (hydrological
and morphological) phenomena and processes,
as well as by human activities capable of altering,
to some extent, the interrelationships of the ele-
ments of this environment established by nature.

Thus, the geographical environment is the natu-
ral one considered collectively with man and the
material manifestations of human activity (Rinal-
di et al. 2016, Maaf3 et al. 2021, Abbas et al. 2022).
Hydromorphological assessment of watercours-
es is an important element of water policy in the
European Union and worldwide, as it provides an
important background for biological and physico-
chemical analyses of the aquatic environment
(Pavlek et al. 2023).

https://doi.org/10.7494/ge0l.2024.50.1.93

ISSN 2299-8004 | e-ISSN 2353-0790 | Wydawnictwa AGH


http://www.wydawnictwa.agh.edu.pl
mailto:lukasz.borek@urk.edu.pl
https://orcid.org/0000-0001-6213-5152
https://creativecommons.org/licenses/by/4.0/

94

Borek L.

Environmental variability is mainly described
by altitude elevation, substrate type and, in the
case of watercourses, also by catchment size. The
geomorphology of the region is also important
here due to the influence of the structure of the
Earth’s surface on various processes occurring
in watercourses. River valley morphogenesis and
slope processes provide the basic material for the
hydromorphological activities taking place in riv-
er channels. Erosion and denudation phenomena
are the result of atmospheric and hydrographic
factors (Graniczny 2006). These phenomena are
important in hydromorphology, as they influence
the development of sedimentation processes lead-
ing to the formation of landforms, islands and
wild rivers and streams.

Surface waters form an element of the geo-
graphical environment that influences formation
of a specific landscape in a region. Depending on
the altitude at which the watercourse section is
located, it takes on the nature of a mountain river
(mountain landscape), an upland river or a low-
land river (lowland landscape). The type of river is
related to the natural and anthropogenic process-
es taking place in river catchment areas, which
are functional geographical areas that integrate
a variety of environmental processes and hu-
man influences on landscapes (Aspinall & Pear-
son 2000).

Watercourses are the most dynamic element of
the geographical environment. It is also necessary
to examine relationships between variables with-
in both catchment areas and between the distinct
physico-geographic regions through which wa-
tercourses flow. Interest in the regionalisation of
aquatic ecosystems has increased with the intro-
duction of the Water Framework Directive (WFD)
(Directive 2000/60/EC 2000), which introduced
an environmental criteria approach to surface wa-
ter characterisation. Proposed by Illies & Botosa-
neanu (1963), Europe is divided into ecoregions
classifying rivers and lakes based on two sys-
tems (A and B). System A differentiates waterbod-
ies based on classes included in three typologies:
altitude typology, size typology based on catch-
ment area, and geology. System B considers alter-
native characteristics — physical and chemical fac-
tors that determine the characteristics of a river

or river section and, consequently, the biological
population structure and composition. These in-
clude obligatory factors (altitude, latitude, longi-
tude, geology, size) and optional factors (e.g. dis-
tance from river source, mean water width, depth
and slope, valley shape and others) (Sanchez-
Montoya et al. 2007).

River valleys, due to their different natural
character (depressions and terrain indentations)
and the different role they play in natural sys-
tems, cause some trouble in physico-geographic
regionalisation (Garbowski et al. 2023). Hydro-
morphological assessments of watercourses can
vary depending on the assessment methods used
(Belletti et al. 2015), but such a parameter seems
to be most differentiated by spatial and environ-
mental variables. The division into ecoregions
combines spatial and environmental variabil-
ity by belonging to specific regional units. In
order to facilitate the analysis of the impact of
geographical environmental factors on aquatic
ecosystems, regionalisation was introduced as
a classification tool (Munné & Prat 2004, Zogaris
& Economou 2017).

River hydromorphology assessed by direct
measurement is a time-consuming and costly
procedure, yet the most accurate one (Akstinas
etal. 2022). There are multiple methods for hydro-
morphological assessment. In Poland, a common-
ly used and WFD-compliant method is the Hydro-
morphological Index for Rivers (HIR). The HIR
value is derived from the calculation of two indi-
ces: Hydromorphological Diversity Score (HDS)
and Hydromorphological Modyfication Score
(HMS) (Szoszkiewicz et al. 2017, 2020). Field in-
ventories provide a lot of valuable information but
can make it difficult to comprehensively capture
certain relationships. A hydromorphological as-
sessment is formulated on more than one variable.
The complexity of the geographical environment
requires the use of statistical methods of multi-
dimensional analysis, which make it possible to
simplify large sets of observations and make them
comprehensible (Misztal 2018).

