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I. Introduction

The present report is the result of a study conducted within the DTP3-308-2.3 lifeline
MDD, financed by the European Union’s Interreg Danube Transnational Programme. The
area analysed and targeted by the present study (hereinafter called “target area”)
comprises river sections in the 5-country Biosphere Reserve Mura-Drava-Danube (TBR
MDD, Figure 1), shared between Austria, Slovenia, Hungary, Croatia and Serbia. Spanning
Austria, Slovenia, Hungary, Croatia and Serbia, the lower courses of the Drava and Mura
Rivers and related sections of the Danube are among Europe’s most ecologically
important riverine areas. The three rivers form a “green belt” 700 kilometres long,
connecting almost 1.000,000 hectares of highly valuable natural and cultural landscapes,
including a chain of 13 individual protected areas and 3.000 km2 of Natura 2000 sites.
This is the reason why, in 2009, the Prime Ministers of Croatia and Hungary signed a joint
agreement to establish the Mura-Drava-Danube Transboundary Biosphere Reserve
across both countries. Two years later, in 2011, Austria, Serbia and Slovenia joined this
initiative. Together with Croatia and Hungary, the five respective ministers of
environment agreed to establish the world’s first five-country Biosphere reserve and
Europe’s largest river protected area. Step by step the TBR MDD was realized: Hungary
and Croatia (in 2012), Serbia (in 2017), Slovenia (in 2018) and Austria (2019) achieved
UNESCO designation. The pentalateral designation was submitted in 2020 and
designation finally achieved in September 2021.

The project’s work package for Establishing the scientific knowledge base (Work Package
T1) has proposed as its aim to establish, as a first, a scientific knowledge base regarding
vertical, lateral and longitudinal connectivity within the Mura-Drava-Danube bio-
corridor. All studies’ results and the overlaid GIS data collected therefore build the basis
for a synthesis report on biotic indicators and abiotic framework conditions. This builds
the basis for long-term conservation and restoration goals within the 5-country Biosphere
Reserve Mura-Drava-Danube (TBR MDD) as well as for formulation of a TBR MDD River
Restoration Strategy, elaborated in the framework of the same project (Output 0T2.4).
The facts and results presented in this project therefore come from a first ever such
scientific assessment, which was done between July 2020 and March 2021 (year),
harmonized on 5-country scale, setting the ground for future decision-making on 5-
country level on river management and restoration. Whereas such activities and
knowledge in each of the countries involved in the TBR MDD partly exist, this was the first
time methods and area were harmonized for monitoring and studies of the biotic
elements and the abiotic framework conditions for the Mura-Drava-Danube river
corridor.
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Figure 1. Map of the 5-country Biosphere Reserve Mura-Drava-Danube according to UNESCO designation in September 2021
(WWEF Austria)

Hydropower dams are impacting the rivers and the floodplain landscape of the 5-country
Mura-Drava-Danube Biosphere Reserve. On the Drava River there are 22 hydropower
plants all the way from Austria and Slovenia to Croatia. They have been impacting the
Drava River ecosystem for many decades, however they are also impacting the Drava
reaches downstream from the last dam in the line, the Dubrava hydropower dam. This
study takes a closer look at the hydrological and potential ecological consequences of
hydropower plant operation, based on available data and on the state of scientific
knowledge.

The objectives of the present study are

e to describe the sub-daily flow regimes in the Drava catchment using all available
time series (chapter I1-A),

e to investigate in detail the hydrological effects of the Dubrava hydropower plant
(chapter II-B), and

e to estimate the fish ecological impacts considering the morphological condition of
the lower Drava river, the available fish ecological data and based on recent
scientific literature (chapter III).

e Finally, possible mitigation measures are outlined based on the conclusions
(chapter III).
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II. Hydrology

A detailed description of sub-daily flow regimes requires a standardized approach to
detect the hydrological situation documented in multiple hydrographs, as well as a
standardized definition of flow fluctuation events. Here, increase and decrease events can
be distinguished. Both event types, i.e. increase event (IC) and decrease event (DC), are
highly relevant when the hydrological situation is to be interpreted ecologically (e.g. drift
and stranding risk due to hydropeaking). To detect both event types, an event-based
algorithm for automated analysis of time series was developed and implemented into the
open source R-package HydroPeak (Griin et al., 2021). The algorithm calculates flow (Q)
differences of consecutive time steps (ts) of the discrete hydrograph curves
(Qts1, Qts2, ..., Qtsn) and discriminates between time steps with increasing (IC: Qts1 < Qts2)
and decreasing flow (DC: Qts1 > Qts2). Continuous time steps with equal trends are defined
as a single fluctuation event (Figure 2). For each event a set of parameters related to the
intensity is calculated by the algorithm: the highest flow change within a time step
represents parameter (1) - Maximum Flow Rate (MAFR). Parameter (2) - Mean Flow Rate
(MEFR) is calculated by the event amplitude divided by the number of time steps. (3) The
Amplitude (AMP) of an event is defined as the difference between the flow maximum
(Qmax) and the flow minimum (Qmin). Parameter (4) - Flow Ratio (FR) is defined as
(Qmax)/(Qmin). The Duration (DUR) of an event (5) is simply the number of continuous time
steps with equal flow trend. (Table I, Figure 2) (Greimel et al., 2016). The R-package
HydroPeak (Griin et al., 2021) is applied to all hydrographs analyzed in chapter II.
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Figure 2. Events definition and relevant values to calculate flow fluctuation parameters illustrated at increase event 2
(IC evt. 2): time step event beginning (tsn), time step event ending (tse), maximum event flow (Qmax), minimum event flow (Qmin),
flow of a specific time step (Qun), flow of subsequent time step (Qusn+1) (Greimel et al., 2016)
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Table I: Event based parameters: definitions and units (Greimel et al., 2016, modified).

Nr. Parameter Acronym Definition Unit
1  Maximum flow fluctuation rate MAFR max(abs((Qsn+1) - (Qtsn))) m?3/s?
2 Mean flow fluctuation rate MEFR Amplitude/Duration m3/s?
3 Amplitude AMP Qmax - Qmin m3/s
4 Flow ratio FR Qmax/Qmin
5  Duration DUR tSe - tsp s

tsb - time step event beginning, tse - time step event ending, Qmax - maximum event flow, Qmin - minimum event flow, Qtsn

- flow of a specific time step, Qun+1 - flow of subsequent time step, max - maximum, abs - absolute, s - second

In hydrology, two main approaches can describe hydropeaking waves (Greimel et al,,
2022a). The Eulerian approach is a local or static approach where the hydrograph is
analysed from a point fixed in a river (Figure 3 - left). This approach is equivalent to
measuring the bedload passing through a given location per time unit in river sediment
studies. Many ecohydrological studies have built upon this Eulerian perspective to
characterize and describe hydropeaking waves and sub-daily flow regimes (e.g.,
Sauterleute and Charmasson, 2014; Bevelhimer et al., 2015; Greimel et al., 2016; Courret
etal, 2021; Liand Pasternack, 2021). Hydrological data drawn from Eulerian assessments
are commonly used to predict alterations to biological effects, both at the local scale
(Saltveit et al.,, 2001; Auer et al,, 2017) and linked to the population scale (Schmutz et al.,
2015; Hayes et al., 2021). The Eulerian analysis is described in chapter II-A.

The alternative assessment approach is the Lagrange perspective. Here, the river flow
motion is analysed for separate flow events, such as a hydropeaking wave, which can be
followed downstream (Figure 3 - right). In sedimentological terms, this perspective is
equivalent to tracking gravel the river transports. Understanding the translation and
possible retention of source-specific hydropeaking waves in a Lagrangian perspective is
crucial to adhere to the ‘polluter-pays’ principle of the EU Water Framework Directive.
The Lagrangian analysis is described in chapter II-B.
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Figure 3: Contrasting the Eulerian view (left) with the perspective of Lagrangian view (right) (Greimel et al., 2022a)

A. Eulerian view

The Eulerian approach can be applied on a catchment or a national scale in order to
examine hydrographs available and to obtain an overview of anthropogenic influences
(Greimel et al., 2022b). To describe and compare hydrographs from the whole Drava River
(strongly varying catchment size at the hydrographs) and to select specific (e.g, rapid)
increase and decrease events without subjective judgements and in a standardized way,
the method described in Greimel et al., 2022b is used, where the estimated intensity of
natural flow fluctuations related to mean flow conditions is used as a nationwide
benchmark (GW1o00).

