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Abstract

The hydrological regime of many alpine rivers is heavily altered due hydroelectric

power generation. Hydropeaking operation produces frequent and irregular discharge

fluctuations. Depending on the operational changes of flow amplitude and/or up-

ramping rate as well as on river morphology, hydropeaking can lead to quick and

strong variations in hydraulic stress affecting stream invertebrates and causing

increased drift. In the present flume experimental study, we analyzed trait-specific

drift reactions to single and combined effects of increased flow amplitude and up-

ramping rate. We analyzed taxa according to their hydraulic habitat preference and

flow exposure, as these traits seem to be indicative toward hydropeaking. The results

show that the sudden increase in discharge and related flow velocity led to increased

macroinvertebrate drift proportions in hydropeaking treatments, which differed sig-

nificantly to parallel control runs (mean drift proportion in all hydropeaking setups:

13% compared to 5% in controls). Increasing flow amplitudes led to an increase in

drift for most taxa and traits. This was particularly significant for taxa associated with

lentic areas. The effect of the up-ramping rate on macroinvertebrate drift was nonsig-

nificant but showed strong interactive effects with the flow amplitude, especially for

taxa dwelling on the substrate surface. Our results therefore indicate that discharge-

related parameters, such as flow velocity, primarily affect macroinvertebrate drift and

the importance of the up-ramping rate increases, if certain discharge-related thresh-

olds are exceeded. Vice versa, a reduction of the up-ramping rate at hydropeaking

events with high flow amplitudes may reduce the effect on macroinvertebrate drift.

Flow-exposed (surface) and flow-sensitive (lentic) taxa showed distinct drift reactions

following hydropeaking treatments, which were significantly higher compared to

effects on taxa associated to lotic and interstital habitats. Therefore, we conclude

that both traits (hydraulic and vertical habitat preference) have proven as promising

for analyzing hydropeaking effects. The trait classifications should be extended to a

higher number of taxa and to different life stages as these may show different drift

patterns.
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1 | INTRODUCTION

Flow acts as a driving force determining physical habitats and the

associated biotic composition within riverine ecosystems (Bunn &

Arthington, 2002) because stream organisms have evolved behavioral

and morphological traits as well as life history strategies in direct

response to natural flow regimes and extreme flows (Arthington,

Bunn, Poff, & Naiman, 2006; Lake, 2000; Poff et al., 1997). Many

Alpine rivers are found to be subject to significant alterations of the

flow regime due to hydroelectric power generation. Storage hydro-

power plants use the potential energy of water stored at high eleva-

tions for rapid electricity production on demand, to provide grid

stability by supplementing unsteady power production from solar and

wind power plants. This operational mode produces frequent and

irregular discharge fluctuations, referred to as “hydropeaking”
(HP) (Bratrich et al., 2004; Bretschko & Moog, 1990; Bruno, Siviglia,

Carolli, & Maiolini, 2013). Generally, HP events are characterized by

three distinct phases of 1) an increase in discharge, 2) a flow peak, and

3) a flow decrease (Greimel et al., 2016). Alterations induced by HP

include sudden modifications of the wetted width, water depth, flow

velocity, and bottom shear stress. Additionally, hydropeaking can lead

to an altered thermal regime as well as to changes in the sediment

dynamics (Baumann & Klaus, 2003; Hauer, Holzapfel, Leitner, &

Graf, 2017; Schmutz et al., 2015; Zolezzi, Siviglia, Toffolon, &

Maiolini, 2011).

Jones (2014) suggests that flow management focusing on

avoiding thresholds that limit productivity and decrease biodiversity

in HP affected rivers (“ecopeaking”) may support ecological function-

ing, while hydroelectrical energy production and flexibility are not or

only partly restricted. For this purpose, it is required to gain profound

knowledge on environmental flows and their direct link to effects on

biological indicators such as macroinvertebrates (Ramos, Formigo, &

Maia, 2018).

Several HP-related parameters have found to trigger benthic inver-

tebrate drift, stranding, or changes in community composition

(e.g., Smokorowski, 2021). Main hydraulic characteristics for the

description of HP patterns are: (1) the mean and maximum flow fluctu-

ation rate (i.e., the rapidity of flow increase and decrease), (2) the flow

amplitude (Qmax�Qmin), (3) the flow ratio (Qmax/Qmin), and (4) the dura-

tion of the event (Greimel et al., 2018). Further, (5) the frequency,

(6) periodicity, and (7) timing of HP constitute essential aspects in the

ecological assessment of HP impacts (Kjaerstad, Arnekleiv, Speed, &

Herland, 2018; Meile, Boillat, & Schleiss, a. J., 2011; Puffer et al., 2015).

