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Abstract: A novel prediction tool is presented as a component of the Habitat Evaluation Model
(HEM), which allows the assessment of the ecological status of impounded water bodies based
on environmental factors that were shown in literature to correlate with the abundance of benthic
macro-invertebrates. Main model parameters are the observed grain sizes and depth-averaged
flow velocities obtained from a hydrodynamic simulation. The tool was tested in three Austrian
river reaches. It was found that the river lengths predicted to be ecologically affected by the
impoundments were substantially shorter for mean flow conditions than previously assessed when
employing a physical mapping approach. The differences disappeared for low discharge conditions.
The numerical prediction tool allows us to perform a status assessment for discharge conditions,
which are potentially more representative of the annual discharge spectrum than those within the
in-situ observable range. This property, thus, bears the potential to facilitate the recommendation of
sediment management strategies in impounded river reaches in the future.

Keywords: impoundment; hydrodynamics; sediment; benthic macro-invertebrates; numerical
simulation

1. Introduction

The abundance and biomass of aquatic biota, such as fish and benthic macro-invertebrates, reflects
the hydro-morphological status of a water body [1]. Therefore, the EU Water Framework Directive
(Directive 2000/60/EC) defines them as key quality elements. Moreover, water quality and quantity of
flow as well as bed sediments, such as the actual sediment composition, are both key elements and
limiters of the abundance of benthic macro-invertebrates [2]. Lack of gravel and gravel dynamics are
known to yield negative consequences for aquatic biota [3]. This is particularly the case in impounded
river reaches, where fine sediment in suspension settles due to low flow velocities.

Various processes have been identified to play a role in habitat degradation of benthic
macro-invertebrates related to fine sediment. On the one hand, the clogging of pore space based on
very fine material, mainly clay substrate, has been frequently documented [4] and defined as siltation
to describe the degradation of macro-invertebrate habitats [5]. Infiltration of fine sediment with sizes
smaller than 2 mm was identified as one of the main drivers for physical habitat degradation [6]. On the
other hand, an overall sediment deficit in free-flowing sections was shown to result in a depauperate
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macro-invertebrate fauna [3]. Moreover, several studies investigated the effect of reservoir flushing on
the macro-invertebrate communities downstream and found a significant decrease of biomass due to
fine sediment deposition or benthic abrasion [7-9]. The recovery duration of benthic organisms after
such an event was found to range from several weeks [10] to several months [9]. The results of Kaller
and Hartman [11] indicate that exceedance of a threshold level of fine sediment deposition may be
responsible for a negative effect on benthic macro-invertebrate communities.

Habitat modelling was established as a predictive tool since the 1980s [12] with a focus on the
habitat assessment for fish [13]. Early work toward constructing habitat suitability models for benthic
macro-invertebrates was conducted by Jowett et al. [14] and Gore et al. [15]. Since then, several
studies were undertaken in habitat modelling of macro-invertebrates, mostly as an indicator of water
quality [16-19]. Some studies particularly used macro-invertebrates as indicators to assess the ecological
conditions of river reaches [20]. Different parameters were employed in various model approaches,
ranging from landscape attributes, such as stream gradient, forest cover, and water quality [21] or
general land use types [22] to local stream parameters, i.e., flow velocity, water depth, and substrate [2].
The latter are also typically used in habitat models for fish on a micro-scale and meso-scale [23,24].
In the research from Hauer et al. [25], the importance of hydro-morphological variance, which is
closely related to the substrate composition, was highlighted. The question of whether it is necessary
to employ season-specific criteria when modelling habitats of benthic invertebrates could be answered
by Theodoropoulos [26] in favor of general criteria. While many of the habitat models rely on
field mapping approaches to obtain the necessary abiotic parameters, others use 2D depth-averaged
hydrodynamic models [27-31] for that purpose.