Four significant ecoregions (WFDs) are dis-
tinguished within Poland, and these units reflect
the structure and spatial relationships of a giv-
en region. As a case study, the area of southern
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Poland located in the Upper Vistula River Ba-
sin within the boundaries of the Lesser Poland
(Malopolskie) Voivodeship, which is very diverse
in terms of physico-geographical, was select-
ed. The number of physical-geographical units
(ecoregions) is three (the Carpathians, Eastern
Plains and Central Plains). The diverse substrate,
climatic conditions and land use of this region
favour the emergence of various processes shap-
ing the hydrology and morphology of water-
course channels.

The aim of this study is to demonstrate the in-
fluence of individual elements of the geographic
environment, taken as an ecoregion, on the hy-
dromorphological conditions of watercourses in
southern Poland. It was assumed that there are
differences in the hydromorphology of water-
courses between the analysed ecoregions, and this
is influenced, among other things, by the features

Legend:
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[J ecoregion border

of the geographical environment (such as altitude
location, substrate) and human activity.

METHODS

Study area and date source

The research sections where studies of the hydro-
morphological conditions of watercourses were
carried out were located in the Lesser Poland
(Matopolskie) Voivodeship, in southern Poland
(Fig. 1). Data in the form of in-camera and field
protocols were obtained/purchased from the Pro-
vincial Inspectorate for Environmental Protection
in Krakow (WIOS) - the body having responsi-
bility for conducting environmental monitoring.
Surveys carried out in 2017 on 77 research sec-
tions representing 52 surface water bodies and lo-
cated on 39 watercourses (rivers, streams and ca-
nals) were analysed (Fig. 1).
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Fig. 1. Map with the location of the 77 studied sections against the background of ecoregions
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Physical landscape features

As a result of the long-term activity of natural fac-
tors such as tectonic forces and weathering pro-
cesses, the area of southern Poland has acquired
diverse geological deposits. Three geological units
typical of the whole of Europe converge here,
formed in three successive cycles: Paleozoic, Me-
sozoic and Cenozoic (Aleksandrowski & Mazur
2017). Figure 2 shows the surface geological de-
posits of the analysed region of southern Poland.
There is a great variety of geological forms here.
The region under consideration is located with-
in three ecoregions (Illies & Botosaneanu 1963):
the Carpathians (10), Central Plains (14), and East-
ern Plains (16) (Fig. 1). Based on these physico-
geographical units, a comprehensive hydromor-
phological assessment of the watercourses was car-
ried out. Each site was categorised to types accord-
ing to the WFD river typology based on ‘system A’
- altitude typology (<200 m a.s.l. as a lowland,
200-800 m a.s.l. as mid-altitude/upland and
>800 m a.s.l. as high/mountain);

- catchment size (10-100 km? as small, 100-
1,000 km?* as medium, 1,000-10,000 km?* as
large, and >10,000 km” as very large. Due to
the occurrence of catchments with an area of
less than 10 km?, the ‘very small’ category was
added);

- geological type (calcareous, siliceous, organ-
ic) - no organic substrate was recorded in these
studies and this group was excluded from the
analyses.

In addition, watercourses were characterised
based on channel width (>30 m or <30 m), land
use types (as semi-natural, agricultural and ur-
banised) and surface water body types (as natural,
heavily modified, artificial). Finally, the differen-
tiation between ecoregions was checked based on
the HIR classification.

The hypsometric differentiation of the anal-
ysed region is shown in Figure 3. More than 30%
of the voivodeship’s area consists of mountain and
foothill areas located above 500 m a.s.l. and only
9% of the area is occupied by lowland areas locat-
ed below 200 m a.s.L.
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Fig. 2. Diversity of geological (lithological) deposits against the background of ecoregions
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Fig. 3. Hypsometric map of the analysed region

Land use characteristics

The area of the voivodeship is characterised by ag-
ricultural and forest land use (Fig. 4). More than
50% of the region’s area is covered by agricultur-
alland, concentrated mainly in the Eastern Plains
and Central Plains ecoregions. Forests cover over
30% of the voivodeship’s area, and the Carpathian
ecoregion has the largest forest cover. Urbanised
areas constitute about 10% of the area. Detailed
information about land use forms in ecoregions is
shown in Figure 4.

Hydromorphological evaluation

The hydromorphological evaluation of water-
courses was carried out in accordance with the
HIR methodology applicable in Poland (Szosz-
kiewicz et al. 2017, 2020). According to the meth-
odology, the first step was to carry out an assess-
ment related to the analysis of land cover maps
(Geoportal GUGIK 2022), on the basis of which
the selection of sites and the number of research
sections (from 1 to 3, related to the form of land