Since the upper part of the Drava catchment area is in Austria and also the hydrology of
the middle and lower Drava is basically comparable to Austrian rivers in the Alpine
foothills and Austrian lowland rivers, the Austrian benchmark definition according to
Greimel et al. 2022b is applied, where the standardized selection of sub-daily flow
fluctuations with reference to GWio00 can be adjusted with respect to different intensity
parameters (e.g., amplitude, flow rate). In this study, all sub-daily flow fluctuations whose
maximum flow rate exceeds GW1o (i.e,, 10% of GW1o00) are analyzed. Based on these
boundary conditions, all available time series are evaluated, the annual frequencies of the
documented flow fluctuations are presented (Figure 4) and exemplified using the year
2019 (available for all hydrographs except Donji Miholjac, chapter V-C). In addition, the
intensity of the flow fluctuations is presented referring to the data basis of
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60 (chapter V-A) and 15 minutes (available for Austrian hydrographs, chapter V-B). For
the Donja Dubrava hydrograph, the frequency and intensity of the sub-daily fluctuations
are presented additionally on a monthly data basis (Figure 28 - Figure 30), since this river
section is analyzed in more detail in chapter II-B.

1. Data basis

Data were collected from hydropower plant operators and hydrographic services with the
support of WWF Adria (Table 2). In Slovenia and Croatia, the maximum resolution is
60 minutes (1 time step (ts) = 60 minutes). The maximum data resolution of all Austrian
hydrographs (all hydrographs upstream of Dravograd) is one value per 15 minutes
(1 ts = 15 minutes), which allows comparison of results based on 15- and 60-minutes data
for these hydrographs. All values with minute reference (e.g., cm/min) are based on an
averaging of the underlying time series with lower resolution.

Table 2: Hydrographs used for Eulerian analysis

Hydrograph ID River Name Catchment (km?) MQ (m3/s) Time series
212043 Isel Hinterbichl 107 5 1976 - 2021
212183 Isel Waier 285 11 1976 - 2021
212092 Isel Briihl 518 21 1976 - 2021
212167 Isel Lienz 1.199 40 1976 - 2021
212316 Drau Lienz-Peggetz 1.876 56 1977 - 2021
212324 Drau Oberdrauburg-OWF 2.112 61 1977 - 2020
213660 Drau Dellach-OWF 2.199 67 2013 -2021
212357 Drau Sachsenburg (Briicke) 2.561 69 1976 - 2020
213199 Drau Drauhofen 3.674 109 1976 - 2021
213215 Drau Amlach 4.790 131 1976 - 2020
213173 Drau Lavamiind Ort 11.052 255 2005 - 2019
213595 Drau Lavamiind Grenze 12.007 258 2011 -2019
600420 Drau Dravograd (Q-KW) 12.609 280 2010 - 2021
600421 Drau Maribor - Otok (Q-KW) 13.417 297 2010 - 2021
600422 Drau Ptuj 13.575 325 2019 - 2021
600423 Drau Borl 14.624 53 2010 -2021
600412 Drau Donja Dubrava 16.682 317 2003 - 2019
600413 Drau Botovo 31.038 475 2001 - 2019
600414 Drau Novo Virje Skela 31.803 484 2001 - 2019
600415 Drau Terezino Polje 33916 492 2001 - 2019
600416 Drau Donji Miholjac 37.142 509 2001 - 2016
600417 Drau Belisce 38.500 524 2003 -2019

(Hydrograph ID - internal database ID, MQ - mean flow, Catchment size calculated by GIS analysis)
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2. Results and Interpretation
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Figure 4: Annual frequency of sub-daily flow fluctuations with a maximum flow rate >GW10 (Data basis: 60 minutes
resolution, whiskers correspond to 5% and 95% percentiles)
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Based on Euler's analysis, the following flow regimes (according to Mader et al, 1996) and
sub-daily flow regimes (according to Greimel et al, 2016) can be delineated in the Drava
River basin:

1. Isel - hydrographs Hinterbichl, Waier, Briihl, Lienz

Flow regime: Nivoglacial, glacial influence decreasing downstream
Sub-daily flow regime: Anthropogenically influenced to a comparatively
minor extent (hydrograph Lienz); characterized by an average of about 30-
40 increase and decrease events (Figure 4) (at 15-minute resolution 50-60,
Figure 31) per year due to melting events in spring (snow) and summer
(glacier) and precipitation events exclusively during the summer half-year
(Figure 34 - Figure 37);

2. Drava, Lienz to Sachsenburg - hydrographs Lienz-Peggetz, Oberdrauburg,
Dellach, Sachsenburg

Flow regime: Nivoglacial, glacial influence decreasing downstream
Sub-daily flow regime: Anthropogenically influenced, anthropogenic
influence decreasing downstream; characterized by an average of about
100-20 increase events and 300-20 decrease events (Figure 4) (at 15-
minute resolution 700-50 increase and 1000-100 decrease events, Figure
31) per year due to year-round hydropeaking waves from the hydropower
plant Strassen-Amlach, partially overlapping with natural flow fluctuations
from spring to late fall (Figure 38 - Figure 41);

3. Drava, Drauhofen to Amlach - hydrographs Drauhofen, Amlach
Flow regime: Nival
Sub-daily flow regime: Anthropogenically influenced, anthropogenic
influence decreasing downstream; characterized by an average of about
500-450 increase events and 650-600 decrease events (Figure 4) (at 15-
minute resolution 3300-3200 increase and 4100-4000 decrease events,
Figure 31) per year due to year-round hydropeaking waves from the
hydropower plant Malta Unterstufe, partially overlapping with natural flow
fluctuations from spring to late fall (Figure 42, Figure 43);

10
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4. Drava, Paternion to Ptuj - hydrograph: Lavamiind Ort, Lavamiind Grenze,
Dravograd, Maribor, Ptuj

Flow regime: Nivopluvial regime
Sub-daily flow regime: Anthropogenically influenced, anthropogenic
influence increasing downstream; characterized by an average of about
700-1200 increase events and 1000-1450 decrease events (Figure 4) (at
15-minute resolution in Lavamiind about 3200 increase and 4000 decrease
events, Figure 31) per year due to year-round hydropeaking waves from
several Austrian and Slovenian hydropower plants (Schwellbetrieb), which
partly overlap with natural flow fluctuations throughout the year, clustered
in spring and autumn (Figure 44 - Figure 48);

5. Drava, Maribor to Donja Dubrava (residual flow sections) - hydrograph Borl
Flow regime: residual flow, nival and pluvial influences discernible to a
limited extend
Sub-daily flow regime: Partially anthropogenically influenced;
characterized by an average of about 50 increase and decrease events
(Figure 4) per year mainly due to precipitation events in spring and
autumn, but also due to temporary periods with hydropeaking waves from
upstream hydropower plants (e.g., December 2019 - Figure 49);

6. Drava, Donja Dubrava to Terezino Polje - hydrographs Donja Dubrava, Botovo,
Novo Virje Skela, Terezino Polje
Flow regime: Nivopluvial
Sub-daily flow regime: Anthropogenically influenced, anthropogenic
influence decreasing downstream; characterized by an average of about
450-0 increase events and 550-25 decrease events (Figure 4) per year due
to year-round hydropeaking waves from the Dubrava hydropower plant
(Schwellbetrieb); at high flow periods, hardly any hydropeaking waves are
detectable (Figure 50 - Figure 54);