The first systematic field study to investigate benthic macro-invertebrate habitat suitability in
impoundments was conducted by Ofenbock et al. [32]. They studied five different impounded reaches
and analyzed previously published data to arrive at the conclusion that the ecological status can be inferred
based on the Water Framework Directive-standardized sampling according to the standard procedure
defined by the Austrian Quality Target Ordinance for the Ecology of Surface Water Bodies [33]. This status
(reflecting an aggregated form of suitability) can be assessed with regard to benthic macro-invertebrates
based on characteristic grain sizes of bed sediments, which imposes a limiting value, and flow velocities.
As an alternative to the flow velocity classes published in Reference [32], the flow velocities corresponding
to the saprobic index classifier introduced by Zelinka and Marvan [34] present an evaluation scheme that
was historically used.

The central aim of the presented study was to develop and test a numerical prediction tool, which
allows a reach-based assessment of the ecological status of impounded sections. The innovation
is reflected in the linkage on this aggregated scale (in extension to micro-habitat suitability [35,36])
to hydrodynamic variables for testing various impounded sites. The status is approximated from
mean grain sizes of the bed substrate and depth-averaged flow velocities, which originate from 2D
hydrodynamic simulations. The novel prediction tool was applied to three different study sites with
similarities in the sediment regime and high aggradation rates in impounded sections for testing
purposes. For each of them, field measurements and hydrodynamic simulations were performed.
Based on these data, the ecologically-affected impoundment length was determined.

2. Materials and Methods

2.1. Study Sites

Three river sections were selected in which (i) a run-of-river power plant is located with an installed
capacity less than or equal to 10 MW, with (ii) a significant bedload accumulation in the impounded
area. The rivers are part of the Danube River basin and have a catchment area size between 181.9 km?
and 604.0 km?, with discharges ranging from 1.58 m3 s~! (low flow) to 215.00 m® s~! (flood with a return
period of one year) (Figure 1, Table 1). The case studies differ in the water body type, according to the
Water Framework Directive (2000/60/EC) with the categories heavily modified water body (HMWB,
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C.1) and the natural water body type (C.2, C.3). The ecological status is classified as moderate (C.1,
C.2) and respectively good (C.3) (Table 1). The biological quality element regarding the nutrient load
is classified as high (C.2) and good (C.1, C.3), which meets the objectives of the Water Framework
Directive (2000/60/EC). However, all three study sites are draining the northern lime stone Alps with
similarities in the bed load regime, which is indicated by moderate to high transport rates of gravel.
Moreover, continuous aggradation rates are documented in all investigated impounded sections.
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Figure 1. (a) European map and the Austrian territory (black). (b) Detailed overview of the three rivers
(blue lines) and location of the case studies (black dots).

Table 1. Relevant hydrological parameters and description of the ecological status according to the
Water Framework Directive (2000/60/EC).

Case River Catchment 1o. 2 0m 3 Qn 4 Water Body  ° Ecological

Study Size (km?) (m3s1) (m3s1) (m3s1) Type Status
Ci1 Erlauf 604.9 443 14.70 215.00 HMWB Moderate
Cc2 Alm 181.9 2.43 9.18 105.00 Natural Moderate
C3 Schwarza 252.3 1.58 5.19 65.20 Natural Good

I mean daily low flow, 2 mean flow, ® flood with a return period of one year.  Water body type according to the
Water Framework Directive (2000/60/EC): Natural Water Bodies or Heavily Modified Water Bodies (HMWB). 5
Ecological status of surface water bodies (Water Framework Directive 2000/60/EC).

The geometries required for the hydrodynamic models were created by airborne laser scanning
for the floodplains and additional bathymetric surveying of the river channel based on a cross-sectional
approach. The processed laser scan data were provided by the respective federal states and correspond
to the latest available digital terrain model with a grid resolution of 1 x 1 m. The terrestrial survey
of the river bathymetry was carried out with a total station (Leica TCR 805). The official survey
points of the Austrian Federal Office of Metrology and Surveying (BEV) were used for the localization
within the federal coordinate system. Mean distances between the cross-sections ranged from 5-200 m.
Knowledge of substrate conditions is of particular importance for assessing the habitats. Therefore,
at regular distances (10-20 m), volumetric samples (according to the standard USGS (United States
Geological Survey) method [37]) of the surface layer (SL) and subsurface layer (SSL) were taken, dried,
and sieved. The washout of fine sediment during sampling was prevented by a 60 X 60 cm frame fixed
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to the riverbed. The sediment samples were taken manually by lifting off the surface layer, which was
followed by volumetric sampling of the subsurface layer using a small shovel. In addition, qualitative
clogging was estimated by an on-site kick-testing approach.

