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The study is focused on the objectification of an assessment of the quality of an in-stream habitat in mountain and piedmont
streams by the decision-making Instream Flow Incremental Methodology (IFIM) due to climate change. The quality of the habitat
was assessed on the basis of a bioindication, represented by ichthyofauna. Sixty-four reaches of 47 watercourses in five river basins
in Slovakia, in which ichthyologic, topographic, and hydraulic measurements were performed, were evaluated. The effect of the
physical characteristics of the stream channel on the quality of the in-stream habitat has been verified on a number of reference
reaches in which the measurements were performed at different water levels. From the set of the data measured, an analysis aimed
at determining the impact of individual characteristics on the quality of an in-stream habitat has been carried out.The results show
the optimum ratio of the weights of the flow velocity and water depth for an assessment of the quality of an in-stream habitat due
to climate change.

1. Introduction

Water management planning and decision-making should
be based on the forecasting or modeling of the quality of
an aquatic habitat, for example, the impact of water take-
offs, river training, river restoration, or the effects of climate
change. Based on themodeling of trends in the habitat quality,
data can be obtained which should characterize the impact
of these changes on the aquatic ecosystem. The results of the
modeling are important in the decision-making process of
water management solutions. The models are mainly based
on hydrological, morphological, and hydraulic parameters
affecting the distribution and abundance of organisms in the
stream, or in other words, the bioindication, for example,
comprehensive monitoring of the aquatic environment using
bioindication by macrophytes, macroinvertebrates, and fish
by Friberg et al. [1]. In the last 40 years considerable efforts
have been spent to develop supporting mechanisms used

in determining the flow regimes necessary for protecting
and improving water resources as described by Jowett [2],
Hardy [3], or Tharme [4]. The results show that of all the
aquatic organisms, fish react most sensitively to morpholog-
ical changes.

At the beginning of our research the macrozoobenthos
was studied along with the ichthyofauna. The invertebrates
responded to changes in flow and hydraulic changes as
discussed by Mérigoux et al. [5] or Hodkinson and Jackson
[6] but were less sensitive to morphological changes in
regulated mountain streams. Fish were sensitive to these
changes as shown by Slavı́k et al. [7], and they also sensitively
responded to changes in water temperature and discharges
as discussed by Lamouroux et al. [8]. The sensitivity of fish
caused by river regulation was also confirmed in a study of
Macura et al. [9].

Different species prefer different habitats, while the age
of a fish has a significant impact on its habitat preferences.
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Particular species and age groups prefer various flow veloci-
ties, depths, and types of substrate [10]. Therefore, the spatial
distribution of combinations of hydraulic parameters plays
an important role in the availability of a suitable in-stream
habitat. Among thewide range of variousmodels intended for
themodeling of a habitat quality IFIM is themost widely used
in the United States and one of the most popular models in
theworld [4]. A very good overview of the overall philosophy,
history, and development of IFIM is given in [11]. The IFIM
methodology has been gradually evolving into a tool intended
for planning water management strategies. For example,
variations in the individual components of an ecosystem due
to climate change count among the most recent topics. A
number of studies have been developed on the impact of
climate change on periods of drought and minimum flows,
which are essential for an aquatic habitat, such as scientific
articles [12–14]. The quantification of these changes on the
level of their effect on different types of bioindicators requires
a detailed characterization of a whole set of factors, which is a
difficult task. Such resultsmay be very important strategically,
as they allow for proposing concrete restoration measures
to mitigate the effects of climate change. The study gives a
particular example of modeling the quality of an in-stream
habitat as a result of climate change.

2. Materials and Methods

2.1. Characteristics of Modeling the Quality of an Aquatic
Habitat. The ecological status of a stream is influenced by
many factors; the most important one is the biotope of the
fauna and flora of the aquatic area. The in-stream habitat
structure has a substantial impact on the organization and
structure of biological communities as discussed byMaddock
[15]. The aim of modeling the quality of a habitat is mainly to
provide a basis for the evaluation or forecasting of biological
changes, which should constitute a potential impact on the
ecology that is important in the decision-making process
of the management of the in-stream quality. In this study
the Riverine HABitat SIMulation model (RHABSIM) [16–
18], which is based on the IFIM methodology, was used for
modeling the habitat quality. The model was developed in
order to improve the possibility of determining the rate of the
influence of different ways of water use on a stream channel. It
is an integrated set of one-dimensional hydraulic models and
microhabitat simulation models intended for determining
the quality of an aquatic habitat based on the preferences
of fish for a wider range of discharges. The basic biotic
characteristics are the habitat suitability curves of particular
fish species.

2.2. Habitat Suitability Curves (HSCs). Habitat suitability
curves (HSCs) express the preferences of different types of
habitat by particular fish species. They are based on the
assumption that each fish species (or other bioindicators)
prefers a particular combination of abiotic environmental
parameters such as flow velocity and water depth, cover
places, type of bottom substrate, water temperature or quality,
and the like.

The curves for flow velocity and water depth are the
most widely used expressions of habitat preferences in the
RHABSIM model. These curves are continuous, because
the velocities and depths between all the nodes may be
interpolated. Suitability curves, along with the hydraulic and
topographic characteristics, allow for quantifying the quality
of an aquatic habitat in the form of area weighted suitability.

2.3. AreaWeighted Suitability (AWS). Area weighted suitabil-
ity (AWS) is defined as the total area of the water level, which
is adjusted by the suitability ratio of the individual parameters
(flow velocity, water depth, cover places, etc.).This procedure
is implemented by individual cells that represent microhabi-
tatswith the same characteristics. AWS shows the changes in a
habitat quality with respect to the variable parameters, which
are typically the discharges or changes in the morphology of
the river bed.The representation of AWS by the stream length
mostly has the shape of a mosaic setup of cells (Figures 6–10).