7. Drava, downstream of Terezino Polje - hydrographs Donji Miholjac, Belis¢e
Flow regime: Moderately nivopluvial
Sub-daily flow regime: moderately anthropogenically influenced,
anthropogenic influence decreasing downstream; at a data resolution of
60 minutes no event exceeds the maximum flow rate of GW1o; the sub-
daily flow regime is influenced by natural and artificial flow fluctuations;
at high flow periods, hardly any hydropeaking waves are detectable
(Figure 55);

11
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B. Lagrangian view

Hydraulic state-of-the-art modelling techniques can be applied to characterize the
downstream development of hydropeaking waves including ecological relevant
parameters such as the flow rate (Hauer et al., 2013, 2017; Juarez et al.,, 2019; Moreira et
al, 2020; Burman et al., 2021). However, the basic data required for the creation of
hydrodynamic models (e.g., detailed digital terrain data) for extended river sections are
hardly available. In contrast, hydrograph data can usually be easily analysed and are
available. Therefore, the empirical hydrological method PeakTrace, implemented in the
R-package HydroRoute (Griin et al., 2022), is applied to enable the routing of
hydropeaking waves in order to assess the changes in unsteady flows along the Drava
River downstream of Donja Dubrava (Greimel et al. 2022).

The application of PeakTrace (chapter II-B-2-a) is based on flow series (Table 3), offering
the opportunity to interpolate between neighbouring hydrographs. The goal is to link
PeakTrace results (hydrological scenarios, Table 6) to ecological responses, e.g., by
incorporating critical thresholds of specific river organisms and life stages (chapter III).
Such thresholds usually refer to stage measurements (e.g.,, cm/min or cm/h) and not to
flow-related metrics (e.g., (m>®/s)/min). This means that the flow-related PeakTrace
results have to be transformed into stage-related metrics, which can be done
approximately by regression models (Greimel et al., 2022a).

The regression models, originally established for Austrian rivers (Greimel, 2022b) to
estimate the specific vertical stage shift resulting from a flow fluctuation of 1 m3/s (dWispec
in m/(m3/s)) are also applied for the lower Drava. In addition to the variables mean flow,
catchment size and altitude, a factor related to river width (determined from aerial photos
edited in QGIS) is considered in the approximate determination of dWspec (Greimel et al.,
2017). First, individual regression models are fitted for dWspec at low, medium, and high
flow ranges. The results of these regression models are then calibrated for the Drava using
the available flow/stage relation curves downstream of Donja Dubrava such that the
mean error is zero (Greimel et al, 2021a).

Based on dWspec for the low, mean and high flow range further regression models are
fitted in order to model specific “dWspec-functions” over the entire flow spectrum for all
transects where the river width is determined. That allows the estimation of the resulting
stage fluctuations for each flow fluctuation starting from any base- (increase events) or
peak flow (decrease events). This enables the PeakTrace results to be expressed in terms
of flow (chapter II-B-2-a) and stage (chapter II-B-2-c), with the goal of using the stage-
related curves to estimate the magnitude of expected stage fluctuations as a basis for
ecological interpretation.

12
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Based on the calibration, it can be assumed that the curve shapes are correct on average.
The deviations from the mean curve, which are mainly due to the different river widths,
are only intended to give an impression of a possible range of variation and do not claim
to exactly reproduce the resulting stage fluctuations in a given profile. This would require
a much greater effort (i.e., the creation and extensive calibration of a comprehensive HD
model). This has to be considered in the ecological assessment by mainly referring to the
mean curve and not to extreme values (chapter III).

1. Data basis

Data were collected from hydropower plant operators and hydrographic services with the
support of WWF Adria (Table 3). The data resolution of all hydrographs is one value per
60 minutes (1 time step (ts) = 60 minutes), since higher resolution data were not available
outside of Austria. All values with minute reference (e.g. cm/min) are based on an
averaging of the underlying time series with lower resolution.

Table 3: Hydrographs used for Lagrangian analysis

Hydrograph . Catchment MQ . . . Distance to HPP LAG
D River Name (km?) (m®/s) Time series  Station (rkm) (h)
600412  Drava Donja 16.682 317  2003-2019  S1 5.4 0
Dubrava
600413  Drava  Botovo 31.091 475  2001-2019  S2 20,4 03:00
600414  Drava Nog’l‘(’e‘{:’e 31.852 484  2001-2019  S3 47,1 08:00
600415  Drava Terfglzj‘eno 34.209 492 2001-2019  S4 94,3 18:00
600416  Drava Donji 38.031 509 2001-2016 S5 165,3 36:00
Miholjac
600417  Drava  Belisce 38.445 524  2003-2019  S6 192,8 43:00

(Hydrograph ID - internal database ID, MQ - mean flow, Station - hydrograph number downstream of the hydropower
plant Donja Dubrava, HPP - hydropower plant, rkm - river kilometer, LAG - flow time between S1 and Sx,)

13
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2. Results and Interpretation

a) PeakTrace - application

Identification of associated events

The sub-daily flow fluctuations recorded at the Donja Dubrava hydrograph (Station 1) can
be excellently traced to Terezino Polje (S4) by automatic settings related to increase (IC)
and decrease (DC) events. Downstream, amplitudes of both event types decrease sharply
(Figure 5, Figure 6, see also Figure 55) and few associated events can be identified using
the automatic settings (Figure 7, Figure 8), requiring manual processing to track flow
fluctuations further downstream. Since it can be assumed that the hydropeaking effect is
greatest next to the hydropower plant and the available resources are limited within the
scope of this study, the Lagrangian analysis focuses on the first 100 km downstream of
the Dubrava hydropower plant (Station 1 - Station 4).

51-82 S3-54 S4-85 S55- 86

prop
prop

0.054

5 g 05 05 0.0 05 10 10 05 00 05 10 -1.0 05 0o 05 10
breaks breaks breaks breaks breaks

Figure 5: Automatic threshold determination for the identification of associated increase events between neighbouring stations
(Grin et al., 2022)
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Figure 6: Automatic threshold determination for the identification of associated decrease events between neighbouring stations
(Griin et al., 2022)

Scatter plots of event-based metrics and linear models between neighbouring
hydrographs

The Scatter plots referring to the identified associated events between neighbouring
hydrographs are shown in Figure 7and Figure 8. The fitted linear models to assess

changes in unsteady flows along the analysed river reach are summarized in Table 4 and
Table 5.
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Figure 7: Scatter plots referring to identified associated increase events between neighbouring stations
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Figure 8: Scatter plots referring to identified associated decrease events between neighbouring stations
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Table 4: Fitted linear models to describe the changes in unsteady flows between the neighboring hydrographs for increase

events
Station.x Station.y Metric Intercept Slope N R2
S1 S2 amp 0,96 0,90 4134 0,98
S1 S2 dur 1,02 0,95 4134 0,73
S1 S2 mafr 4,54 0,57 4134 0,82
S1 S2 mefr 3,63 0,61 4134 0,76
S1 S2 ratio 0,95 0,22 4134 0,81
S2 S3 amp -5,17 0,80 2677 0,97
S2 S3 dur 1,64 0,85 2677 0,72
S2 S3 mafr 2,27 0,57 2677 0,85
S2 S3 mefr 1,48 0,62 2677 0,84
S2 S3 ratio 0,34 0,66 2677 0,96
S3 S4 amp -7,43 0,59 1896 0,85
S3 S4 dur 512 0,67 1896 0,28
S3 S4 mafr 2,07 0,30 1896 0,67
S3 S4 mefr 1,50 0,31 1896 0,58
S3 S4 ratio 0,64 0,38 1896 0,82

(Station.x — upstream hydrograph, Station.y - downstream hydrograph, event-based parameters: amp - amplitude, dur
- duration, mafr - maximum flow rate, mefr - mean flow rate, ratio - base/peak flow ratio)