Legend:
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use) was made. Then, field inventories were car-
ried out in the field in 2017. In the case of wa-
tercourses with a riverbed width of <30 m, the
researchers were carried out on a 500-metre sec-
tion, where 10 control profiles were selected at
intervals of 50 m. In turn, for watercourses with
a width of riverbeds >30 m, the researches were
carried out over a 1,000 m long section at 100 m
intervals. In each control profile, the physical
attributes of the river bed (bed bottom, slopes)
were assessed in a transect of 1 m width, and in
a transect of 10 m width, the types of vegetation
in the riverbed and land use along with the veg-
etation structure were recorded. Finally, a syn-
thetic assessment of the entire inventoried section
was carried out in order to precisely characterize
the natural and anthropogenic elements affect-
ing the hydromorphological quality of the water-
course. The data collected in this way was used
to calculate the HIR (Eq. (1)), which consists of
two indicators: the Hydromorphological Diver-
sity Score (HDS) and the Habitat Modification
Score (HMS).
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Fig. 4. Land use forms in the analysed ecoregions

The HDS considers 13 parameters and pro-
vides information on:

1. the stream channel zone - riverbed, includ-
ing: variation of the river line (1.1), variation
of the riverbed slope (1.2), heterogeneity of wa-
ter flow (1.3), bed material heterogeneity (1.4),
natural morphological elements of the bed
bottom (1.5), natural morphological elements
of the slopes (1.6), and vegetation diversity in
the bed (1.7);

2. the stream channel zone — bank face, includ-
ing: vegetation structure on the slopes (2.1)
and diversity of elements accompanying the
trees (2.2);

3. the stream valley adjacent to the banktop zone,
including: structure of bank-top vegetation (3.1)
and not-managed bank-top zone (3.2);

4. the stream valley zone, including: natural land
use of the valley (4.1) and connection between
the stream and the valley (4.2).

7] Water bodies
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Each of the HDS attributes delivered a range of
points, enabling the calculation of the HDS of the
river section. The HMS considers five parameters
and provides information on:

1. transformed transverse section of the stream
channel,

2. hydroengineering structures,

transformations observed in spot-checks,

4. disturbance of the connectivity with the river
valley,

5. other types of human degradation.

On the basis of parameters collected during
field inventories, the HDS and HMS index are cal-
culated. Each parameter is awarded the appropri-
ate number of points resulting from observations.
The rule is as follows: the greater the heterogene-
ity of a watercourse and its valley, the higher the
value of the HDS index, which has a positive effect
on the final HIR value. In turn, the greater the de-
gree of anthropogenic changes in the watercourse

et
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and its valley was registered, the higher the value
of the HMS index, which has an unfavorable ef-
fect on the final HIR value. The summed HDS and
HMS points are included in the calculation of the
HIR according to Equation (1). The detailed pro-
cedure of scoring is presented in the HIR method
manual (Szoszkiewicz et al. 2017, 2020).

HDS -HMS
100
1.8

j+0.85

O

HIR—[

The hydromorphological class (from I to V)
is determined based on the number of sections
examined (Rozporzadzenie 2021). In the case of
more than 1 section, the hydromorphological
classification is determined based on the weight-
ed mean (2):

_ (HIR -wU)+ (HIR, -wA)+ (HIR, - wS)

HIR = 00 )
where:
HIR — mean HIR value for the entire uni-

mean

form surface water body,
HIR, - HIR value calculated for the urban-
ised section,
wU - weighting factor for the urbanised ar-
eas calculated on the basis of their per-
centage share in the buffer,
HIR, - HIR value calculated for the agricul-
tural section,
wA - weighting factor for the agricultural
areas calculated on the basis of their
percentage share in the buffer,
HIR; - HIR value calculated for the semi-
natural section,
wS - weighting factor for the semi-natural
areas calculated on the basis of their
percentage share in the buffer.

Map visualisation and statistical analysis

The maps in this article were generated using
QGIS software (QGIS 3.4). The hydrographic di-
vision map comes from the Web Map Service
(WMS) provided by the National Water Man-
agement Holding Polish Waters and the admin-
istrative boundaries from the State Border Regis-
ter (SBR) (Hydroportal ISOK 2015, MPHP 2021,

Geoportal GUGIK 2022). The map with river and
lake ecoregions comes from the website of the
European Environment Agency (EEA 2012). The
geological map comes from the website of the Pol-
ish Geological Institute — National Research In-
stitute (PIG-PIB 2022). The land use/land cover
(LULC) was developed using the CORINE Land
Cover (CLC) database (EEA 2000). For this study
used 2018 CLC data. Five categories of land use
have been distinguished (artificial surfaces, ag-
ricultural areas, forests and semi-natural areas,
wetlands, waters).

Using the Statistica package (13.3), basic de-
scriptive statistics were calculated for each eco-
region and the normality of distribution was
checked using the Shapiro-Wilk test, at the 5% sig-
nificance level. To check the differences between
variables in three ecoregions, the non-parametric
Kruskal-Wallis ANOVA test was used. The pres-
ence of significant differences in HIR values be-
tween environmental variables (altitude typology,
size of the catchment area and geology typolo-
gy) was checked using the U Mann-Whitney test
(o= 0.05). The variability of each data set (CV) was
determined as follows: CV < 15% - low variabili-
ty; 15% < CV < 35% - moderate variability and
CV > 35% - high variability (Wilding & Drees
1983). In order to examine the complex impact of
geographical environment factors on the final val-
ues of the HIR, multivariate cluster analyses using
the Ward method and principal component anal-
ysis (PCA) were used. The applicability of PCA
analysis was checked using the Kaiser-Mayer—
Olkin (KMO) criterion and the Bartlett test (Stat-
Soft 2023). A helpful tool in analysing variables
was MS Excel 2007 with the PivotTables function.