The importance of AWS has been discussed for many
years. Many scientists have evaluated the correlation between
AWS and a fish population or biomass, particularly in relation
to the discharges, for example, Bovee [19], Conder and
Annear [20], Jowett [21], Nehring and Anderson [22], and
Gallagher and Gard [23], although this interpretation of a
habitat quality has certain imperfections which have been
highlighted by others [24–28].

When considering the representativeness of the ichthy-
ofauna as a bioindicator, it should be noted that the term
“fish” does not include only one species but is a large, mor-
phologically, physiologically, and ecologically variable group
of aquatic vertebrates living in various habitats. Ultimately,
fish are the best bioindicators of morphological changes in a
stream channel.

2.4. Methods. To determine the influence of various parame-
ters on the quality of an in-stream aquatic area, the following
procedure was chosen:

(i) Selection of reference reaches for a generalization of
biotic characteristics.

(ii) Ichthyological sampling and a hydraulic survey aimed
at a determination of the HSCs of individual fish
species.

(iii) Assessment of the hydraulic characteristics of the
reference reaches.

(iv) Verification of the HSCs.
(v) Determination of the AWS.
(vi) Examination of the influence of abiotic parameters on

the HSCs.
(vii) Determination of the weights of the basic abiotic

habitat characteristics based on the data measured.

2.5. Selection of the Reference Stream Reaches. Selection was
mainly focused on smaller mountain and piedmont brooks.
The reaches were selected on the basis of the structure and
abundance of the ichthyofauna. The selected watercourses
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Table 1: Characteristics of the reference reaches in the Váh River basin.

Watercourse Channel
character Rkm 𝑄

[m3
⋅s−1]

Drainage
area
[km2
]

Reach
length
[m]

𝐵
𝑝

[m]
ℎmax
[m]

ℎ
𝑝

[m]
ℎ
𝑝max
[m]

Vmax
[m⋅s−1]

V
𝑝

[m⋅s−1]
V
𝑝max
[m⋅s−1]

𝑖
𝑝

Drietomica Regulated 3.1 0.38 90.3 100 4.2 0.61 0.43 0.52 0.536 0.378 0.482 0.007
Drietomica Natural 5.2 0.38 82.495 241 4.8 0.68 0.46 0.56 0.724 0.329 0.463 0.006
Hradnianka Natural 5.7 0.142 32.143 124.8 3.4 0.3 0.11 0.19 0.764 0.388 0.547 0.008
Hybica 1 Natural 0.8 0.429 44.784 111.4 6.13 0.78 0.26 0.48 0.772 0.281 0.415 0.007
Hybica 2 Regulated 3.75 0.324 35.284 74.8 4.25 0.34 0.16 0.24 0.675 0.391 0.527 0.006
Kamečnica Natural 10.6 0.112 12.772 94.2 2 0.21 0.12 0.18 0.756 0.402 0.482 0.031
Klačianka Natural 0.18 0.346 27.17 96.3 4.19 0.36 0.15 0.22 0.912 0.51 0.706 0.007
Lesnianka 1 Regulated 0.8 0.167 25.26 50.2 4.23 0.33 0.13 0.23 0.765 0.284 0.329 0.021
Lesnianka 2 Natural 3.4 0.135 20.887 117.6 5.3 0.41 0.09 0.16 1.044 0.377 0.634 0.016
Manı́nsky potok Natural 3.7 0.245 9.588 95.2 3.97 0.47 0.15 0.26 0.791 0.37 0.552 0.02
Petrovička 1 Natural 3.05 0.08 64.175 86.2 5.31 0.11 0.04 0.08 0.651 0.312 0.464 0.022
Petrovička 2 Regulated 5.55 0.029 33.465 63.4 2.03 0.12 0.06 0.11 0.645 0.201 0.316 0.01
Teplička 1 Regulated 7.4 0.29 55.406 60 5.56 0.39 0.19 0.36 0.357 0.196 0.325 0.006
Teplička 2 Natural 10.2 0.283 51.081 69.4 5.14 0.8 0.2 0.34 0.926 0.31 0.441 0.022
Veselianka 1 Natural 3.76 1.225 85.869 143.1 11.36 0.62 0.27 0.45 0.898 0.384 0.566 0.01
Veselianka 2 Natural 7.6 0.905 69.116 98.6 12.93 0.68 0.24 0.45 0.481 0.247 0.379 0.011
Vrzavka Natural 4.8 0.09 10 78.8 3.36 0.14 0.06 0.11 0.844 0.363 0.553 0.015
Vôdky Natural 2.1 0.221 15.792 167 3.02 0.22 0.13 0.2 0.736 0.47 0.649 0.018
Zázrivka 1 Natural 7.9 1.025 76.473 100.7 13.57 0.61 0.2 0.39 0.994 0.353 0.545 0.014
Zázrivka 2 Natural 0.3 1.441 96.094 98.6 13.21 0.48 0.22 0.37 0.764 0.416 0.607 0.012
Vadičovský potok Natural 1.1 0.223 39.39 103.5 4.32 0.25 0.1 0.17 0.821 0.458 0.675 0.017

of all the river basins are shown in Figure 1 with the main
characteristics of the reference reaches in the Váh River basin
given in Table 1. Besides Váh, watercourses belonging to four
other river basins were evaluated: Dunajec and Poprad basin,
Nitra basin, Bodrog basin, and Hron basin. These are not
listed in detail.