Table 5: Fitted linear models to describe the changes in unsteady flows between the neighboring hydrographs for decrease

events
Station.x Station.y Metric Intercept Slope N R2
S1 S2 amp 3,20 0,88 4153 0,98
S1 S2 dur 1,11 091 4153 0,79
S1 S2 mafr 4,83 0,51 4153 0,88
S1 S2 mefr 3,06 0,65 4153 0,78
S1 S2 ratio 0,94 0,23 4153 0,83
S2 S3 amp -3,31 0,79 2604 0,97
S2 S3 dur 1,69 0,83 2604 0,72
S2 S3 mafr 3,11 0,55 2604 0,87
S2 S3 mefr 0,47 0,71 2604 0,89
S2 S3 ratio 0,36 0,65 2604 0,97
S3 S4 amp -6,66 0,54 2031 0,87
S3 S4 dur 2,26 0,86 2031 0,36
S3 S4 mafr 0,89 0,36 2031 0,80
S3 S4 mefr 1,10 0,35 2031 0,74
S3 S4 ratio 0,69 0,34 2031 0,83

(Station.x — upstream hydrograph, Station.y - downstream hydrograph, event-based parameters: amp - amplitude, dur
- duration, mafr - maximum flow rate, mefr - mean flow rate, ratio - base/peak flow ratio)
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Scenario definition

The goal of the scenario definition is to analyze the entire range of possible hydropeaking
waves and their downstream development (routing). The Scatter plots for the
hydropeaking amplitude indicate that the maximum power plant flow is about 500 m*/s
(Figure 7, Figure 8: AMP S1-S2 - x axis). With respect to the expected maximum power
plant flow of 500 m3/s, the scenarios presented in Table 6 are defined with reference to
the hydrograph of Donja Dubrava as station 1.

Table 6: Routing scenarios referring to the hydrograph of Donja Dubrava (station 1) (Q_max refers to the expected
maximum power plant flow of 500 m3/s)

Station Metric Value Name
S1 AMP 500 Q_max
S1 AMP 375 Q.0.75
S1 AMP 250 Q0.5
S1 AMP 125 Q. 0.25
S1 AMP 62,5 Q_0.125
S1 MAFR 500 Q_max
S1 MAFR 375 Q.0.75
S1 MAFR 250 Q0.5
S1 MAFR 125 Q. 0.25
S1 MAFR 62,5 Q_0.125
S1 MEFR 500 Q_max
S1 MEFR 375 Q.0.75
S1 MEFR 250 Q0.5
S1 MEFR 125 Q.0.25
S1 MEFR 62,5 Q_0.125
S1 DUR 1
S1 RATIO Max

(VALUE - intensity at station 1 (AMP - amplitude (m?®/s), MAFR - maximum flow rate ((m?3/s)/60 min), MEFR - mean
flow rate ((m*/s)/60 min), DUR - duration (1 timestep = 60 min), RATIO - base/peak flow ratio - maximum measured
value at station 1)
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Exceedance frequency of scenarios and definition of the ecological assessment
basis

Since even a few high-intensity hydropeaking waves can lead to significant negative
ecological impacts (Schmutz et al., 2013), it makes sense to define a high-intensity
scenario as an ecological assessment basis. To determine which scenarios to evaluate
from an ecological perspective, annual exceedance frequencies are presented in Figure 9
and Figure 10.

Concerning the hydropeaking amplitude, the maximum scenario 1 is reached on average
once per year, scenario 0.75 about five times, and scenario 0.5 more than 50 times (Figure
9 and Figure 10- right). This means that the range between scenarios 0.5 and 0.75 is
crucial for the ecological assessment as this intensity range is reached comparatively
often by intense hydropeaking waves. The amplitudes of the increase and decrease events
are highly redundant, so it seems to be sufficient to represent the amplitude of either one
event type. In the following, the amplitude is therefore exclusively related to increase
events.

The maximum flow rate, which is repeatedly reached by increase and decrease events, is
about 200 m?/s per 60 minutes. (Figure 7, Figure 8: MAFR S1-S2 - x axis). This is also
reflected in the annual exceedances of the scenarios, with the annual maximum being
scenario 0.5, which corresponds to a flow rate of 250 m3/s per hour. Scenario 0.25 is
regularly exceeded, on average about 20 times per year (Figure 9 and Figure 10 - left).
However, since it can be assumed that the hydropower plant flow may be operated
between standstill and maximum flow within 60 minutes or shorter time, the actual flow
rates probably cannot be recorded in the vicinity downstream of the hydropower plant
due to a too low temporal data resolution and the data discretization method (i.e,,
averaging). Based on the available data on maximum flow rates, the range between the
0.25 and 0.5 scenarios must serve as the basis for the ecological assessment, although it
can be assumed that the actual flow rates of intense hydropeaking waves are higher.
However, to investigate this in detail, time series with higher resolution are needed (e.g.,
5- or 15-minute data).

In chapter II-B-2-b) and II-B-2-c), the above scenarios are represented by solid black lines
when displaying the routing results, in contrast to the other scenarios (dashed).

20



Project co-funded by European Union funds (ERDF, IPA)
Project number: DTP3-308-2.3- lifelineMDD

o)

HitCIrey

[Er————

Danube Transnational Programme

600 increase events 2003-2019 increase events 2003-2019

500 -

W N

=3 o

s} s}
L L

annual exceedings
N
o
o

100 4

= =SS

0,125 0,25 0,5 0,75 1 0,125 0,25 05 0,75 1

scenario MAFR scenario AMP

Figure 9: Donja Dubrava - annual scenario exceedings of increase events related to maximum flow rate (MAFR - left) and
amplitude (AMP - right)

600 decrease events 2003-2019 decrease events 2003-2019

500 -

N

o

i<}
L

300 -

annual exceedings
3
o

oo B4

0,125 0,25 0,5 0,75 1 0,125 0,25 05 0,75 1

scenario MAFR scenario AMP

Figure 10: Donja Dubrava - annual scenario exceedings of decrease events related to maximum flow rate (MAFR - left) and
amplitude (AMP - right)
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Scenario routing

Finally, the scenarios (Table 6) are routed by a combination of the linear models (Table 4,
Table 5) in terms of increase (Figure 11) and decrease (Figure 12) events. The modelled
DUR-scenario refers to an initial value of one timestep (60 minutes), the Ratio-scenario to
the maximum measured associated event at Donja Dubrava (approx. 1:15). The most

important parameters for ecological interpretation (AMP, MAFR) are further processed
in the following chapters.
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Figure 11: PeakTrace results regarding increase events
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Figure 12: PeakTrace results regarding decrease events
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b) Flow-related routing results

The flow-related routing results referring to the hydropeaking amplitudes and the
maximum flow rates of increase and decrease events are shown in Figure 13 to Figure 15.
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Figure 13: Flow-related routing results in terms of hydropeaking amplitudes (referring to increase events; area between the
non-dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Figure 14: Flow-related routing results in terms of maximum flow rates of increase events (area between the non-dotted
scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Decrease events
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Figure 15: Flow-related routing results in terms of maximum flow rates of decrease events (area between the non-dotted
scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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c) Stage-related routing results

Since resulting stage fluctuations depend on the baseflow (i.e., the flow situation if the
power plant does not turbinate water) situation in the river (lower baseflow - higher
stage fluctuations/higher baseflow - lower stage fluctuations), it is necessary to consider
the baseflow in order to obtain a realistic picture of the hydropeaking effects. By
specifying that increase events begin with baseflow and decrease events end with
baseflow, hydropeaking scenarios can be analyzed using a standardized approach with
respect to characteristic baseflows. To get an idea of the characteristic baseflows during
the year, the Donja Dubrava hydrograph for the last three available years (2017-2019) is
presented below (Figure 16). In addition, Table 7 provides an overview of routed flow
parameters downstream of the Dubrava hydropower plant.