2.1.1. River Erlauf: Case Study 1 (C.1)

The investigated river reach is situated in the southern part of Lower Austria (48°09’ N 15°10’ E)
with a mean daily low flow of Q = 4.43 m> s~!, a mean flow of Qy; = 14.70 m® s7!, and a discharge
during a one-year flood of Qg = 215.00 m® s™'. The mean bed slope of this reach in the river Erlauf
is 0.11%. The geometry of the hydrodynamic model consists of 51,520 nodes and 80,130 elements
(Figure 2a). The cross sections were measured at a distance of 50-200 m. The floodplain geometry
is based on airborne laser scanning. Sediment samples were taken along the orographic left and
right banks of the river reach. A total of n = 13 surface samples and n = 13 subsurface samples were
taken. The length of the impounded section, according to the National Water Management Plan (2015),
is 502 m.

Terrain elevation Terrain elevation Terrain elevation
(m a.sl.) (m a.sl.) (m a.sl.)
| BRYX) 570 I 506.0
234.0 519.0 510.0
236.0 M 5210 M 5140
238.0 523.0 518.0

|
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[ B
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Figure 2. Terrain elevation models of the three case studies: (a) Erlauf River (C.1), (b) Alm River (C.2),
and (c) Schwarza River (C.3). Black line: bounds of the evaluation region.

2.1.2. River Alm: Case Study 2 (C.2)

The river reach Alm of case study 2 is located in Upper Austria (47°51" N 13°57” E) with a mean
daily low flow of Q, =2.43 m® s, amean flow of Qyy =9.18 m®s™!,and a discharge during a one-year
flood of Qg = 105.00 m3 s~!. The hydrodynamic model consists of 68,784 nodes and 68,893 elements
(Figure 2b) based on n = 20 cross-sections with a distance of 5-20 m and airborne laser scanning
for the floodplain. The mean bed slope is 0.11%. Sediment samples (n = 5 surface samples, n =5
subsurface samples) were taken along the thalweg of the river reach. The length of the impounded
section, according to the National Water Management Plan (2015), is 300 m.

2.1.3. River Schwarza: Case Study 3 (C.3)

The investigated river reach (47°43" N 15°48’ E) is situated in the south-eastern part of Lower
Austria with a mean daily low flow of Qp = 1.58 m3 s71, a mean flow of Qy = 5.19 m® s71, and
a discharge during a one-year flood of Qi = 65.20 m?® s~!. The mean bed slope of the river reach at
the river Schwarza is 0.06%. The hydrodynamic model consists of 26,868 nodes and 27,129 elements
(Figure 2c) based on n = 19 cross-sections with a distance of 7-30 m. The floodplain geometry was
created from airborne laser scanning data. Sediment samples (1 = 7 surface samples, n = 7 subsurface
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samples) were taken along the thalweg of the river reach. The length of the impounded section,
according to the National Water Management Plan (2015), is 421 m.

2.2. Hydrodynamic Model

The numerical simulations in this study were performed using the 2D hydrodynamic model
Hydro_AS-2d [30], which solves the depth-averaged Reynolds-equations on an unstructured mesh
consisting of triangles and quadrilaterals, using a finite volume approach. The model is based on the
concept of Manning-Strickler bed roughness coefficients. The convective fluxes are discretized using
an upwind-scheme, according to Pirroneau [38], and a second order explicit Runge Kutta method
is employed for the discretization of time. All simulations for this study were performed using
a parabolic eddy viscosity model and a constant turbulent viscosity coefficient of 0.6. Preprocessing
and postprocessing was done using the Surface-Water Modelling System (SMS). A flow diversion into
the turbine intake channel was not considered. Thus, as the downstream boundary, the entire flow of
the various discharge scenarios (n = 3) passed the weir.