2.6. Ichthyological Sampling and Hydraulic Survey. The
ichthyologic measurements were aimed at determining the
HSCs of the individual fish species. The ichthyological sam-
pling as well as the topographic measurements was carried
out during the summer months due to the need to monitor
the conditions of the in-stream habitats during minimum
flows. The ichthyological data were collected by the Hans-
Grassl ELT62II-HI electrofishing device. The flow velocities,
water depths, and character of the microhabitat (type of
cover and bottom substrate) were recorded at all the points
of the fish capture. The flow velocities were measured by
hydrometric propellers, and the topography of the riverbed
was measured by the Leica Flexline TS02 total station with an
angle accuracy of 3.

2.7. Hydraulic Characteristics of the Selected Stream Reaches.
The hydraulics of a river channel determine the quality of a
habitat suitable for ichthyofauna. Habitat suitability curves
for the flow velocity and water depths represent a biotic
component of the method. The peaks of the curves were

compared, that is, spots with the highest occurrence of the
species in particular depths at certain velocities, which are
referred to as the velocity parameter (𝑃V) and the depth
parameter (𝑃

𝑑

).
The Pearson product-moment correlation coefficient (𝑟)

was used for the measurement of the correlation relationship
between the parameters mentioned. Cohen [29] states out
the evaluation of Pearson’s 𝑟 as follows: no correlation: 0.0
to 0.09 (−0.09 to 0.0), small degree of correlation: 0.1 to
0.3 (−0.3 to −0.1), medium degree of correlation: 0.3 to 0.5
(−0.5 to −0.3), and large degree of correlation: 0.5 to 1.0 (−1.0
to −0.5). The regulated and natural reaches of the streams
were distinguished for the purposes of the statistical analysis.
The database was divided into three files: a file of regulated
reaches, a file of natural streams, and a file of all the reaches
created by the union of natural and regulated stream reaches.

Correlation relationships were determined between the
parameters of 𝑃V and 𝑃

𝑑

with the slope of the energy
line (𝑖) and the 𝑀-constant (𝑀), which is equivalent to
the Chézy coefficient (𝐶). The 𝑀-constant depends on the
discharges andheights of thewater levels, similar to theChézy
coefficient. A more detailed description of the𝑀-constant is
given in the literature [30].

The 𝑀-constant was calculated from K. V. Grišanin’s
equation:

𝑀 =
𝑅 (𝑔 ⋅ 𝐵)

1/4

𝑄1/2
, (1)
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Figure 1:Map of the selected watercourses (SK: Slovak Republic, V: Váh basin, D: Dunajec and Poprad basin, N: Nitra basin, B: Bodrog basin,
H: Hron basin, 1: Drietomica, and 2: Hybica; the blue lines indicate rivers; the green lines indicate the selected watercourses).
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Table 2: Comparison of the Pearson correlation coefficient (𝑟) for
the brown trout between the following variables: velocity parameter
(𝑃V), depth parameter (𝑃

𝑑

), the𝑀-factor (𝑀), and hydraulic slope
of the energy line (𝑖).

Set of watercourses 𝑃V-𝑀 𝑃
𝑑

-𝑀 𝑃V-𝑖 𝑃
𝑑

-𝑖
(1) All the watercourses 0.06 0.14 −0.24 −0.14

(2) Regulated channels 0.64 −0.28 −0.33 0.15
(3) Natural channels 0.13 0.52 −0.17 −0.30

where 𝑔 is the acceleration of gravity [m⋅s−2], 𝐵 is the channel
width at the water level [m],𝑅 is the hydraulic radius [m], and
𝑄 is the discharge [m3⋅s−1].

From the statistical assessment (Table 2), it follows that

(i) a strong correlation in the relationship of 𝑃V-𝑀 (𝑟 =
0.64) was shown in the regulated streams. On the
contrary, the correlation relationship of 𝑃

𝑑

-𝑀 was
small (𝑟 = −0.28). The reason for this result is that
the regulated streams have prismatic channels with
a small range of water depths. Therefore, the fish,
especially brown trout (Salmo trutta m. fario), prefer
biotopes based on flow velocity,

(ii) the opposite effect occurred in natural channels, since
there was a degree of correlation demonstrated in the
relationship of 𝑃

𝑑

-𝑀 as large (𝑟 = 0.52) and the
correlation in the relationship of 𝑃V-𝑀 as small (0.13).
This result is directly related to the morphological
characteristics of a natural stream channel. Trout pre-
fer cover places with sufficient depths. Flow velocity
is not crucial in reaches with larger depths, because
there are generally low velocities in these spots (cover
places).

(iii) In the set of all the watercourses (regulated and
natural) no correlation has been proved.

The results shown in Table 2 directly confirmed the
sensitivity of the trout as a bioindicator for habitat parameters
that are dominant at characteristic reaches. An important fact
is that there was a relationship between the morphological
parameters of the channel and the microhabitat preference
by brown trout as a bioindicator of environmental quality.

2.8. Influence of Abiotic Parameters on the HSCs. The aim
of our further research was to determine whether there is a
correlation between the shape of the HSCs and the abiotic
parameters of in-stream habitats. Data from the database of
the field measurements at the watercourses listed in Table 1
were used for the analysis. Only those streams where brown
trout occurred in such numbers that it was possible to
reliably determine the suitability curves for the depths were
evaluated. The results were verified using the data of the
Drietomica brook. Comprehensive field measurements were
carried out for three different water levels.

The depth parameters (dependent variable) were cor-
related with the average maximum depths (independent
variable). The average maximum depths were determined by
averaging the maximum depth at each cross section of the
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Figure 2: Correlation between the mean maximum depths and
depth parameters for the brown trout.

selected reach. Graph of the correlation between the mean
maximum depths and the depth parameters for the brown
trout is shown in Figure 2.