RESULTS

Out of 77 sections located in three divergent eco-
regions of southern Poland, 31 sections (40.26%)
fell to the Carpathians and Eastern Plains each,
while 15 sections (19.48%) fell to the Central
Plains. HIR covered a wide range of values from
0.11 to 0.90, with a mean of 0.64 (Table 1). Statis-
tical analyses revealed that the obtained values of
HIR and its components (HDS and HMS) differed
by ecoregion (Table 1), with significant differences
in HIR values found only between the Carpathians
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and Eastern Plains (P < 0.05). The highest HIR
values were recorded in the study sections located
in the Carpathians ecoregion (0.70) and the low-
est in the Eastern Plains (0.58). HIR was marked
by moderate variability (CV) of values in the an-
alysed ecoregions. A relatively large range of val-
ues (min.-max.) was observed in the Carpathians
ecoregion, while the smallest spread of values was
in the Central Plains.

Considering the locations (altitude) of the sur-
veyed sections, a majority of them - 63 (82%) were
located in the altitude range of 200-800 m a.s.l.
(as mid-altitude), 13 (17%) <200 m a.s.l. (as low-
land) and only 1 (1%) at an altitude >800 m a.s.l.

(as high/mountain) (Figs. 5, 6). The highest hydro-
morphological diversity (HDS > HMS), influenc-
ing the high value of HIR, is found in sections be-
longing to the category of mountain and upland
watercourses, and the lowest in lowland sections,
in which various types of bed and slope modifica-
tions predominate (HMS > HDS).

Overall and without dividing into ecoregions,
the statistical analysis showed that there is a sig-
nificant (P < 0.05) variation in hydromorpho-
logical conditions between upland and lowland
sections. Due to the low representativeness of
mountain watercourses, this category was not in-
cluded in the analysis.

Table 1
Statistical characteristics of the HDS, HMS and HIR for the analysed ecoregions
Ecoregion
the Carpathians Central Plains Eastern Plains
N=31 N=15 N=15
Parameters
min. - may'(. SD CV min. - ma:‘:. SD CV min. - may‘(. SD CV
mean / median [%] | mean/median [%] | mean/median [%]
ANOVA Kruskal-Wallis test probability (P)
HDS: 240780 1589 | 223 | 222720 Hyh09 | 268 | 27712 55| 408
57.81/58.00 47.67/47.00 38.81/34.50
o | The Carpathians - 0.044872* 0.000014
]
éo Central Plains 0.044872 - 0.613850
15)
Q
¥ | Eastern Plains 0.000014 0.613850 -
0.0-95.5 0.0-74.5 0.0-77.5
HMS: e e— 25.83 | 151.3 —_— 21.59 | 172.3 s e— 19.23 | 94.8
17.06/7.50 12.53/0.00 20.29/15.50
« | The Carpathians - 0.528887 0.445592
]
éo Central Plains 0.528887 - 0.035308
15)
Q
¥ | Eastern Plains 0.445592 0.035308 -
0.11-0.90 0.21-0.88 0.14-0.87
HIR: —_— 0.20 | 29.3 R — 0.17 | 26.0 e — 0.17 | 294
0.70/0.76 0.67/0.73 0.58/0.57
o | The Carpathians - 0.797593 0.001190
]
¥ | Central Plains 0.797593 0.241373 -
]
Q
| Eastern Plains 0.001190 - 0.241373

* Bold values indicate statistical significance (P < 0.05).
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Fig. 5. Altitude typology: A) the Carpathians; B) Central Plains; C) Eastern Plains. High >800 m a.s.1.; mid-altitude 200-800 m a.s.1.;

lowland <200 m a.s.l.
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Fig. 6. The effect of altitude [m a.s.l.] on HIR values

It is observed that HIR values increase with al-
titude (Fig. 6). It can be seen from the graph that
the lowland watercourses were characterised by
HIR values in the range 0.21-0.73, with HIR val-
ues of most of the analysed sections oscillating
close to 0.50, while the upland watercourses were
characterised by a wider range of data 0.11-0.90,
with most of the analysed sections obtaining HIR
values >0.50. A few upland sections with HIR val-
ues <0.50 were dominated by anthropogenic pres-
sures (HMS > HDS).