The two-dimensional depth-averaged flow velocities are not identical to the near-bed flow
velocities. The decision to choose this approach, however, is supported by two decisive features:
(i) The bathymetries and also the substrate sorting in impounded sections lead to a very “simple”
hydraulic characterization including very low grain roughness. Thus, low turbulence intensities and
near-bottom flow fluctuations are due to the fine(r) sediment deposits. This was fundamental for
setting up the study of Ofenbock et al. [32] using depth-averaged flow information obtained from flow
velocity measurements. Moreover, (ii) based on this study [32], it was possible to show that a clear
connection exists between ecological status and the abundance of benthic invertebrates and abiotic
parameters on this aggregated and simplified description of the abiotic environment.

2.3. Habitat Evaluation Model HEM

The Habitat Evaluation Model (HEM) [39,40] comprises a graphical user interface that allows
the visualization and quantification of habitat suitability both on the micro-scale and the meso-scale.
The input for HEM is provided by hydrodynamic simulations originating from either 2D or 3D models.
The formats of four 2D models (CCHE2D, Hydro_AS-2d, River-2D, RSim-2D) and two 3D models
(RSim-3D, SSIIM) are supported. On the micro-scale (up to 1 m grid cell size), the product of composite
suitability indices ranging from 0 to 1 and derived from suitability curves for the parameters’ water
depth, flow velocity, and bed substrate are calculated. The concept of Weighted Useable Areas (WUA)
after Bovee [12] serves as an aggregate parameter to compare different sites. On the meso-scale (up to
100 m grid cell size), the mesohabitat suitability model according to Hauer et al. [23,40] is employed.
It functionally connects the parameters” water depth, flow velocity, and bed shear stress to classify
habitats on the guild-level into six different hydro-morphological units. In analogy to the WUA
concept, Useable Mesohabitat Areas (UMA) can be calculated as an aggregate parameter. All of these
already implemented features focus on fish and macro-invertebrate habitats in free-flowing sections.
Evaluation criteria of impounded reaches and their characteristics were missing so far.

2.4. HEM Impoundment

In the presented study, the assessment of the environmental status was done using macro-
invertebrates as a biological indicator. Macro-invertebrates are an important indicator group according the
European Water Framework Directive. The assessment is based on a linkage between physical parameters
(flow velocity and water depth) and the ‘habitat suitability” of those sites for the benthic community. Such
approaches and relations are well documented for fish [41] and macroinvertebrates [42—45]. However,
in the presented study, we applied a novel concept of an aggregated form of habitat suitability. In our
new modelling concept, no single benthic species or groups were addressed (e.g., Allogamus auricollis as
species, or rheophilic organisms), but the ecological status of macroinvertebrates, determined according to
the national Water Framework Directive-methodology [46], was addressed. This aggregated information
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as an indicator was used from an extensive sampling in hydropower impacted sections conducted by
Ofenbock et al. [32]. The innovation is reflected in the linkage on this aggregated scale (in extension to
micro-habitat suitability [35,36]) to hydrodynamic variables and in testing various impounded sites.

The novel assessment tool was added as the third main module into HEM and consequentially
named HEM Impoundment. Based on the findings of Ofenbock et al. [32], it classifies, as a predictive
tool, bed substrate and depth-averaged flow velocities into the five ecological status groups according
to the EU Water Framework Directive: high, good, moderate, poor, and bad. For flow velocities, either
an overall assessment [32] or a classification based on the saprobic index [34] can be selected by the
model operator.

Bed substrate is classified according to sediment sizes, characterized by the median diameter ds,
following Table 2. The classification according to Reference [32] defines a threshold value for sediment
size between the gravel and sand classes. Bed material coarser than this threshold corresponds to
a potentially good ecological status, while finer bed material likely leads to a bad ecological status.
Although macro-invertebrates are known to be adapted to sand bed conditions, this is due to the fact
that alpine gravel bed rivers show a clear decline and deviation of abundance and biomass in terms of
dominating sand fractions [32]. As visible in Figure 2, the investigated study sites vary in total length
and bathymetric heterogeneity. This variability determined the number of sediment samples in the
various reaches.