The correlation coefficient evaluated from all the water-
courses has a value of 0.55, which indicates a large degree
of dependence. Since there are also regulated reaches in the
database, the correlation coefficient was evaluated separately
for the reaches with a natural character. In this case, 𝑟 took
the value of 0.67, which was close to a very high degree
of dependence. From the results it can be concluded that
the shape of the HSCs is greatly influenced by the average
maximum depths of a channel.

2.9. Verification of the HSCs Using the Example of the
Drietomica Brook. The Drietomica brook was selected to be
the verification reach since it is a mountain stream with
a variable morphology and has a minimum impact from
human activities. In the years 2004–2013, a detailed field
survey was carried out, which focused on a comprehensive
evaluation of the quality of the aquatic habitat by the
RHABSIM model. A set of topographical, hydrometrical,
and ichthyological measurements aimed at evaluating the
quality of the in-stream habitat of various types of fish
covers was realized. These data formed the basis of a detailed
analysis of the reference reach at the Drietomica brook with
the aim of optimizing the ratio of 𝑊

𝑉

:𝑊
𝐷

. Three various
discharges alongwith the water-level regimes weremeasured:
𝑄
1

= 0.55m3⋅s−1, corresponding to the discharge of 𝑄
180𝑑

,
𝑄
2

= 1.48m3⋅s−1, corresponding to the discharge of 𝑄
60𝑑

,
and 𝑄

3

= 0.08m3⋅s−1, representing the discharge of 𝑄
365𝑑

.
For each discharge ichthyological sampling was performed
that focused on the habitat preferences by the ichthyofauna
to derive the HSCs. From the measurements for the three
various water levels, the HSCs for the brown trout (Figures
3 and 4) were determined.

The HSCs for the water depths in Figure 3 and the flow
velocities in Figure 4 show that the changes in habitat prefer-
ences indicated the same trends as the changes in the water
level. Specifically, during a discharge of 𝑄 = 0.085m3⋅s−1,
the water depths in cover places varied from 0.15m to
0.60m, while during the highest measured discharge of 𝑄 =
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Figure 4: Suitability curves of the brown trout for the flow veloc-
ities during three various discharges and the resulting generalized
suitability curve.

1.47m3⋅s−1 they varied from 0.45m to 0.85m. Thus, the
difference in the 𝑃

𝐷

was 25 cm. Changes in the water levels
during the above discharges varied from 0.2 to 0.3m in
particular cross sections. Hence, the changes in the water
levels were similar to the changes in the 𝑃

𝐷

. We obtained
similar results by comparing the changes in the 𝑃

𝑉

and the
maximum flow velocities. The above analysis leads us to a
conclusion that in habitats with acceptable velocities: fish do
not change their cover places (an acceptable flow velocity
is one that does not prevent the fish specimen from the
long-term use of a microhabitat). In other words, with an
increasing discharge a certain fish specimen prefers the same
microhabitat until it is forced to switch to another cover
(current shadow) by high velocities.

2.10. Evaluation of the AWS. The AWS is the result of a
simulation process in the RHABSIM model. Based on the
hydraulic parameters, an index from the HSCs of individual
species (separately for the flow velocities and water depths,
or other factors) is assigned to each individual microhabitat

cell at the reference reach.The so-called combined suitability
factor (CSF) is calculated bymultiplying the flow velocity and
water depth suitability values:

CSF = 𝑉 ⋅𝐷 ⋅𝐴, (2)

where 𝑉 is the velocity suitability value, 𝐷 is the depth
suitability value, and 𝐴 is the suitability value for additional
habitat attributes (cover, bottom substrate, etc.).

This method considers each variable to have the same
weight. From the preceding text it follows that thewater depth
affects the quality of the habitat more significantly than the
flow velocity and that it is similar with different types of
fish covers. It is necessary to consider the different weights
for each parameter. Therefore, we recommend the CSF to be
evaluated according to

CSF =
(𝑉 ⋅ 𝑊

𝑉

) + (𝐷 ⋅ 𝑊
𝐷

) + (𝐴 ⋅ 𝑊
𝐴

)

(𝑊
𝑉

+𝑊
𝐷

+𝑊
𝐴

)
, (3)

where𝑊
𝑉

is the weighting factor for flow velocity,𝑊
𝐷

is the
weighting factor for water depth, and 𝑊

𝐴

is the weighting
factor for additional attribute (any weight from 0.1 to 1.0 can
be assigned to each factor). The AWS is then determined by
multiplying the water surface of the particular cells and their
CSF:

AWS = 𝑆
𝑏

⋅CSF, (4)

where 𝑆
𝑏

is the area of the water surface of the cells [m2] and
CSF is the combined suitability factor.

The total of the area weighted suitability is determined
by the sum of the partial AWSs. RHABSIM allows for
a representation of habitat suitability for individual cross
sections for each water level and fish species, as well as a
situational projection of the suitability ratio in the context of
the surface area in the individual cells.

The AWS was investigated by changing the weights of
the flow velocity and water depth suitability values. The
effect of this balance was analyzed according to (3) and its
modification having the form

CSF = (𝑉𝑊𝑉 ⋅ 𝐷𝑊𝐷 ⋅ 𝐴𝑊𝐴) . (5)

Provided that all of the weights are nonnegative, the
following may be stated:

𝑊
𝑉

+𝑊
𝐷

+𝑊
𝐴

= 1. (6)

The third additional attribute (𝐴) and itsweight (𝑊
𝐴

)may
represent a type of cover or substrate. The velocity fields at
the selected reaches were verified at the water levels, which
were measured during the ichthyological survey. The biotic
area was represented by normalized HSCs.