Considering the type of catchment area size, it
can be clearly stated that all ecoregions were dom-
inated by small catchments areas with a size range
of 10-100 km® which represents 57% of all analysed
sections (Fig. 7). Very small (<10 km?) and very
large (>10,000 km?) catchment areas were the least
frequently recorded. For the sections located in the

HIR

Carpathians ecoregion, the highest HIR values were
recorded in the catchment areas <10 km? (0.85).

Overall, and without division into ecoregions,
the statistical analysis performed showed that
there were no significant differences (P > 0.05) in
hydromorphological conditions between sections
located in small and medium catchment areas.

The study was conducted on two different geo-
logical substrates, i.e. calcareous and siliceous. Of
the 77 research sections/sites, 42 (55%) of which
are in calcareous rivers and 35 (45%) in siliceous
rivers. Larger mean HIR values were obtained
by watercourses flowing in silicate (0.70) than in
limestone (0.62) substrates. There were no water-
courses associated with organic substrate among
the analysed sections (Fig. 8).

Overall and without division into ecoregions,
the statistical analysis performed showed that
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there is a significant (P < 0.05) variation in hydro-
morphological conditions between sections with
carbonate and silicate substrates.

In most cases, the analysis included water-
courses with a channel width of <30 m (87%). In
the Central Plains ecoregion, studies were only
conducted on watercourses with a channel width
of <30 m. In the Carpathians and Eastern Plains
ecoregions, higher HIR values were recorded in
channels >30 m wide (Fig. 9).

The hydromorphological classification allows
the study sections to be assigned an appropriate
hydromorphological quality class ranging from
I (best) to V (worst). All HIR classes were recorded

W pumber of sections  —®—HIR

W number of sections  —®—HIR

in the Central Plains and Eastern Plains ecore-
gions. Most sections in the Central Plains ecore-
gion obtained class 2, while class 3 dominated in
the Eastern Plains ecoregion. In the Carpathians
ecoregion, no class 4 was recorded, and stretches/
sections in class 2 predominated (Fig. 10).

The influence of catchment area use on the hy-
dromorphology of watercourses is clearly visible
(Fig. 11). In all ecoregions, the highest HIR val-
ues were observed in the seminatural area and the
lowest in the urbanised areas. The dominant land
use type in the Carpathians ecoregion was semi-
natural, while in the Central Plains and Eastern
Plains ecoregions, agriculturalland predominated.
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Fig. 12. The surface water bodies characteristics: A) the Carpathians; B) Central Plains; C) Eastern Plains

Figure 12 shows USWB category. Heavily mod-
ified watercourses dominated (54.5%), followed by
natural (41.6%) and artificial (3.9%). The highest
HIR values were recorded in natural watercourses
(0.67), with the exception of sections in the Car-
pathians ecoregion, where similar mean HIR val-
ues were obtained for heavily modified and nat-
ural watercourses (0.70). Artificial watercourses
were the worst in terms of hydromorphologi-
cal quality, occurring only in the Eastern Plains
ecoregion (0.48).

The highest total HDS values were observed in
the Carpathians ecoregion and the lowestin Central

Plains areas (Fig. 13A). HDS values for the Carpath-
ians ecoregion are mainly influenced by natural
morphological elements of the slopes (1.6), hetero-
geneity of water flow (1.3), and diversity of elements
accompanying the trees (2.2). The final value of the
HDS for sections located in the Central Plains was
significantly influenced by diversity of elements
accompanying the trees (2.2), heterogeneity of wa-
ter flow (1.3), bed material heterogeneity (1.4) and
vegetation diversity in the bed (1.7). In the Eastern
Plains, the highest values of HDS occur in vegeta-
tion diversity in the bed (1.7), heterogeneity of wa-
ter flow (1.3) and bed material heterogeneity (1.4).
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Fig. 13. Radar plots showing the diversity and impact of variables on the HDS and HMS index in the three analysed ecoregions.

The variables were characterized by the mean value

The largest anthropogenic changes in the hy-
dromorphology of streams and rivers, expressed
using the HMS indicator, were recorded in sec-
tions of the Eastern Plains, and the lowest in the
Central Plains (Fig. 13B). In the case of the Car-
pathians and Central Plains ecoregions, the main

influence on the obtained HMS values was three
out of five analysed parameters such as: trans-
formed transverse section of the stream chan-
nel (1), hydroengineering structures (2) and trans-
formations observed in spot-checks (3), while in
the case of the Eastern Plains ecoregion, two of
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five analysed parameters such as: transformed
transverse section of the stream channel (1) and
transformations observed in spot-checks (3). In all
three ecoregions, the negative impact of transfor-
mations in spot-checks on the hydromorphologi-
cal condition of watercourses is visible.

By far the most important direct influence on
the HDS index was for the Carpathians ecoregion
conditions related to natural morphological ele-
ments of the slopes (13.9%), in the Central Plains
region conditions related to diversity of elements
accompanying the trees (20.3%), and in the East-
ern Plains ecoregion conditions related to vegeta-
tion diversity in the bed (17.0%). By far the most
important direct influence on the HMS index
was for the three ecoregions conditions related to
transformations observed in spot-checks (43.2%,
59.6%, and 55.8% respectively).