Table 2. Assessment classes according to the median diameter dsg of bed sediment (modified after
Reference [32]).

Grain Size Group Diameter (cm) Ecological Status
Mesolithal (cobble) 6.3-20 Potentially good
Microlithal (pebble) 2.0-6.3 Potentially good
Akal (gravel) 0.2-2.0 Potentially good
Psammal (sand) 0.063-0.2 Likely bad
Pelal (silt) <0.063 Likely bad

The overall status assessment according to the EU Water Framework Directive, accepted as
standard procedure by the Austrian Federal Ministry of Agriculture, Forestry, Environment, and
Water Management, is focusing on flow velocities and substrate by mainly determining benthic
invertebrates [32]. It is laid out in Table 3, which defines four status classes. Contrary to this, Table 4
shows the status classification, according to the saprobic index [34], which distinguishes only three
classes and is related to the assessment of water quality. This classification is, in general, less rigorous
than the overall physical status assessment, according to the aims of the Water Framework Directive.

Table 3. Assessment classes according to flow velocities: overall assessment (modified after
Reference [32]).

Flow Velocity (m s~1) Ecological Status

>0.35 Good
0.25-0.35 Moderate
0.15-0.25 Poor

<0.15 Bad

Table 4. Assessment classes according to flow velocities: saprobic index [34].

Flow Velocity (m s~1) Ecological Status

>0.20 Good
0.10-0.20 Moderate
<0.10 Poor
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The model user can decide whether to conduct an assessment according to bed substrate and/or
flow velocities. For the latter parameter, the classification according to Table 3 or Table 4 can be selected.
In case both bed sediments and flow velocities are employed, the resulting lower class of both parameters
is returned as a final model output. As an aggregate result, the total area (m?) and percentage distribution
(% of wetted area) corresponding to each status class are predicted (optional suitability).

3. Results

3.1. Bed Sediments

Statistics of all sampled sediments in C.1 exhibit a mean diameter dsp of 34.5 mm (standard
deviation of SD 18.7 mm) at the surface layer and 13.3 mm (SD 6.6 mm) at the subsurface layer,
respectively. For C.2, the surface layer mean dsg is 18.3 mm (SD 9.9 mm), while the subsurface
layer is characterized by a mean value of 10.9 mm (SD 2.9 mm). For site C.3, the corresponding
characteristic values are 18.2 mm (SD 9.6 mm) at the surface and 13.0 mm (SD 6.9 mm) at the subsurface
layer, respectively.

According to the study of Ofenbock et al. [32], there was a clear expectation that grain sizes are
decreasing in flow direction toward the weir. The evaluation of the surface layer samples shows the
expected decreasing grain sizes from upstream to downstream for the reach of case study 2. Similar
results can be seen for the subsurface layer, though the grain sizes are smaller. However, the results for
case study 1 and 3 are not so unambiguous. Moreover, no clear correlation between grain size and
flow velocity was found (see Supplementary Materials, Figure S1). In C.1, the samples were taken
along the left and right banks of the river instead of the thalweg. However, all samples (surface layer
and subsurface layer, Figure 3) are greater than 2 mm, so the assessment according to the bed sediment
(cf. Table 2) yields a potentially good ecological status for all reaches. Nevertheless, fine sediment
concentrations (<2 mm) were determined for each of the samples (Figure 4), as increased fine sediment
concentrations are indicators for clogging and habitat degradation in general. Both the qualitative
kick-testing approach at sampling sites and the comparison between the surface and subsurface layer
(Figures 3 and 4) indicated no stabilized clogging of the bottom substrate even when the fine sediment
content (<2 mm) reached elevated values at some sample points.