First, it is noticeable that from a flow of about 500 m3/s (or 2 times MQ, Table 7), hardly
any hydropeaking waves are visible (Figure 16). This is probably due to the fact that the
power plant is constantly operating at maximum load when the inflow is above the
maximum power plant capacity and the reservoir is full. Hydropeaking at flow conditions
above 500 m?3/s is therefore not characteristic downstream of the Dubrava hydropower
plant. In contrast, hydropeaking waves occur very frequently at baseflows between Q95
and MQ, which means that these baseflow conditions are characteristic and therefore
relevant for the ecological assessment (Figure 17 to Figure 22). Both baseflow situations
can occur throughout the year, although baseflows around MQ are likely concentrated
during periods of snowmelt in the spring and high precipitation in the fall. (Figure 16).
This result is also supported by plotting the monthly flow distribution with respect to the
entire time series (Figure 51). The stage-related routing results for the characteristic
baseflow situations are shown in Figure 17 - Figure 19 (Q95 - low flow) and Figure
20 — Figure 22 (MQ - mean flow).

Table 7: Characteristic flow parameters downstream of the Dubrava hydropower plant

distance to HPP (rkm) Catd’g:;‘}; Area Q95 (m3/s) MQ (m3/s) 2 MQ (m?/s)
10,9 16687 82 246 492
31,6 31121 189 567 1134
437 31408 197 590 1179
69,9 32389 204 612 1224
80,2 32927 216 648 1296
100 34312 228 684 1368

(rkm - river kilometer, Q95 - flow value exceeded 95% of time, MQ - mean flow, HPP - hydropower plant)

25



Project co-funded by European Union funds (ERDF, IPA)
Project number: DTP3-308-2.3- lifelineMDD

o)

iiterreg B

Danube Transnational Programme

2019
2500

2000 1

Q (m¥s)

2018
2500

2000

1500

Q (m¥s)

1000

2017
2500

2000 -

1500

Q (m3s)

1000

Figure 16: Donja Dubrava hydrograph 2019 (top), 2018 (middle) and 2017 (bottom) (black line: flow, dark grey: long-term
25% percentile of the monthly minimum flow to 75% percentile of the monthly maximum flow, light grey: long-term 5% of the
monthly minimum flow to 95% percentile of the monthly maximum flow, red: characteristic flow parameters at Donja Dubrava
(Table 7))
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Figure 17: Stage-related routing results in terms of hydropeaking amplitudes at baseflow Q95 (referring to increase events;
area between the non-dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Figure 18: Stage-related routing results in terms of maximum flow rates of increase events at baseflow Q95 (area between the
non-dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Figure 19: Stage- routing results in terms of maximum flow rates of decrease events at baseflow Q95 (area between the non-
dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Figure 20: Stage-related routing results in terms of hydropeaking amplitudes at baseflow MQ (referring to increase events;
area between the non-dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Figure 21: Stage-related routing results in terms of maximum flow rates of increase events at baseflow MQ (area between the
non-dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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Figure 22: Stage- routing results in terms of maximum flow rates of decrease events at baseflow MQ (area between the non-
dotted scenarios: intensity of intense hydropeaks repeatedly documented in the available time series)
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III. Expert opinion / Conclusions

The following findings, important for ecological interpretation, can be derived from the
hydromorphological analyses performed.

Eulerian view - a hydrological overview of the Drava River

Based on Euler's analysis, which investigates flow fluctuations independently of their
source, several sub-daily flow regimes were delineated in the Drava River. In the
uppermost part of the catchment, hydrological conditions are largely unaffected. The Isel
River (the hydrologically larger river at the confluence with the Drava River) shows an
anthropogenically minor influenced sub-daily flow regime with a comparatively high
number of natural flow fluctuations compared to non-glacier influenced unregulated
rivers. However, compared to river sections with hydropeaking, the number of flow
fluctuations in the Isel River is low.

Downstream of the Strassen-Amlach hydropower plant next to Lienz, the number of flow
fluctuations increases significantly. In the following approximately 60 river kilometers,
the hydropeaking waves are then damped due to the flowing retention effect, so that only
a few rapid flow fluctuations are detected at Sachsenburg. At the Malta Unterstufe (Malta
Lower Dam) hydropower plant next to Drauhofen, additional hydropeaking waves are
released into the Drava River, increasing the number of anthropogenic flow fluctuations
to several hundred (60-minute data) to thousands of events per year (15-minute data).
Downstream, the hydropeaking waves are again attenuated by the flowing retention until
the beginning of the extended run-of-river chain between Paternion/Austria and
Dubrava/Croatia.

Here, the anthropogenic influence increases with each run-of-river power plant due to
hydropeaking (“Schwellbetrieb”), in which the storage capacity (backwater) of several
run-of-river power plants is managed collectively (Greimel et al., 2016). The energy-
economically optimized use of the storage volume leads to artificial flow fluctuations, to
such an extent that even with the data resolution of 60 minutes, more than 1000 events
per year are detected. The hydrologically most impacted section of the Drava River is
therefore located in Slovenia downstream of Maribor.

However, this strongly impacted section is interrupted several times up to Donja Dubrava
by residual flow stretches, where the hydropeaks are diverted from the Drava River for
most of the year, resulting in a large decrease in the number of flow fluctuations.
Unfortunately, a time series is only available for the residual flow section in Borl, which
allows a hydrological description of this very important habitat in view of the severely
impacted hydrological situation.

Downstream of the Dubrava hydropower plant, the number of flow fluctuations is of a
similar magnitude as downstream of the Malta Unterstufe (Malta Lower Dam)
hydropower plant and a characteristic section begins again in which the hydropeaking
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waves are damped by the flowing retention. Here, however, the anthropogenic flow
fluctuations are damped due to the extended free-flowing River section up to the mouth
into the Danube River to such an extent that no more rapid flow fluctuations are detected
in BeliS¢e. The remaining anthropogenic influence is only recognizable by the
comparatively regularly occurring flow fluctuations in low and mean flow periods with
rather low amplitudes compared to the natural events.

Lagrangian View - hydropeaking impacts of the Dubrava hydropower plant

In addition to the overview of the sub-daily flow regimes of the Drava River, the river
section downstream of Donja Dubrava was investigated in more detail using the
Lagrangian approach, where the flow fluctuations of a specific source (the Dubrava
hydropower plant) were followed downstream over several hydrographs.

The scenarios that serve as the ecological assessment basis were defined, with scenarios
chosen whose intensity is reached by intense hydropeaking waves. The results
summarized in Table 8 refer to these scenarios; for more detailed results, see the charts
in chapters [1-B-2-a) and chapter II-B-2-c). It is worth noting that, based on the available
data on maximum flow rates, comparatively low scenarios must be used as the basis for
the ecological assessment, although it can be assumed that the actual flow rates of intense
hydropeaking waves are higher. Referring to the hydrographs in Lavamiind where a
similar hydrological situation exists as in Donja Dubrava and a comparison of results
based on 15- and 60-minutes data resolution is possible, the maximum flow rate of strong
hydropeaks (95 % percentile) is underestimated by about 50% at a 60 minutes resolution,
while the median is in a similar order of magnitude. However, to investigate this in detail,
time series with higher resolution would be needed in Donja Dubrava.