Comparison of the results evaluated in accordance with
(3) and (5) showed minimum differences. We used the CSF
evaluation by (3). In the text below the calculation of the AWS
according to (2) is referred to asMethod 1, and the calculation
of the AWS according to (3) is referred to as Method 2.

From the AWS values modeled by Method 1, it follows
that the results do not match the actual status of the habitat.
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When combining a suitable parameter (water depth) and a
less suitable parameter (flow velocity), the total AWS of this
method is unsuitable, or the suitability is low. It is necessary
to recall that the RHABSIM model does not provide other
options.Therefore, we have created our ownAWS assessment
procedure for the application of Method 2.

As mentioned above, the water depth has a significantly
greater effect on the quality of the habitat than it does
on velocity. Correct determination of the weights of these
parameters is an essential step towards the objectification of
the AWS according to Method 2.

Optimum ratio of 𝑊
𝐷

:𝑊
𝑉

was derived from the five
reference reaches in three streams (Slatina, Drietomica, and
Udava). The reference reaches were subdivided into partic-
ular microhabitats that have been identified and marked in
the field. During the ichthyologic survey thewater depths and
flow velocities were measured at the sites of the catch of each
fish and have been associated with a specific microhabitat.
These data were compared to the results from the RHABSIM
model at different ratios of weights. A comparison of the
suitability values and number of fish caught showed the best
match at a ratio of𝑊

𝐷

:𝑊
𝑉

= 8 : 2.
The AWS was evaluated by the two methods mentioned

above: Method 1 according to (2) and Method 2 according to
(3) (ratio𝑊

𝐷

:𝑊
𝑉

= 8 : 2). The HSCs for the entire range of
discharges for depth and velocity shown in Figures 3 and 4 by
the red line were used for the evaluation of the habitat quality.
Typical riffle and pool habitats were selected to determine
the AWS. Table 3 indicates the percentage differences of the
AWS evaluated by Methods 1 and 2 with the ratio of the
weights𝑊

𝐷

:𝑊
𝑉

= 8 : 2. For the calculation of the difference,
the following relationship was used:

Δ =
AWSmet.2 − AWSmet.1

AWSmet.2
⋅ 100, (7)

where Δ is the percentage difference of the AWS by Methods
1 and 2 [%], AWSmet.1 is the area weighted suitability as
determined by Method 1 [m2/m], and AWSmet.2 is the area
weighted suitability as determined by Method 2 [m2/m].

Differences in the resulting AWSs are given in Table 3,
wherein the average difference was 31.6% in the riffle habitats.
Reaches with pool habitats were evaluated by the same
method with differences of 12.9%. The results have indicated
that there is a significant difference between the methods
used. Comparison of the AWS by Methods 1 and 2 for all the
cross sections of the Drietomica brook is shown in Figure 5.

3. Discussion

Despite the uncertainty in future trends of climate and
land use change and in species responses to these inter-
acting drivers, it is important to attempt to understand
these effects; otherwise current conservation practice may
become ineffective. Inappropriate habitat management could
exacerbate biodiversity declines [31]. Petts [32] notes that the
expert judgment is always important regardless of the tool
and the method used for determining the minimum flow.
From a water management point of view, it is important to

characterize the shape of the HSCs in the range of minimum
flows.The effect of the discharge and the shape of theHSCs on
the habitat quality were analyzed at the reference reach of the
Drietomica brook. The first stage was to evaluate the quality
of the habitat for the discharge of 𝑄 = 0.085m3⋅s−1 and 𝑄 =
1.48m3⋅s−1 using the HSCs derived from the same discharge.
A comparison of the results in Figures 6 and 7 shows that
the habitat quality for the velocity parameter was very good
for both discharges, but concerning the depth parameter, the
habitat quality paradoxically decreaseswhen thewater depths
increase. However, when we used the𝑄 = 0.085m3⋅s−1 curve
for the 𝑄 = 1.48m3⋅s−1 discharge, the habitat quality for the
depth parameter was logically increasing, but on the contrary
it was decreasing for the velocity parameter (Figure 8). The
same trend in both parameters was also confirmed for a
discharge of 𝑄 = 2.235m3⋅s−1 (Figures 9 and 10).

The above results provide a logical explanation: in a
period of minimum flows fish prefer cover places with
maximum depths. During a slight increase in a discharge,
the fish remains in the same habitat. This means that for a
fish caught at the same location, the higher depth is recorded;
therefore, the preferred depth increases with an increase in
the discharge; this trend is also confirmed in Figure 3. From
these results it can be stated that the HSCs should be derived
for the minimum flows, and the peak of the curve should
be shifted to an area where the fish is forced to find another
cover place because of the higher velocities. These curves are
shown in Figures 3 and 4 marked with a red line. The ideal
situation would be to have a set of measurements from the
minimum flow to the discharge when the habitat preference
of the fish is changed based on the velocities. Hence, the rising
part of the curve would be derived at the minimum flow
conditions, while the descending part should be derived at
the conditions which lead to relocations of a fish population.
The determination of such a discharge would be extremely
difficult for a number of reasons. In our case, the discharge
of 𝑄 = 1.48m3⋅s−1 was used for the descending part of the
curve (Figure 3).