Multi-dimensional analyses were performed to
further characterise the variables. The similarity of
hydromorphological parameters of watercourses
was presented using a dendrogram (Fig. 14). In this
study, two main groups of watercourses (cluster
I and IT) were observed, which are homogeneous in
terms of hydromorphological conditions. Within

70
60

50

each group, two subgroups can be distinguished
(La, Ib, IT.a and ILb). The average HIR value for
77 sections is 0.64. Closer characterisation of the
groups was obtained by using cross-sectional statis-
tics and simple ANOVA analysis. It shows that most
of the analysed variables influenced the formation
of clusters, especially transformations observed in
spot-checks (3), variation of the riverbed slope (1.2),
natural morphological elements of the slopes (1.6),
structure of bank-top vegetation (3.1), and other
types of human degradation (5). The variable 4.2 -
connection between the stream and the valley — had
no significant impact on the formation of clusters.
Comparing the mean values, the resulting
cluster groups can be characterised as follows:
The first group (I.a) consisted of 11 sections of
rivers, located mainly in the Eastern Plains (10) and
Central Plains (1). In this group, the HMS (vari-
ables no. 3 and 1) and HDS (variables no. 1.7, 1.4
and 1.3) values are similar, and the mean HIR value
is 0.47. The mean location of the research sections is
185.22 m a.s.l., with slope 2.4%o. This includes wa-
tercourses with a calcareous substrate (100%) with
a riverbed width of <30 m (100%). Medium-sized
catchments are dominant (100-1,000 km?).
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Fig. 14. Dendrogram based on Ward’s method considering evaluated Hydromorphological Index for Rivers (HIR). On the horizon-
tal axis, affiliation to ecoregions is marked with colours: red - the Carpathians, green — Eastern Plains, orange - Central Plains
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The second group (I.b) consisted of 11 sections,
located in the Carpathians (4), Eastern Plains (4)
and Central Plains (3) areas. In this group there
are clearly higher values of the HMS index (vari-
ables no. 3 and 2) and lower HDS (variables no. 1.3,
1.7 and 1.4) with the lowest mean HIR value of
0.31. The mean altitude of the research sections
is 304.93 m a.s.l., with slope 18.0%o. This includes
watercourses with a predominantly calcareous
(64%) and sometimes siliceous substrate with
a riverbed width of <30 m (100%). These include
small (64%) and medium-sized (36%) catchments.

The third group (IL.a) consisted of 16 sections,
located in the Central Plains (8) and Eastern Plains
(8) areas. In this group there are clearly higher val-
ues of the HDS index (variables no. 1.4, 2.2 and
1.7) and lower HMS (variables no. 3 and 2) with
a mean HIR value of 0.68. The mean altitude of
the research sections is 229.82 m a.s.l., with slope
4.2%o. This includes watercourses with a predom-
inantly calcareous (81%) and sometimes siliceous
substrate with a riverbed width of mostly <30 m
(88%). Small catchments (10-100 km?) account for
56%, the rest are medium-sized catchments and
one very large (>10,000 km?).

The fourth group (ILb) is the most numerous
and consisted of 39 sections, located mainly in the
Carpathians ecoregion (27), and to a lesser extent
in the Eastern Plains (9) and Central Plains (3) ar-
eas. In this group there are clearly higher values of
the HDS index (variables no. 1.6, 2.2 and 1.3) and
lower HMS (variables no. 3 and 2) with a mean HIR
value of 0.77. The mean altitude of the research
sections is 417.63 m a.s.L., with slope 16.6%o. This
includes watercourses with a predominantly sili-
ceous (72%) and sometimes calcareous substrate
with a riverbed width of mostly <30 m (79%). In
this group there is the greatest diversity in terms
of catchment area, from very small (<10 km®) to
large (1,000-10,000 km?), especially in the Car-
pathians ecoregion.

Figure 15 shows a biplot - a scatter plot of factor
loadings including the scattered objects (sections)
in a space defined by the first two principal compo-
nents explaining a total of 46.09% of the total vari-
ance. Application of principal component analysis
(PCA) was facilitated by satisfying assumptions
of the method - Bartlett’s test and KMO criteri-
on (P < 0.05; KMO > 0.5). The analyses show that

two bundles of vectors can be distinguished - the
first group consists of variables related to HDS in-
dicator, e.g.: 2.2 (diversity of elements accompany-
ing the trees), 1.2 (variation of the riverbed slope),
1.6 (natural morphological elements of the slopes),
and the second group of variables mainly related
to HMS indicator e.g.: 3 (transformations observed
in spot-checks), 5 (other types of human degrada-
tion) and 1 (transformed transverse section of the
stream channel), and two variables related to HDS
such as: 1.7 (vegetation diversity in the bed) and 4.2
(connection between the stream and the valley).
The most strongly correlated pairs of variables are
1.5and 1.3,1.6and 3.1,1.7and 4.2, 1 and 3,4 and 5
(positive correlations), as well as 1 and 1.4 and 1.5
and 1.7 (negative correlations). Variables that are
uncorrelated or very weakly correlated include: 1.4
and 1.5,2 and 2.1 as well as 1 and 1.3.