Table 8: Dubrava hydropower plant - summarized routing results for the scenarios relevant to the ecological assessment

Station/hydrographs 1 2 3 4
Distance to PP (rkm) 5,4 20,4 47,1 94,3
(m3/s) 250-375 225-340 175-260 225-340
Amplitude - increase events baseflow Q95 (cm) 150-210 120-180 90-130 50-70
baseflow MQ (cm) 110-160 80-130 70-110 30-60
(m3/s)/h 125-250 80-150 40-80 15-40
Max. flow rate - increase events baseflow Q95 (cm/min) 1.3-25 08-15 0.4-0.7 0.2-0.3
baseflow MQ (cm/min) 1-18 05-1 0.2-0.5 0.1-0.2
(m3/s)/h 125-250 70-120 40-70 15-35
Max. flow rate - decrease events baseflow Q95 (cm/min) 1.3-25 0.7-1.3 0.3-0.7 0.2-0.3
baseflow MQ (cm/min) 1-18 05-1 0.2-0.5 0.1-0.2

(rkm - river kilometer, Q95 - flow value exceeded 95% of time, MQ - mean flow; due to high redundancy, amplitudes
only refer to increase events)
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Fish Ecological interpretation

Hydropeaking has been identified as a serious pressure on fish populations in alpine
rivers (Parasiewicz et al. 1998; Person et al. 2013). Within an extensive study on
hydropeaking, it was demonstrated that fish communities are strongly affected by
hydropeaking in Alpine rivers of Austria (Schmutz et al. 2013 and 2015). Hydropeaking
has several negative effects especially on juvenile fish stages. According to Young et al.
(2011) adverse effects include (1) stranding or lateral displacement of fish along the
banks; (2) drift and downstream displacement; and (3) reduced spawning and rearing
success which may occur due to spawning pit (nest) dewatering and mistimed or
obstructed migration. Gravel bars and shallow habitats along the shoreline are preferred
habitats of juvenile life stages. However, these habitats are primarily affected by water
level fluctuations. Stranded fish can be divided into the following categories: (1) Stranded
fish that remain on the substrate and suffocate; and (2) entrapment, when fish are isolated
in potholes with no access to the free-flowing surface water (Higgins and Bradford 1996;
Hunter 1992). Stranding depends on the flow rate of decrease events (downramping
rate), the lateral gradient of gravel bars, substrate size, morphological sub-structures
within or near the gravel bars and its connectivity to refuge and main channel habitats
(Hauer et al. 2014). Higher beach stranding occurs more frequently on lower gradient
bars than on steeper banks (Adams et al. 1999; Hunter 1992). Higher fish stranding rates
occur in larger cobbles where water drains through rather than flowing off (Hunter 1992,
Hauer et al. 2014). Fish stranding risk increases with increasing downramping rate
(Fihreretal. 2022, Hayes etal. 2019, Zeiringer et al. 2014, Schmutz et al. 2013, Halleraker
et al. 2003; Hunter 1992). Downstream displacement of small fishes as a consequence of
hydropeaking also has been documented by several authors (Auer et al. 2017, Schmutz et
al. 2013, Bell et al. 2001; Shirvell 1994). Although stranding and drift has been studied
and described in the literature mainly for salmonids, recent work with a focus on
cyprinids (Fihrer et al. 2022, Hayes et al. 2022) also indicates considerable negative
consequences for these species, especially at early life stages.

The fish ecological study within "lifeline MDD" (Rauch 2022) was designed to get an
overview of the fish species communities in the longitudinal course of the Mura and Drava
rivers. The focus of the surveys was on species occurrence and distribution. However, the
report also includes analyses and calculations on quantitative stock characteristics
(biomass, individual density), which, due to the limited sampling effort (fishing of selected
sections, limited to one season/one water level), are suitable for comparison between the
fished sections (CPUE), but must generally be interpreted with caution. In order to
describe and assess the hydropeaking related consequences downstream of Donja
Dubrava in detail on the basis of fish ecological surveys, a targeted study design would
have had to be applied. However, the data obtained in Rauch (2022) give clear indications
of a serious impact of the hydropower plant operation on the fish population in at least
three of the studied sections (SR, SD and S4; Rauch 2022). The fish study showed that the
Mura and Drava rivers are clearly dominated by the guild of rheophilic gravel spawners,

32



Project co-funded by European Union funds (ERDF, IPA)
Project number: DTP3-308-2.3- lifelineMDD

)

HitCIrey m

Danube Transnational Programme

with the (Chondrostoma nasus) and barbel (Barbus barbus) as the quantitatively most
important fish species at the center of the species community (Rauch 2022).

Directly downstream of the Dubrava hydropower plant, the sections "SD" and "S4" were
electro-fished as part of the above-mentioned study (Rauch 2022), which primarily can
be used to interpret the fish ecological effects of the hydropower plant operation. In
addition, the results of the residual flow section (SR) caused by the hydropower plant and
the sections further downstream (S5, S6, and S7) can be included in the interpretation.
Section S5 is located about 25 km downstream of the confluence with the Mura River, S6
another about 50 km downstream, and S7 again about 80 km downstream of S6 (Rauch
2022). In the area of sampling reach S6, the river type of the Drava changes (Schwarz
2022). There, the transition of the Drava from an alpine, gravel-dominated river to a water
body dominated by sandy sediments takes place. This change in river type not only results
in different morphological and sedimentological conditions, but also leads to a natural
change in the fish species community from a community strongly characterized by
rheophilic species to species that are less dependent on gravel habitats, especially with
regard to reproduction. Therefore, the Drava’s fish community in the lowermost sections
of the Drava are also less sensitive to hydropeaking operations.

In the hydropeaking section of the river relevant to this study, mainly the juveniles of the
predominant rheophilic, gravel-spawning cyprinids such as nase (Chondrostoma nasus),
barbel (Barbus barbus), asp (Aspius aspius) or cactus roach (Rutilus virgo) and some
others inhabit shallow gravel habitats along the banks. The juveniles of all these
rheophilic species are particularly sensitive to power plant-induced water level
fluctuations and get potentially affected by stranding and drift displacement.

Flhrer et al. (2022) investigated the stranding risk of early developmental stages of the
nase (Chondrostoma nasus) under the influence of hydropeaking in mesocosm
experiments under near-natural conditions in a flow channel. Different hydropeaking
scenarios (downramping rate 0.7 - 1,5 cm/min.) were investigated on gravel banks with
different slopes and depending on the time of day. They found a clear dependence of the
stranding risk on the downramping rate as well as a clear influence of the gravel bank
slope. They also found that stranding rates were significantly higher at night. These
results are in line with previous studies with salmonids (Auer et al. 2017, Schmutz et al.
2015). In the above-mentioned study (Fiihrer et al. 2022) stranding rates of generally up
to 33% and during the night even up to 60% were documented. While the study by Fiihrer
et al. (2022) focused on early larval stages with fish lengths of 14-16 mm, Hayes et al.
(2022) show that the risk of stranding already decreases significantly (5-40%) with
increasing fish length (18 mm). This indicates that stranding and related mortality of
juvenile cyprinid-larvae (dominating species: nase (Chondrostoma nasus), barbel (Barbus
barbus) is of major relevance during a limited time period of a few weeks in April and May.
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The hydropeaking intensity concerning the downramping rate downstream of Donja
Dubrava is exactly in the order of magnitude identified as critical by Fiihrer et al. (2022)
(Table 8). The affected section extends up to approx. 50 km downstream of the
hydropower plant, whereby the hydropeaking intensity decreases continuously
downstream (Table 8). Depending on the baseflow, the number of hydropeaking events
and daytime during the sensitive phase of larval development of the nase (Chondrostoma
nasus) (April-May) stranding is certain to occur downstream of Donja Dubrava. Due to the
fact that the section of the Drava downstream of Donja Dubrava provides suitable juvenile
habitats at all simulated baseflows because of its largely natural morphology, the risk of
stranding is also always given during the year. In addition, the amplitudes of the
hydropower plant operation in Donja Dubrava reach heights of up to 2 m and even about
100 km downstream amplitudes of about half a meter can still be detected (Table 8).
According to the morphological conditions (wide flow profile with shallow gravel banks)
there is a considerable risk of so-called pool trapping (Cushman, 1985; Bretschko & Moog,
1990; Kjaerstad et al., 2018, Schmutz et al,, 2013) and consequently high predation
mortality by e. g. bank related birds may occur.