An increasing body of literature on HP -induced effects on

aquatic macroinvertebrates has been compiled in the recent years.

Many of these studies have observed community patterns of affected

river stretches, such as macroinvertebrate density, diversity, and

population structure. Hydromorphological habitat alteration due to

HP is reported to lead to a reduction in biomass as well as a decrease

of flow-sensitive and support of flow-tolerant taxa (Bretschko &

Moog, 1990; Cushman, 1985; Kjaerstad et al., 2018; Leitner, Hauer, &

Graf, 2017; Mihalicz, Jardine, Baulch, & Phillips, 2019). Organism drift

induced during flow increase due to high hydraulic stress leads to low

macroinvertebrate abundance below dams (Elgueta et al., 2021;

Gibbins, Batalla, & Vericat, 2010; Lauters, Lavandier, Lim, Sabaton, &

Belaud, 1996; Timusk, Smokorowski, & Jones, 2016). If the animals

are forced to enter the drift unintentionally by dislodgement, it is

referred to as “passive” or “involuntary drift” (Brittain &

Eikeland, 1988; Gibbins, Vericat, & Batalla, 2007; Waters, 1972).

While “behavioral” or “active” drift is mostly triggered by biotic fac-

tors, such as predatory pressure or food availability, passive drift is

caused by physical disturbance (Brittain & Eikeland, 1988;

Minckley, 1964; Naman, Rosenfeld, & Richardson, 2016). Depending

on the flow amplitude as well as on the river morphology, HP can lead

to a strong increase in discharge-related parameters (e.g., flow veloc-

ity, water depth) and hydraulic stress acting on the organisms. With

increasing discharge, the organisms must invest increasing energy to

avoid passive drift. In consequence, a strong link between these

parameters and macroinvertebrate drift has been described in numer-

ous studies (Brooker & Hemsworth, 1978; Elliott, 1967; Gibbins

et al., 2007; Miller & Judson, 2014; Poff, DeCino, & Ward, 1991;

Timusk et al., 2016).

Even though rarely quantified, the up-ramping rate (i.e., the rapid-

ity of flow increase) is regarded as an additional parameter determin-

ing the effect of HP on macroinvertebrate drift. Fast flow increases

lead to limited time for organisms to seek shelter and hence increases

the risk of drift (Bruder, Tonolla, & Schweizer, 2016; Gabbud, Bakker,

Clémençon, & Lane, 2019; Kjaerstad et al., 2018; Parasiewicz,

Schmutz, & Moog, 1998; Schülting, Feld, Zeiringer, Huđek, &

Graf, 2018; Smokorowski, 2010; Timusk et al., 2016; Tonolla, Bruder,

Schweizer, & Barcelo, 2017).

Macroinvertebrate taxa and life stages show differing sensitivity

to HP in terms of propensity to drift. The lateral and vertical distribu-

tion of taxa within a river section can provide indications about the

flow tolerance of taxa and their hydraulic habitat preference. Flow

exposed taxa (i.e., associated to substrate surface located in high-flow

areas like the middle of the stream) have adaptations to resist high

flow velocities. Specific taxa can withstand different flow velocity

thresholds and exposure time to increased discharge (Oldmeadow,

Lancaster, & Rice, 2010; Statzner & Holm, 1989; Waringer, 1989),

suggesting that ecological and behavioral traits (e.g., presence of

claws/hooks, body shape,. the ability to quickly crawl into the inter-

stices, etc.) affect drift responses to rapid discharge changes (Timusk

et al., 2016).
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Several studies suggest that biotic assessment of flow alterations

is most effective when based on trait-specific sensitivity (Kjaerstad

et al., 2018; Rader, 1997; Timusk et al., 2016; Tupinambás, Cortes,

Hughes, Varandas, & Callisto, 2016). To address existing knowledge

gaps regarding HP impact and assessment, we analyzed trait-specific

drift reactions to single and combined effects of flow amplitude and

up-ramping rate. We classified taxa according to their distribution

along lateral transects (from lentic habitats on the river margin to lotic

habitats in the stream center) and their vertical distribution (association

to the interstices or substrate surface, indicating the flow exposure of

taxa as well as the preference and adaptation to flow) as these features

seem strongly relevant in terms of HP sensitivity and propensity of

macroinvertebrates to drift (Kjaerstad et al., 2018; Naman et al., 2016).