The scatter plot of the study sections (1-77) in
the space defined by the first two principal com-
ponents also provides interesting information and
complements the dendrogram (Fig. 14). Four com-
pact clusters of points can be observed: (1) for ex-
ample 17, 18, 19, 20, 36 and 63, (2) for example 14,
31,42, 44, 54 and 66, (3) for example 12, 22, 34, 53,
57 and 72, (4) for example 2, 4, 9, 11, 13, 41 and 73.
The points distributed on the left are characterised
by the highest proportion of parameters describ-
ing the HMS index, while the points on the right
represent the watercourse sections with the high-
est proportion of parameters included in the HDS
index. The outlier points can be seen - these are
e.g. 72, 46 and 57 - watercourses located in the
Carpathians ecoregion but strongly modified and
influenced by human impact (buildings, fortifica-
tions, hydrotechnical structures, etc.). The point
depicting section 66 is close to the coordinate sys-
tem. This means that in this section the values of
the studied HDS, HMS and finally the HIR are
closest to the average values (arithmetic mean cal-
culated for 77 sections).

The spatial distribution of HIR values in the
three ecoregions is shown in Figure 16. The weak-
est HIR values were recorded in the Eastern Plains,
where the dominant form of land use is agricultur-
al activity, followed by urbanised areas. The best
HIR values were recorded in the Carpathians, es-
pecially where the land cover is dominated by for-
ests, and slightly worse in highly urbanised areas.
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DISCUSSION

Application of HIR to 77 sections of watercours-
es located in three ecoregions in southern Poland
showed significant hydromorphological differen-
tiation. It is observed in the case of geographical
conditions such as altitude, type of geology and
anthropogenic conditions, which are manifested
by human activity in watercourse catchment areas.
Garbowski et al. (2023) showed significant differ-
ences between hydromorphological conditions in
watercourses across two different regions of cen-
tral and northern Poland. Both in their study and
this one, the variables influencing hydromorpho-
logical quality were parameters related to natural
morphological elements of banks and the valley.

Halabowski & Lewin (2020) report that the
highest HIR indices were obtained for the least an-
thropogenic river sections, while the lowest values
were obtained for river sections under the greatest
human pressure. A similar trend can be observed
in this study - the sections located in the Eastern
Plains tended to have worse hydromorphological
parameters related, among other things, to land
use form. Here, agricultural land use is predom-
inant, so transformations in spot-checks related
to their regulation are observed in great numbers.

A study by El Hourani et al. (2022) showed sig-
nificant differences between the mountain and
lowland ecoregion in the case of the Hase River,
Germany. The lowland sections showed a worse
hydromorphological class than the mountain sec-
tions, which is partly due to natural factors (e.g.
location, geology) and secondarily to anthropo-
genic factors (e.g. land use). As it turns out, vegeta-
tion - and especially canopy (afforestation) and its
accompanying elements - influence good hydro-
morphological quality (Turunen et al. 2021), and
these in this study were observed in large numbers
in stretches located in upland areas, especially in
seminatural areas.

A significant number of small and medium-
sized rivers in the Eastern Plains ecoregion have
straightened and channelised riverbeds, which is
related to flood protection. These treatments are
most often applied on rivers in lowland regions
that are characterised by agricultural activities
and/or dense population, as is the case on rivers in
Croatia (Pavlek et al. 2023).

Areas adjacent to lowland rivers are generally
accessible and fertile, which translates into inten-
sive agricultural activities and high urbanisation.
Changes related to modification of riverbeds and
banks are observed here, as well as interference
with riparian zones affecting biodiversity (Feld
et al. 2014, Kaluza et al. 2020, Knehtl et al. 2021,
Kupiec et al. 2021, Borek 2023, Denic et al. 2023,
Garbowski et al. 2023). In the case of lowland riv-
ers, a dominance of laminar flow is observed and
this in turn translates into habitats for macro-
phytes and macroinvertebrates (Guareschi et al.
2014, Kujanova et al. 2018, Vilenica et al. 2022).
The selected river sections were therefore char-
acterised by a relatively high diversity and abun-
dance of hydromorphological units compared to
the other sections (Akstinas et al. 2022).