Samples
513 S12  S11 S10 59 58 57 56 S5 5S4 53 52 51

c1 SL 92,65 2582 42.63 2051 18.89 2634 3970 27.11 3929 2123 4343 2427 2724

SSL 29.21 10.69 13.30 8.65 1532 4.85 13.82 595 23.89 834 15.64 13.64 10.04
Ca2 SL 408 19.28 1214 2241 3346
SSL 6.65 979 11.67 1549 11.17
c3 SL 9.50 2725 2552 3040 641 648 2195
SSL 6.03 1212 1453 2540 534 823 19.62

Flow Direction —>

Figure 3. Results of the median diameter dsg (mm) of the surface layer (SL) and subsurface layer (SSL).

Samples
$13 S12 S11 S10 59 S8 S7 S6 S5 S4 S3 S2 S1
SL 000 072 009 044 018 344 093 183 09 103 000 300 048
SSL 17.50 22.90 1721 1885 4.67 31.70 14.65 30.06 1.72 2533 11.18 1818 16.59

C.2 SL 2716 1763 254 0.00 1.56
SSL 1873 2185 546 000 17.25
C.3 SL 039 120 000 000 405 513 054
SSL 1047 385 051 000 640 924 284

Flow Direction —>

Figure 4. Percentage of grain sizes less than 2 mm for the surface layer samples (SL) and subsurface
layer samples (SSL).
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3.2. Hydrodynamics

The hydrodynamic simulations reveal increasing water depths in flow direction in all study
reaches (n = 3) with the highest values in the vicinity of the weirs (shown for mean flow conditions in
Figure 5). Moreover, increased water depths can be identified in the outer bends of the river stretches
(e.g., C.1,C.2, Figure 5a,c). In C.2 and C.3, depending on the discharge, water depths of less than 1.3 m
prevail with the highest water depths up to 2.5 m during a one-year flood (Figure 5c,e). In contrast,
the water depth distribution in C.1 is more heterogeneous. The water depth classes take values up
to 3.2 m during mean daily low flow conditions. The largest part of the investigated reach, however,
ranges around 1.3 m at mean daily low flow conditions and rises to 3.5 m at a one-year flood. Mean
water depths in the impounded stretch range from 0.61 m (Qr) to 2.43 m (Qp) with standard deviations
of 0.34 m up to 1.15 m, respectively (Table 5).

The flow velocity distribution in the study reaches show decreasing values from upstream to
downstream, with the lowest values in the vicinity of the weirs (Figure 5b,d,f). Flow velocities of 0.3 m
57! t0 0.7 m s~! are obtained for mean daily low flow and mean flow conditions (Figure 5b,d,f). It is
also visible that the flow velocities in two reaches (C.2, C.3) increase significantly during a one-year
flood, while, in one section (C.1), the distribution is much more heterogeneous (Figure 5b,d,f). Mean
flow velocities are in the range of 0.21 ms™! (Qr) to 1.76 m s~1 (Qpy), with standard deviations from
0.19 m s~! up to 1.30 m s~! (Table 5).

Table 5. Summary of mean values (x) and related standard deviations (o) of water depths (m) and flow
velocities (m s™1).

Water Depth (m)  Flow Velocity (m s~1)
Q. Qv Qv Q Qu Qn

. ® 108 118 243 033 058 176
River Erlauf (C.1) () 077 078 115 048 067 130
® 068 073 190 026 053 1.62
(6) 038 037 055 023 025 048
® 061 064 136 021 037 139
(6) 034 033 054 019 025 050

River Alm (C.2)

River Schwarza (C.3)