The quality of the habitat determined by such a modified
HSC has a logical development.That is, for the depth param-
eter the quality of the habitat increases with an increasing
discharge.Thequality of the habitat for the velocity parameter
has a similar development. This means that there were no
observed relocations of the fish population during 𝑄 =
1.48m3⋅s−1. Also, in this case it may be stated that the trout
preferred a habitat according to the water depths and that the
impact of the flow velocities on the quality of the habitat was
indirect. In terms of the flow velocity there are two limiting
factors. During the small velocities (the rising part of the
HSC), it is a change in the quality of the riverbed material.
During the low velocities sedimentation processes occur.The
natural sand-gravel substrate is covered by a fine material,
which has a negative impact on the quality of the habitat
(during flow velocities lower than 0.1m⋅s−1 in a modified
HSC). The flow velocities that maintain the natural character
of the riverbed are suitable in themicrohabitat. During higher
velocities (descending part of the HSC), the limiting factor
is the ability of fish to withstand the streamflow up to the
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Table 3: Percentage difference of the AWS evaluated by Methods 1 and 2 with the ratio of weights𝑊
𝐷

:𝑊
𝑉

= 8 : 2.

Cross section number
Riffles Pools with greater depths

AWS met.1 AWS met.2 Δ AWS met.1 AWS met.2 Δ

[m2/m] [m2/m] [%] [m2/m] [m2/m] [%]
3 0.53 0.82 35
4 1.42 2.01 29.4
5 3.33 4.69 29
6 2.75 5.17 46.8
13 1.39 2.93 52.5
14 13.28 22.02 39.7
15 13.68 31.72 56.9
20 27.67 29.09 4.9
21 9.7 10.56 8.1
22 9.75 10.48 7
23 12.54 13.13 4.5
24 14.04 14.51 3.3
28 4.18 4.56 8.3
29 7.15 7.91 9.6
30 17.78 21.81 18.5
31 20.9 24.88 16
32 8.5 10.05 15.4
33 4.63 5.09 9
34 1.78 1.92 7.2
35 6.71 7.3 8.1
36 9.44 10.82 12.8
37 7.96 8.58 7.2
38 3.71 4.01 7.5
39 4.8 5.15 6.8
40 4.84 5.18 6.6
41 2.18 2.34 6.9
42 12.44 13.07 4.9
43 10.75 11.69 8
44 4.62 5.07 8.9
47 10.33 13.61 24.1
48 14.73 19.41 24.1
49 9.02 12.34 26.9
50 2.18 2.77 21.4
51 2.02 2.61 22.6
52 2.91 4.27 31.8
53 2.68 4.06 33.9
54 4.13 5.6 26.3
55 6.9 7.71 10.5
56 9.97 13.5 26.2
57 18.71 23.72 21.1
58 11.74 14.21 17.4
59 1.41 1.87 24.6
60 7.69 10.96 29.8
61 10.66 16.66 36
62 4.47 9.15 51.1
63 1.6 2.7 40.8
64 3.08 4.38 29.7
65 0.32 1.33 76
67 3.41 4.62 26.2
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Table 3: Continued.

Cross section number
Riffles Pools with greater depths

AWS met.1 AWS met.2 Δ AWS met.1 AWS met.2 Δ

[m2/m] [m2/m] [%] [m2/m] [m2/m] [%]
68 3.96 4.59 13.7
70 5.56 6.25 11
71 4.59 5.2 11.7
72 11.44 12.65 9.6
74 9.49 12.39 23.4
75 2.84 3.42 17
76 2.28 2.84 19.7
77 0.97 1.49 35
78 1.22 1.65 26.1
79 1.43 1.96 27
80 4.84 7.34 34.1
81 3.2 5.29 39.5
Average 31.6 12.9
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Figure 5: Comparison of the AWSs computed by Methods 1 and 2 (weights ratio 𝑊
𝐷

:𝑊
𝑉

= 8 : 2) for the particular cross sections at the
Drietomica reach.

values where the fish are forced to leave their positions for
the high flow velocities and find a cover place in the current
shadow. It is necessary to note that, for the purposes of water
management, the rising part of the curve is crucial, as it
characterizes the quality of the habitat under the maximum
stress of the biota. Although the fish are forced to switch
their habitat due to higher flow velocities, there are sufficient
cover opportunities that create favorable conditions in the
natural flow. Therefore, the descending part of the curve has
no significant impact on the habitat evaluation. It has been
reported that flood conditions have no significant negative
impact on fish populations.

In addition to the evaluation of a simple case of changes in
the quality of an aquatic habitat due to discharge variations,
it is possible to solve a much more difficult task, the impact
of climate change on the quality of an aquatic habitat.
Addressing this issue will be documented further by a case
study on the specific reach.

4. Case Study: Modeling the Quality of an
In-Stream Habitat under the Influence of
Climate Change on the Hybica River

The impact of climate change on the particular components
of an ecosystem belongs among hot topics. Various studies
of the impact of climate change demonstrate an increase
in weather extremes that have an impact on human health
(increasing mortality, illness from extreme weather) and the
availability of food, water, and energy supplies [33]. One of
the most determinative changes in weather extremes that
we can expect is a protraction of drought seasons and the
more frequent occurrence ofminimumflows.Many scientific
studies have paid attention to this topic, including [12–14].
Reducing discharges and a protraction of drought seasons
may also have an impact on the quality of an aquatic habitat.
This topic has not often been discussed [26, 34, 35].Therefore,
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Figure 6: AWS during the discharge of𝑄 = 0.085m3⋅s−1 using the HSCs evaluated during the discharge of𝑄 = 0.085m3⋅s−1. (a)Water depth
suitability, (b) flow velocity suitability. Habitat quality is scaled; black color represents an unsuitable habitat, while the red color represents
the most suitable habitat.
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Figure 7: AWS during the discharge of 𝑄 = 1.48m3⋅s−1 using the HSCs evaluated during the discharge of 𝑄 = 1.48m3⋅s−1. (a) Water depth
suitability, (b) flow velocity suitability.

this issue will be documented in this study at the specific
reach.