Studies by Dresti et al. (2016) and Licciardello
et al. (2021) show that in Italy, the worst hydro-
morphological conditions prevail in mountain
rivers marked by high levels of human housing
and dams (hydropower plants). Similar study con-
clusions are reported by Wiatkowski & Tomczyk
(2018), who also noted a negative impact of dams
on river ecosystems, altering the environment and
disrupting the hydromorphological continuity of
watercourses. In this study, it can be noted that, as
a rule, sections of upland and mountain areas are
distinguished by better hydromorphological con-
ditions, but there are exceptions — some sections
especially in the anthropogenic areas are highly
modified, which affects the reduction of hydro-
morphological quality (Fig. 15, section nos. 46, 57
and 72). The reasons for this are partly to be found
in the numerous transformations and degrada-
tion of Carpathian rivers and their tributaries that
took place in the 20™ century, which had a nega-
tive impact on hydrological processes and habitat
conditions of fauna and flora (Nawie$niak 2018,
Hajdukiewicz et al. 2019).

As noted by Giindiiz & Simsek (2021), an in-
crease in modification of a riverbed gradually in-
creases with direction of flow, especially when the
main river and its tributaries flow through urban-
ised areas. Profiling and slope reinforcement are
evident in this case, and the bed is partially con-
creted or totally channelised. Negative effects of
human activity over many years in the upper reach-
es of the Dunajec River have also been observed by
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Hajdukiewicz & Wyzga (2019), where gravel ex-
traction and channelisation works have caused
dramatic changes in the riverbed - its stabilisa-
tion, narrowing and elimination of islands (mid-
corridor landforms). Transformations in riverbeds,
especially transverse structures, can influence the
emergence of ecological niches in which previous-
ly unseen species will appear (Stugocki et al. 2021).
Foothill rivers are also characterised by low mac-
rophyte community abundance due to multiple
stressors (Gecheva et al. 2021), of which the change
in flow regime caused by hydraulic structures plays
a significant role (Papadaki et al. 2017).

The analysis of Miiller et al. (2022) shows that
restoration/reclamation planning for watercours-
es should focus on activities aimed at improving
the continuity of the river (due to small or large
hydraulic structures), which reduce the river space
and negatively affect the final hydromorphologi-
cal quality in many cases.

A type of substrate is mainly important for the
purpose of water biological assessment (Rawer-
Jost et al. 2004) and less important for hydromor-
phological assessment. Limestone and siliceous
rivers differ in terms of overall nutrient condi-
tions (Krueger & Waters 1983), with siliceous riv-
ers generally being poorer and more sensitive to
physico-chemical disturbance (Villeneuve et al.
2018). It is difficult to find information in the lit-
erature relating to the influence of substrate type
on the hydromorphological quality of watercours-
es. This study showed that sections located in an
area with silicate substrate were characterised by
better hydromorphological conditions. Feio et al.
(2014) report that catchments <100 km? with sili-
cate substrate were more affected by stressors (an-
thropopressure) than mountain streams with the
same substrate.

CONCLUSIONS

The analyses showed that there are differences
in hydromorphological conditions between the
ecoregions, however significant differences were
observed between the Carpathians and Eastern
Plains ecoregions. The hydromorphological con-
ditions of watercourses in this region are deter-
mined by the conditions of the natural environ-
ment, such as altitude and geological substrate,

and the anthropogenic environment (transforma-
tion observed in spot-checks). Considering hydro-
morphological quality at spatial scales, such as the
regionalisation proposed by the WFD, has a pos-
itive effect and can be successfully used to sup-
port bioassessment to improve the detection of
human impacts on aquatic ecosystems. Through
using multivariate analyses, a group of variables
were identified that played a significant role on the
final HIR. In addition, the analyses carried out on
the basis of ecoregions made it possible to identi-
ty the elements/attributes influencing the hydro-
morphological diversity of watercourses. Thus, it
can be said that the distinction and detailing of
regional units is needed, as we are trying to order
geographical space in this way and regionalisation
is a very good example of such sorting.

Although anthropogenic activities negative-
ly influenced HIR in most of the ecoregions, nat-
ural geographic environmental factors such as
substrate, altitude position and catchment area
size had a dominant influence. The results under-
line that the hydromorphological quality of water-
courses in all three ecoregions is determined by the
co-occurrence and interaction of multiple stressors
(natural and anthropogenic), supporting the con-
clusion that basic/complex management strategies
are required to achieve the ambitious goal of good
ecological status of surface waters, not only at the
catchment but at the whole region scale.

Understanding both the role and importance
of linkages between river habitat quality and the
ecoregion to which it belongs is of strategic impor-
tance for proper management in the catchment
area and for conducting potential remedial work
(e.g. river restoration). In the future, this will allow
the development of recommendations to be includ-
ed in the river basin management plans and pro-
gramme of measures to achieve good ecological sta-
tus in accordance with the objectives of the WFD.

This research was funded by the Ministry of
Science and Higher Education of the Republic
of Poland. The work (purchase of a database from
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of the Department of Land Reclamation and Envi-
ronmental Development, Faculty of Environmental
Engineering and Land Surveying, University of Ag-
riculture in Krakow.
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