Further, some results presented in Rauch (2022) also point at a significant influence of
the operation mode of the Dubrava hydropower plant on the fish community in the
downstream Drava section. The length frequency distribution of the nase (Chondrostoma
nasus) near the power plant shows that, apart from a few juveniles caught in the residual
flow stretch, juvenile nase (Chondrostoma nasus) are completely absent (Figure 23).
Downstream of Donja Dubrava, nase (Chondrostoma nasus) were only found from lengths
of approx. 30 cm on (Figure 23). This is in sharp contrast to all other sections sampled
during the study (Rauch 2022), where juvenile fish dominate in numbers throughout
(Figure 24). This result is underlined by the comparison of the mean lengths of individuals
along the study area (MDD), where the deviations in the vicinity of Donja Dubrava become
obvious (Figure 24, circled in red).
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Figure 23: Length frequency diagram of the nase (Chondrostoma nasus) in the vicinity of Donja Dubrava (Rauch 2022)
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Figure 24: Error bar plot of mean length and mean weight (+- std. deviation) of nase in sampled sections in the Mura and
Drava (Rauch 2022)

The density of juvenile nase (Chondrostoma nasus) is also significantly reduced in the
residual flow stretch created by the Dubrava hydropower plant and only a few juveniles
of the nase (Chondrostoma nasus) were caught during the fish survey (Figure 23).
Although the residual flow stretch has excellent structural features and both suitable
reproductive and spawning habitats are present, densities of juveniles of rheophilic fish
species are clearly reduced (Rauch 2022). The analysis of the upstream residual flow
section with the gauge in Borl (Hydrograph ID 600423) shows that the residual flow
section there is also repeatedly influenced by hydropeaking (Figure 4). Without having
corresponding data from the Donja Dubrava residual flow stretch, we assume that similar
hydropeaking phenomena also occur there, and that hydropeaking also causes damage to
spawning, displacement and stranding of early developmental stages of rheophilic fish
fauna.

Possible hydropeaking mitigation measures

From the fish ecological interpretation, it is clear that hydropeaking from the Dubrava
hydropower plant can have a significant impact on the fish fauna of the Drava River. Even
though detailed investigations are missing so far, an influence can be assumed as certain
based on the hydrological analyses and the indications that can be derived from the fish
study (Rauch 2022). Therefore, it is also appropriate to consider which measures could
be considered to best dampen or prevent the potential impact of hydropeaking in Donja
Dubrava.
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Different measures are described, to reduce adverse ecological impacts of hydropeaking
(Bruder et al., 2016; Halleraker et al., 2016; Moreira et al., 2019; European Commission,
2020; Smokorowski, 2021). Measures aiming at mitigating the hydrological situation to
reduce negative ecological impacts are referred to as "direct measures" (Greimel et al.,
2018), i.e., the reduction of the intensity and/or the frequency of hydropeaking waves by:

the operational restriction of a storage hydropower plant (e.g.,
ecologically adapted operation mode)

the attenuation of hydropeaking waves through retention volume (e.g,,
through the construction of retention basins, though possibly not
feasible for Drava) or optimized management of existing retention
volume (e.g., volume in run-of-river impoundments, flood retention
basins) or by-pass valves (by-pass the flow around the turbine in order
to uncouple turbine and hydropower plant flow in the short term)

the diversion of hydropeaking waves (e.g., by a diversion hydropower
plant) and relocating tailrace into a larger water body (e.g., lake,
impoundments)

Depending on the type and extent of mitigation scenario, different hydrological
improvements can be achieved by the implementation of direct mitigation measures
(Figure 25). Furthermore, these improvements can be assigned to the major expected
ecological impact, although it can be assumed that the ecological effects are partially
interlinked to each other:

Attenuation of the flow rate of downramping events / reduction of the
stranding risk (Figure 25-a)

Attenuation of the flow rate of upramping events / reduction of the drift
risk (Figure 25-b)

Reduction in amplitude / reduction in hydropeaking-related impacts on
habitat alteration (Figure 25-c)

Attenuation of the flow rate of up- and downramping events / reduction
of drift and stranding risk (Figure 25-d)

Attenuation of the flow rate of up- and downramping events and
reduction in amplitude / reduction in drift and stranding risk and
hydropeaking impacts on habitat alteration (Figure 25-€)
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Figure 25: Schematic sketch depicting hydrological effects of direct mitigation measures (flow - Q; time - t) at different
mitigation scenarios (light blue line vs. dark blue line) (Greimel et al. 2021b)

Below listed are the exemplified direct measures that can be potentially implemented for
a hydrological effect/improvement (Greimel et al, 2021b).

. Operational restrictions can achieve any hydrologic effect in principle
(Figure 25-a, b, c, d, e).
. By-pass-valves are typically designed to dampen the flow rate of

decrease events (Figure 25-a), but might also be programmed to
dampen increase events (Figure 25-b) that will enable highly flexible
hydropeaking operation (Halleraker et al., in prep.).

. The flow rate of increase and decrease events (Figure 25-d) can be
mainly reduced by attenuation through retention volume, while limiting
the amplitude in general requires very high retention volume.

. Hydropeaking diversion trough bypass channels can divert
hydropeaking waves partially or completely, or prevent that
hydropeaking waves enter the river. Thus, the limitation of the
hydropeaking amplitude may also result in a limitation of the flow rate
of increase and decrease events (Figure 25-€).

Beside direct measures, indirect measures can be implemented to reduce the ecological
impacts of hydropeaking. Indirect measures can be described as
morphological/sedimentological (e.g., habitat improvement, reduction of the hydraulic
intensity) or technical (e.g., artificial spawning channels) measures that do not influence
the hydrological situation itself but lead to an increased habitat quality as an indirect
positive effect (Schmutz et al.,, 2013; Hauer et al,, 2014, 2017; Greimel et al., 2018). A
combination of several direct and indirect measures may be required to achieve the
greatest ecological effect.
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Several EU policies address concrete measures to mitigate hydropeaking, to ensure
sustainable ecosystems (European Commission, 2021). Some technically available
options may not be feasible due to nature protection regulation (e.g, Birds & Habitats
Directives). Overall restoration must comply with EU Water Framework Directive
requirements.

The EU Water Framework Directive sets concrete environmental targets for water bodies
("good ecological status" or "good ecological potential”) that are affected by
anthropogenic pressures such as hydropeaking (Halleraker et al., 2016; European
Commission, 2020). The legal basis on the path to achieving the two target states differ
significantly. Good ecological status is an absolute target defined on a river type-specific
basis using ecological parameters and thresholds. From a legal point of view, technically
feasible measures can be demanded according to the polluter pays principle until the
target state is reached, provided that the costs incurred are reasonable. When
determining the good ecological potential, on the one hand the ecological effectiveness of
measures to reduce the impact of hydropeaking has to be considered. On the other hand,
the extent to which these measures are expected to restrict the use of the hydropower
plants (in particular system-relevant impacts) or have adverse effect on the wider
environment has to be assessed (European Commission, 2020).

With regard to the section of the Drava River influenced by the Dubrava hydropower
plant, it will be necessary

. to determine the target condition to be achieved,

. to determine the measures that are technically feasible in principle
within the framework of a feasibility study,

. to describe the expected ecological and energy-economic effects of the
realizable measures and

. to provide comprehensible and transparent justification as to why

certain measures are not feasible,

before the targeted restoration is in line with the EU Water Framework Directive.
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From the present study, it can be concluded that the maximum flow rate of decrease
events must be limited to 50-60 m3/s per hour with reference to the Donja Dubrava
hydrograph in order to significantly reduce the risk of fish stranding (Fiihrer et al., 2022)
in the first 50 kilometers downstream of the Dubrava hydropower plant, which could also
reduce the stranding risk for benthic invertebrates (Perry & Perry, 1986; Kastenhofer,
2018).

In addition, reduced hydropeaking amplitudes would be very positive from an ecological
perspective, as the artificially induced water exchange zone would be reduced and thus
the associated negative ecological impacts (e.g., pool trapping of fish, hydraulic stress to
benthic invertebrates) would likely decrease (Cushman, 1985; Bretschko & Moog, 1990;
Kjaerstad et al,, 2018, Schmutz et al., 2013). Reducing the flow rate of increase events
would also be targeted to reduce the drift risk to aquatic organisms (Gibbins et al., 2007;
Timusk et al., 2016).