The methodology for solving this issue has been divided
into three areas. The first one was the calibration and
validation of the Hron [36] and WetSpa [37] rainfall-runoff

models, processing the outputs from the ALADIN-Climate
[38], KNMI and MPI [39] climate models, and a simulation
of the altered minimum flows. The second area was focused
on the measurement of abiotic and biotic characteristics and
modeling in-stream habitat quality. In the study this method
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Figure 8: AWS during the discharge of 𝑄 = 1.48m3⋅s−1 using the HSCs evaluated during the discharge of 𝑄 = 0.085m3⋅s−1. (a) Water depth
suitability, (b) flow velocity suitability.
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Figure 9: AWS during the discharge of𝑄 = 2.235m3⋅s−1 using the HSCs evaluated during the discharge of𝑄 = 0.085m3⋅s−1. (a)Water depth
suitability, (b) flow velocity suitability.

was applied to the specific example of the Hybica River. The
first stage of the simulation of the trend of minimum flows
under the climate change scenario was executed as follows:

(i) Parameters of the rainfall-runoffmodel of the Hybica
basin were calibrated based on the measured data of
air temperature, precipitation, and discharges from

the period of 01.11.1994–31.10.2002 using several rain
gauging stations (Král’ova Lehota, Čierny Váh, Pod-
banské, and Hybe) and climate stations (Liptovský
Hrádok, Podbanské).

(ii) Mean daily discharges for two future time peri-
ods (2021–2050 and 2071–2100) and the reference
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Figure 10: AWS during the discharge of𝑄 = 2.235m3⋅s−1 using the HSCs evaluated during the discharge of𝑄 = 1.48m3⋅s−1. (a) Water depth
suitability, (b) flow velocity suitability.

period (1961–1990) for the Hybica River basin were
simulated. The simulation results were statistically
compared with the measured values of mean daily
minimum flows in the calibration period. Based on
the high correspondence between the simulated and
measured minimum flows, the mean daily minimum
flows for the future time periods were determined.

(iii) The impact of changes in the flow regime on the
quality of the aquatic habitat at Hybica River as a
result of climate change was investigated.

Hybica is a right tributary of the Váh River with a
length of 18.7 km and a catchment area of 44.71 km2. The
morphology of the riverbed is very rugged and produces a
varied range of microhabitats. For the selected reach sudden
changes in the curvature and vertical alignment of the
bottom are characteristic. The average slope of the channel is
0.7%. The shores are covered by deciduous trees and bushes
that create shade in a significant part of the channel. The
ichthyological and topographical research was carried out
in the reference reach of the stream with a length of 113m.
The species and quantitative composition of the ichthyofauna
were as follows:

Brown trout (Salmo trutta m. fario), 42 pcs.
Carpathian sculpin (Cottus poecilopus), 19 pcs.
Grayling (Thymallus thymallus), 17 pcs.

4.1. Modelling of the Minimum Flows for the Hybica River
Basin for Future Time Periods. For the modeling of the
flows for the Hybica River basin, two different rainfall-runoff
models were tested, the WetSpa distributed model and the

Hron conceptualmodel. Calibration of themodel parameters
was carried out on the basis of the measured data of the air
temperature and precipitation at the different stations from
1.11.1994 to 31.10.2002.The calibration was focused on achiev-
ing the best correlation between the measured and simulated
mean daily discharges during the summer period.The period
fromMay until August was considered as the summer period.
Based on the measured data it was determined that the most
frequent occurrence of minimum flows and also the most
demanding conditions for biota occur in August. For this
reason, not only was the calibration coefficient of the Nash
Sutcliffe (N-S) correlation important, but also, in particular,
the graphic compliance of the measured and simulated mean
daily discharges of this month was also important.

The Hron model achieved a higher degree of consistency
between the measured and simulated mean daily discharges
compared with the WetSpa model for the summer season
observed. Therefore, for the evaluation of the impact of
climate change on the quality of the in-stream habitat, the
Hron rainfall-runoff model was used.

The N-S correlation coefficient did not achieve a globally
high degree of conformity (N-S = 0.67), due to the fact
that during the calibration, particular attention was paid to
the graphic compliance of the minimum mean daily flows,
and the maximum flows were ignored. The choice of model
parameters was adapted to this kind of calibration. The
results of the comparison of the measured and simulated
flows showed that in the month of August, almost total
agreement between the simulated and measured long-term
mean monthly and daily discharges has been achieved (Fig-
ure 11(a)).

The compliance was not achieved just for the long-term
mean monthly and daily values but also was reached for
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Figure 11: Results of the comparison by the Hron model as (a) the monthly average discharges in the closing profile of the Hybica basin and
as (b) the mean daily discharges in the closing profile for the year 2000.

the concrete value of the mean daily minimum flow, which
occurred in the measured and the simulated periods on the
same day (27.8.1995). The measured mean daily minimum
flow was equal to 0.156m3⋅s−1, and the simulated mean
daily minimumflowwas 0.151m3⋅s−1. Other summermonths
showed a similar consistency of long-termmeanmonthly and
daily flows.

Based on the calibrated parameters of the models, the
simulation was performed for the reference period 1961–1990
and the two future time periods of 2021–2050 and 2071–2100.
For the choice of the most extreme climate change scenario,
the simulation of the flow changes for the Váh River basin,
where the Hybica River is located, was performed. Out of the
three climate change scenarios (ALADIN-Climate, KNMI,
and MPI), the ALADIN-Climate scenario was selected for
assessing the impact of climate change on the quality of the
in-stream habitat for the Hybica River.This scenario assumes
the most extreme decrease in flows for the future periods
compared to the KNMI and MPI scenarios (Figure 12).