Quantifying the effects of above mentioned hydraulic parameters

in situ is challenging due to the variation in local characteristic and

interacting external influences on biota (Hayes et al., 2019; Melcher

et al., 2017; Pearce et al., 2019). Flume setups are common

approaches to disentangle and quantify effects from multiple vari-

ables, since these allow precise control of the setting and a reduction

of confounding factors (Bruno, Cashman, Maiolini, Biffi, &

Zolezzi, 2016; Carolli, Bruno, Siviglia, & Maiolini, 2011; Imbert &

Perry, 2000). To test the short-term reactions of macroinvertebrate

assemblages at HP unaffected streams, we therefore used an experi-

mental setup in artificial flumes, with macroinvertebrate drift as

response variable (see also Schülting et al., 2018; Schülting, Feld, &

Graf, 2016). We hypothesized that HP -induced macroinvertebrate

drift will increase with increasing flow-amplitudes and up-ramping

rates. Further, we expected stronger drift responses for taxa associ-

ated to the substrate surface and low adaptation to flow.

2 | MATERIAL AND METHODS

2.1 | Sampling of donor populations

Donor populations were sampled at the Bodingbach (Strahler order 4),

a meta- to hyporhithral brook near the facility. This hydro-

morphologically near-natural stream is located in the Northern Lime-

stone Alps and drains into the Ois River (BMLFUW, 2007; Fink,

Moog, & Wimmer, 2000). Macroinvertebrate samples were taken

before each experimental run, using a hand net (25 � 25 cm frame

size, 500 μm mesh size). To include taxa with different traits, we took

four single samples (each covering an area of 25 � 25 cm) along a

transversal transect from the margin to the in-stream area. The four

single samples were pooled in a closable bucket. For each experimen-

tal run, this procedure was repeated six times to collect the test

organisms for six flumes.

2.2 | Experimental facility

The experiments were conducted in 2017 from 19th of March to

25th of April at the “Hydromorphological and Temperature Experi-

mental Channels” (HyTEC) in Lower Austria. The HyTEC experimental

facility is located approximately 600 m downstream of Lake Lunz

(600 m.a.s.l.) and is fed with nutrient-poor lake water from 0.75 and

10 m depth. The water is pumped into two separate basins in which

the lake water from both depths is mixed.

Discharge and ramping rates can be programmed for each pipe

with a control unit (Siemens Simatic S7-300), measured with ultra-

sonic sensors (Rittmeyer RISONIC 2000, Sensor Typ A) and automati-

cally adjusted via electrically controlled pipe gate valves. The

manipulation can be adjusted separately for each mixing basin to

allow for conducting simultaneous control runs. Downstream the

experimental facility, the water is released into the outflow of the

lake. For further technical details, please refer to Auer, Fohler,

Zeiringer, and Führer (2014); Auer, Zeiringer, Führer, Tonolla, and

Schmutz (2017). The outflow of each basin is represented by three

flumes (i.e., steel construction with plywood, acrylic sheets as side,

and ground elements), which were installed in parallel (Figure 1).

Please also see Schülting et al. (2016, 2018). Since the control unit

allows controlling the hydrological setting within the mixing basins

but not in the flumes directly, flow velocities, depths, and speed of

the water level changes had to be measured for different discharge

and ramping setups in each flume to guarantee equal conditions for

each flume. To achieve comparable thermal conditions between

experiments and sampling location, the lake water was mixed with

50% epilimnic and 50% hypolimnic lake water. Water temperature

mean deviation between the Bodingbach and the experimental facility

was 1.1�C ± 0.8.

F IGURE 1 Schematic overview of the experimental setup.
(a) Pipelines taking water from the deep and upper layer of Lake Lunz
indicated by dark and light blue colour, (b) diversion into separate
pipes, (c) mixing basins, (d) flumes (D1 and D3: buffer zones, D2:
experimental area), and (e) exchangeable drift net [Color figure can be
viewed at wileyonlinelibrary.com]
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Each flume has a width of 0.5 m and a length of 3 m. The bottom

of each flume was covered with an approximately 15 cm thick sedi-

ment layer collected from the nearby River Ybbs (30% akal, 60%

micro- and 10% mesolithal). Exchangeable drift nets with a mesh size

of 500 μm were installed at the outlets of the flumes. See Schülting

et al. (2016) and Schülting et al. (2018) for more details.