3.3. Impoundment Assessment

The evaluation, according to the overall assessment method, shows discharge-dependent results
for predicting the ecological status (Figure 6). Moreover, it can be seen that the assessment of the
ecological status depends on the flow velocity (cf. Figure 5b,d,f). The reduced flow velocity due to
the impoundment causes a worse ecological status (moderate or poor) in the vicinity of the weirs,
compared to the free flowing sections in the upstream areas (C.1, C.3, Figure 6a,e) as well as in the
areas next to banks (Figure 6a,c,e). Furthermore, a poor or bad ecological status is predicted during
mean annual low flow for all investigated stretches. However, the predicted river length ecologically
impacted by the impoundment is smaller than the impoundment length according to the National
Water Management Plan (Table 6) for discharges higher than mean flow conditions. The impounded
stretch in C.1 decreases compared to the length according to the National Water Management Plan
depending on the discharge to 460 m (Qp: reduction by 8%) and 420 m (Qy: reduction by 16%),
respectively, and disappears at high flow (Qp). Similar results can be shown for C.2 (Qr: 130 m
(reduction by 57%), Qn: 15 m (reduction by 95%) and Qp: 0 m), and C.3 (Qr: 421 m (no reduction),
Qi 115 m (reduction by 73%) and Qyg: 0 m) (Table 6). The assessment according to the saprobic index
yields better results with moderate or poor ecological status in the near-bank area, where the lowest
flow velocities occur (Figure 6b,d,f). Additionally, the influence of flow velocities on the predicted
saprobic condition of the river stretches can be seen. The evaluation of mean daily low flow up to
a one-year flood yields an increase of the good ecological status with increasing discharge as well as
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a decrease of the ecologically poor areas. Using the saprobic index, the predicted impoundment length
is zero for all reaches and discharge conditions investigated.
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Table 6. Comparison of the predicted impoundment length (m), according to the overall assessment
method, and the published length, according to the National Water Management Plan.

Case Stud Discharee Predicted Impoundment Length in National
y & Impoundment Length Water Management Plan

QL 460

Ci1 Qm 420 502
Qu 0
QL 130

C2 Qm 15 300
Qu 0
QL 421

C3 Qm 115 421
Qu 0

4. Discussion

The novel predictive HEM Impoundment Tool addresses important issues in the management
of small hydropower plants on an international scale. Sediment management for small hydropower
plants was, so far, associated with flushing [9], dredging [47], impacts of fine sediment deposition and
pollution [48], or general discussions about the sediment continuity [49]. The new evaluation approach
here, however, addresses and supports two main components in small hydropower plant design and
river development. First, a run-of-the-river (small) hydropower plant is designed to use the amount
of incoming discharge for electricity production (minus discharge rates for fish-pass and residual
flow) [50]. Thus, from this technical point of view, there is no need for impounded sections to attain
certain water depths, certain impounded water volumes, or to be designed as reservoirs in general.
The second component, which is supported in this new evaluation approach, is related to basic driving
forces in fluvial morphology, where rivers try to establish an equilibrium status (cf. [51]), depending
on eight major variables, e.g., slope, grain size, and discharge [52]. In order to achieve more river-like
conditions, sedimentation rates, however, must exceed a certain critical status before they are beneficial
for the aquatic environment. First, fine sediment deposits related to low flow velocities are more likely,
which shows negative developments concerning macro-invertebrate abundance and biomass [53].
Depending on incoming sediment fluxes (also depending on grain size), however, the impounded
sections will develop step-by-step towards an equilibrium state. This is leading to favorable conditions
for benthic organisms, as it could be presented for the three selected study sites.

In addition to the benefits for macro-invertebrates, the deposits of coarser sediment such as gravel
were also positively evaluated for yielding local scale improvements for spawning of salmonid fish
species. Salmonid rivers in Austria are considerably regulated by small hydropower facilities, which
results in potential declines of the spawning habitats of salmonids. To assess the restrictions and possible
quality of hydropower-influenced river sections for salmonid spawning, red densities of brown trout
and rainbow trout were monitored in two rivers in 2014 and 2015 [54]. The assessments of spawning
red densities enabled a discussion of different opportunities for spawning habitat enhancement of
salmonids in river sections regulated by small hydropower facilities. In conclusion, it was found that
the fill-up of the backwater sites by transported sediments or the structural modification (e.g., boulder
placement) in the tail of the backwater could improve the spawning situation in a sustainable way [54].