Next, the minimum mean daily discharges of each 30-
year period for the Hybica River were evaluated, because the
minimum water levels are the most crucial for the aquatic
biota. For the period 2021–2050, the minimum average daily
discharge was 0.17m3⋅s−1, which occurred specifically on
August 29, 2025, and for the period from 2071 to 2100, it was
the flow equal to 0.06m3⋅s−1, which, based on the simulation,
occurred on 22 August 2079. In the period 1961–1990, the
lowest simulated mean daily flow was 0.22m3⋅s−1.

It can be concluded that according to the results the
flows in the summer periods in the future will decrease. The
results are documented on the map of the runoff changes by
2100 compared to the reference period 1961–1990. From this
map it is clear that the flow will decrease, especially in the

Table 4: The𝑚-day discharges in the reference reach of the Hybica
River (m is the periodicity of achieving or exceeding the discharge).

𝑚 [day] 30 90 180 270 330 355 364
𝑄
𝑚

[m3
⋅s−1] 2.319 0.952 0.471 0.24 0.139 0.083 0.037

high mountain areas (Figure 13). Such results have been also
documented in the newest studies such as [40–42] and many
others.

4.2. Assessment of the Quality of the In-Stream Habitat of
the Hybica River. The ichthyological survey of the selected
reaches was oriented towards determination of the suitability
curves for the individual fish species. The data were obtained
by electrofishing similarly as in [43].

The topographicalmeasurement of the individual reaches
was adapted to the requirements of the hydraulic modeling.
Cross sectionsweremeasured by leveling; at the characteristic
profiles the water level was fixed to static points, which
accelerated the measurement of the water level regimes at
different flows.

The quality of the habitat was evaluated at different dis-
charges. These were not chosen randomly, but the real values
of the 𝑚-day discharges were used (Table 4). Determination
of the 𝑚-day discharges was realized in cooperation with
the Slovak Hydrometeorological Institute in Bratislava. The
evaluation was in accordance with the STN 75 1410-1 national
standard, where the method of interpolation between two
gauging stations was used.

4.3. Impact of Changes in the Flow Regime, as a Result of
Climate Change, on the Quality of the Biota of the Hybica
River. The impact of climate change will mainly be reflected
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Figure 13: Changes in themean annual surface runoff in the Hybica
basin in the period 2071–2100 compared to the reference period
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in aquatic areas by changing of the flow, which has a direct
impact on the abiotic characteristics of the channel. The
biotic habitat parameters are represented by fish as bioindi-
cators of the in-stream habitat quality. The relationship

between the abiotic and biotic characteristics is represented
by the suitability curves of the individual species. The most
demanding area in the modeling of an aquatic habitat is
the determination of the HSCs. These were derived from
an ichthyological survey conducted by the Department of
Land and Water Resources Management, Slovak University
of Technology in Bratislava, in cooperation with the Slovak
Agricultural University in Nitra directly at the reference
reaches of theHybica River.The topographical characteristics
were determined by leveling and water-level regime has been
verified on the basis of the hydrometry and measurements of
thewater levels at each cross section.This is a set of datawhich
allows us to model the quality of the habitat in the RHABSIM
model.

Figure 14 shows a gradual change in the quality of the
aquatic habitat according to the modified discharge. The
change in the quality of the aquatic habitat was simulated for
the discharges that have been assessed as the minimum daily
flows for each evaluated 30-year period.

During minimum flows, the quality of microhabitats
where the biota is focused is important. The remaining part
of the channel does not have a significant impact on the
conservation of the in-stream biota. In other words, it is
important that the stream provides a satisfactory habitat
(level of suitability of more than 0.4).

Figures 14(b) and 14(c) show that the quality of the aquatic
habitat for the two future periods modeled decreases with a
decreasing mean daily minimum discharge compared to the
reference period (discharge of 0.22m3⋅s−1, which occurred at
the time of the ichthyological measurements). At a discharge
of 0.17m3⋅s−1 (𝑄

330

), the quality of the habitat where the biota
is concentrated did not change significantly. At the discharge
of 0.06m3⋅s−1 (𝑄

355

) a significant change occurred. A suitable
habitat was reduced to only one cell. This means that this
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Figure 14: Evaluation of the quality of the in-stream habitat by the RHABSIM model in the Hybica River for the discharge of (a) 𝑄 =
0.22m3⋅s−1 (1961–1990), (b) 𝑄 = 0.17m3⋅s−1 (2021–2050), and (c) 𝑄 = 0.06m3⋅s−1 (2071–2100).

discharge would have a significant impact not only on the
reduction of the in-streamhabitat, but also on the biodiversity
in this reach. On the basis of these results we can conclude
that according to the ALADIN-Climate scenario we could
expect significant changes in the quality of the aquatic habitat
for the future time period of 2071–2100.

5. Conclusions

Analysis of the relationship between the shape of the HSCs
and the abiotic parameters of the in-stream habitat showed
that the shapes of the curves are strongly related to the
relevant parameters, in particular to the water depth and flow
velocity. These two characteristics define the shape of the
HSCs, which represent a wider range of discharges. Further
analysis was aimed at evaluating the AWS in terms of the
impact of the water depth and flow velocity. The results show

that the water depth has a significantly greater effect on the
quality of the in-streamhabitat than the flow velocity and that
the optimum ratio between these parameters is as follows:
𝑊
𝐷

:𝑊
𝑉

= 8 : 2.
There is little information about the modeling of the

quality of an in-stream habitat in terms of the trends in
climate change. The described methodology enhances the
ability to obtain such information. The results show that
climate change may cause significant modifications in the
ecosystem of watercourses. Based on these results it is
possible to design and evaluate restorative measures that
could mitigate the impact of climate change on the in-stream
areas of watercourses.
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