With regard to the overall hydrologically stressed Drava, the residual flow stretches in
Slovenia and Croatia are of particular importance, as they can form "indispensable
ecological stepping stones” if the habitat is maintained and improved by ecologically
optimized eFlows and hydropeaking is kept away.
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V. Annex

A. Intensity of flow fluctuations - data basis 60 minutes
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Figure 26: Maximum flow rate (MAFR) of sub-daily flow fluctuations with a maximum flow rate >GW10 (Data basis: 60
minutes resolution, whiskers correspond to 5% and 95% percentile)
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Figure 27: Amplitude (AMP) of sub-daily flow fluctuations with a maximum flow rate >GW210 (Data basis: 60 minutes
resolution, whiskers correspond to 5% and 95% percentile)
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Figure 28: Donja Dubrava — monthly frequency of increase (left) and decrease (right) events with a maximum flow rate
>GW10 (Data basis: 60 minutes resolution, grey line — median, interpercentile range: light grey — 5 to 95% percentile, dark

grey — 25 to 75% percentile)
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Figure 29: Donja Dubrava — maximum flow rates of increase (left) and decrease (right) events with a maximum flow rate
>GW10 related to flow (top) and stage (bottom) (Data basis: 60 minutes resolution, grey line — median, interpercentile
range: light grey — 5 to 95% percentile, dark grey — 25 to 75% percentile)
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Figure 30: Donja Dubrava — amplitudes of increase (left) and decrease (right) events with a maximum flow rate >GW10
related to flow (top) and stage (bottom) (Data basis: 60 minutes resolution, grey line — median, interpercentile range: light
grey — 5 to 95% percentile, dark grey — 25 to 75% percentile)

48



Project co-funded by European Union funds (ERDF, IPA)
Project number: DTP3-308-2.3- lifelineMDD

o)

HitCIrey

[Er————

Danube Transnational Programme

B. Frequency and Intensity of flow fluctuations - data
basis 15 minutes
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Figure 31: Annual frequency of sub-daily flow fluctuations with a maximum flow rate >GW10 (Data basis: 15 minutes
resolution, whiskers correspond to annual 5% and 95% percentile)

49



Project co-funded by European Union funds (ERDF, IPA)
Project number: DTP3-308-2.3- lifelineMDD

o)

HitCIrey

Danube Transnational Programme

[Er————

Increase events
200

180 A

160 -

140 A

120 A

100 4

AMP (m?3/s)

80 -

oy g L4

180

Decrease events

160 -

140 A

120 A

100 -

80 -

AMP (m3/s)

60 -

40 A

20 A

Briihl
Lienz
Ptuj
Borl

Waier ﬂ—‘
Lienz-Peggetz -m—c
Oberdrauburg-OWF "I]J_'

Amlach
Botovo
Belisce

o
Hinterbichl [MT}—

Drauhofen

Dellach-OWF -I]]—c

Sachsenburg (Briicke) ﬂj—c

Lavamiind Ort
Lavamiind Grenze
Dravograd (Q-KW)

Maribor - Otok (Q-KW)
Donja Dubrava

Novo Virje Skela
Terezino Polje

Donji Miholjac

Figure 32: Amplitude (AMP) of sub-daily flow fluctuations with a maximum flow rate >GW10 (Data basis: 15 minutes
resolution, whiskers correspond to 5% and 95% percentile)
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Figure 33: Maximum flow rate (MAFR) of sub-daily flow fluctuations with a maximum flow rate >GW10 (Data basis: 15
minutes resolution, whiskers correspond to 5% and 95% percentile)
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C. Exemplary time series - 2019
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Figure 34: Isel — 212043, Hinterbichl (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%

percent

ile) to monthly maximum flow (75% percentile)
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Figure 35: Isel — 212183, Waier (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 36: Isel — 212092, Brihl (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey — monthly
minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 37: Isel — 212167, Lienz (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey — monthly
minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 38: Drava — 212316, Lienz (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 39: Drava — 212324, Oberdrauburg (black line — flow, grey line — monthly mean flow, Interpercentile range: light
grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum
flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 40: Drava — 213660, Dellach (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 41: Drava — 212357, Sachsenburg (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey
— monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow
(25% percentile) to monthly maximum flow (75% percentile)
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Figure 42: Drava — 213199, Drauhofen (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 43: Drava — 213215, Amlach (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 44: Drava — 213173, Lavamiind Ort (black line — flow, grey line — monthly mean flow, Interpercentile range: light
grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum
flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 45: Drava — 213595, Lavamiind Grenze (black line — flow, grey line — monthly mean flow, Interpercentile range: light
grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum
flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 46: Drava — 600420, Dravograd (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 47: Drava — 600421, Maribor (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%

percentile) to monthly maximum flow (75% percentile)
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Figure 48: Drava — 600422, Ptui (black line — flow, grey line — monthly mean flow (data partly implausible))
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Figure 49: Drava — 600423, Borl (residual flow) (black line — flow, grey line — monthly mean flow, Interpercentile range:
light grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly
minimum flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 50: Drava — 600412, Donja Dubrava (black line — flow, grey line — monthly mean flow, Interpercentile range: light
grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum
flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 51: Drava — 600412, Donja Dubrava, monthly flow distribution (whiskers correspond to 5% and 95% percentiles)
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Figure 52: Drava — 600413, Botovo (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%
percentile) to monthly maximum flow (75% percentile)
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Figure 53: Drava — 600414, Novo Virje Skela (black line — flow, grey line — monthly mean flow, Interpercentile range: light
grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum
flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 54: Drava — 600414, Terezino Polje (black line — flow, grey line — monthly mean flow, Interpercentile range: light
grey — monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum

flow (25% percentile) to monthly maximum flow (75% percentile)
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Figure 55: Drava — 600417, Belisce (black line — flow, grey line — monthly mean flow, Interpercentile range: light grey —
monthly minimum flow (5% percentile) to monthly maximum flow (95% percentile), dark grey — monthly minimum flow (25%

percentile) to monthly maximum flow (75% percentile)
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D. Further aspects

Temperature

The authors were provided with extensive data sets (partly several decades) on the water
temperatures of the Croatian Drava. However, all data refer to the Drava River from Donja
Dubrava downstream and are exclusively daily temperature mean values. Hydropeaking
operations can strongly influence temperature patterns in the downstream reach
(Greimel etal. 2018, Hayes et al. 2019). However, an analysis of the temperature influence
on the Drava by the Dubrava hydropower plant is not possible on the basis of the present
data set, since higher resolution data (e.g. quarter-hour values or hourly values) are
required for this purpose in order to be able to derive statements in correlation with the
flow data.

For a detailed analysis of the consequences of the Dubrava hydropower plant on the river
ecology of the Drava, however, detailed temperature data must be collected in the future.
Detailed temperature data in the vicinity of the power plant, but also in sections upstream
and downstream, can be generated relatively easily using permanently recording
temperature probes.

Changes in hydro-chemical conditions:

In addition to the changes in flow, the Dubrava hydropower plant also has an influence on
the hydro-chemical conditions of the downstream section of the Drava. The large
reservoir of Donja Dubrava and the other dams upstream interrupt the natural bedload
regime and also lead to sedimentation of suspended matter and fine sediments in the
reservoir. Therefore, the Drava River is much clearer in the downstream section than in
the unaffected state. Presumably, the transported nutrient load will also be significantly
reduced, which could affect rates of primary and secondary production and thus the food
supply for juvenile fish. The substantial absence of fine sediments, at least in the flood-
free period of the year, causes the gravel banks between the power plant and the mouth
of the river Mur to have particularly loose gravel and the water is very clear (Figure 56).

As mentioned above for water temperature, the establishment of a series of
measurements for hydro-chemical changes would also be advisable, since no
corresponding data are currently available to discuss potential consequences for the
ecology of the affected section.
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Figure 56: Gravelbank along the Drava upstream the Drava-Mura confluence. Noticeable is the loose gravel and clear

water (picture date: 17.07.2021).
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