The evident ecological benefits for macro-invertebrates and fish based on coarse material deposits
in impounded sections, however, have to be discussed concerning technical requests of the hydropower
plant facility. Both (i) flood protection and (ii) water supply to the turbine are crucial issues, which
need to be guaranteed and maintained in terms of adaptive sediment management if needed. Adaptive
sediment management would include dredging as well as flushing and sluicing. However, based on
numerical sediment transport modelling [31,55,56], threshold conditions for both active management
and self-forming equilibrium status may be predicted and evaluated. Hence, improvement of various,



Water 2020, 12, 1045 12 of 16

small hydropower plant sites will be possible using the novel predictive HEM Impoundment Tool
even if there is only a re-classification of the risk-assessment for failing the good ecological status,
according to the EU Water Framework Directive. In the presented study, it could be shown that
16% to 95% of the impoundment length was predicted to be in a good ecological status concerning
the macro-invertebrate assessment method for mean discharge (Qp). For low flow (Qp ), however,
the ecological status predicted by the HEM Impoundment Tool corresponds to the data presented in
the National Water Management Plan in terms of the length of the impounded section. This dataset is
based on a mapping approach [57] where low-flow conditions (low water depth and turbidity) are
required to achieve the requested visibility for mapping.

Besides hydro-morphology, water chemistry is highly important for the ecological status of
a waterbody. Organic pollution, however, is only a minor issue in the river sections studied. Initial
investigations show that changes in the river type-specific nutrient cycle are of minor importance.
In particular, the quality problems described in literature due to low oxygen supply or changes in
light conditions in deep reservoirs [58-61] do not occur in dammed areas with only low water depth.
The results of the study by Ofenbock et al. [32] are based on the investigation of sensitive taxa and
suggest that the flow velocities are sufficiently high despite impoundment. The predicted good
saprobic index is also evident from the assessment in the national water management plan.

Hence, focusing on flow and hydromorphology, the question is: Is the macroinvertebrate
community driven by low-flow conditions or are mean flow conditions a better predictor for the
macro-invertebrate abundance and biomass? Thus, validation of the presented predictive modelling
approach is needed. Consequently, a research campaign was started within the Christian Doppler
Laboratory “Sediment research and management” to validate the dataset of Ofenbock et al. [32] used
for setting up the HEM Impoundment model. Moreover, besides the validation, it is targeted to
consider various geological and climatic settings in the follow-up biotic studies, as they are important
for macro-invertebrate abundance and biomass [62]. This extended dataset should contribute to
the reduction of uncertainties in relation to the application of HEM Impoundment to various river
and hydropower plant sites. Uncertainties in the presented study are given to a minor extent in the
numerical simulations due to (i) exclusion of the overbank areas, which would be slightly inundated in
some of the annual-flood modelling scenarios, and (ii) the exclusion of the flow through the turbine
intake. Thus, minor deviations in flow velocities might be present upstream of the weirs for all
tested sites.

5. Conclusions

The presented novel prediction tool HEM Impoundment aggregates observed grain sizes and
depth-averaged flow velocities resulting from a hydrodynamic simulation to perform an assessment of
the ecological status of impounded river reaches. The parameters used were shown in literature to
correlate with the abundance of benthic macroinvertebrates. Since this approach allows a detailed
analysis of the entire wetted area discretized by computation nodes, river lengths as well as areas
and area fractions are obtained, which are predicted to be ecologically affected by the impoundment.
The results for reaches influenced by hydropower structures show that the impoundment lengths
predicted to be in a moderate to bad ecological status under mean flow conditions were substantially
shorter when compared to the officially published data. During low flow conditions, the predicted
results matched the official database, which is explained by the origin of the data following a mapping
approach, which requires small water depths and flow velocities. This means, in conclusion, that
the application of the HEM Impoundment Tool allows the prediction of the ecological status of an
impounded reach for hydrodynamic conditions that are well beyond the in-situ observable range
and can be seen as complementary. However, currently, the application of the tool is restricted to
impoundments for which no issues of water chemistry exist. In order to widen the scope of the
tool in the future, additional components addressing these environmental properties can be added.
Combined with a sediment transport and morphodynamics model, the ecological assessment of
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sediment management strategies at hydropower plant sites is a promising future application of
HEM Impoundment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/4/1045/s1,
Figure S1: Correlation grain size dsp—flow velocity.
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