2.3 | Experimental setups to quantify the effects
of flow amplitude and up-ramping rate

In total, 15 different HP treatments were tested, consisting each of a

combination of a specific discharge and up-ramping setup (Figure 1).

HP treatments were chosen following an extensive literature research

(e.g., Hauer et al., 2017; Lauters et al., 1996; Miller & Judson, 2014;

Moog, 1993; Munn & Brusven, 1991; Parasiewicz et al., 1998;

Perry & Perry, 1986; Valentin, Wasson, & Philippe, 1995). The most

common discharge ratios (between base flow and peak flow) reported

in HP field studies were between 1:2 and 1:12. Thus, for the setup of

the flume experiments discharge ratios of (Qmin/Qmax) 1:3, 1:8, and

1:11 were chosen, corresponding to base flow of 5 L/s and the peak

discharges Q1: 15 L/s, Q2: 40 L/s, Q3: 55 L/s in each flume. Ramping

rates are usually reported as flow related measures (e.g., [m3/s]/min);

however, these information are ecologically less relevant and not very

useful for installing experimental simulations, in comparison to stage-

metrics such as change in water level per time unit (Greimel et al., in

review). To estimate a realistic range of up-ramping rates for the

flume experimental setup, we therefore used unpublished modeling

data (SuREmma project report in German: Greimel et al., 2017; see

also Hauer et al., 2017). Based on these, five different up-ramping

rates were chosen (UP1: 0.3 cm/min, UP2: 0.6 cm/min, UP3:

1 cm/min, UP4: 2 cm/min, UP5: 5 cm/min). The down-ramping rate

was programmed to be always 0.3 cm/min as fish stranding risk seems

to be reduced below this value (Hayes et al., 2019; Tonolla

et al., 2016), and data for benthic invertebrates regarding stranding

are largely missing.

At each experimental run, three flumes (mixing basin 1) served as

treatment and the other three flumes (mixing basin 2) as control. Each

experimental treatment was repeated twice, whereby HP and control

channels were exchanged, thus resulting in six experimental units for

each treatment setup and six corresponding controls. In total,

30 experimental runs and 90 experimental treatment units as well as

90 control units (15 treatment setups � 3 flumes � 2 runs and

15 corresponding control setups � 3 flumes � 2 runs). Detailed infor-

mation about the experimental setups and single runs is listed in

Table S1. Simultaneous control runs were conducted with constant

F IGURE 2 Experimental treatment setups and IDs (composed of UP 1–5: up-ramping rate setup and Q 1–3: peak discharge setup), Q:
Discharge (l/s), D: duration in minutes (adaptation period to end of down-ramping). Controls consisted of constant discharge of 5 L/s and the
same timeline as each corresponding treatment
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base flow of 5 L/s, using the same timeline as the corresponding

treatments.

For inoculation, the flumes were closed, so that stagnant flow

conditions were achieved. The six buckets containing the

macroinvertebrate samples collected in the brook were then randomly

distributed between the flumes and then carefully introduced manu-

ally. Organic substrate within the samples was removed. After the

inoculation, the flow was re-established with a base flow of 5 L/s for

60 minutes to enable an adaptation of the animals. The adaptation

time of 60 min was selected based on preliminary experiments that

showed a drift decreased during the first 20 minutes after the intro-

duction of the animals into the flume and was followed by a constant,

low drift.

For HP experiments, the discharge was gradually increased (up-

ramping phase) until the peak flow was reached (peak flow phase).

Peak flow was maintained for 20 min after which the discharge was

reduced again to base flow (down-ramping phase). The drift nets were

emptied into separate sampling containers after each phase. During

peak flow the nets were emptied twice, each after 10 minutes. Drift in

the parallel control runs was collected simultaneously to the drift col-

lected during treatments. At the end of each experiment, the substrate

was turned over to the bottom of each flume manually at high flow to

wash out the remaining animals. Possibly, a very low and negligible

number of single individuals may have been missed after each run;

however since the cleaning treatment was always the same, the bias

should be constant throughout the experiments. After the experiments,

the samples were fixed with formaldehyde (final concentration 4%).

Besides the constant inflow measurement in the pipes (see

above), flow velocity and water depth (h) were measured separately

before the drift experiments, for each discharge setup and in each

flume. Thereby, experiments were not disturbed. Flow velocity was

measured using a micro propeller (Höntzsch FT25GFE-MN20/100/

P6; average over 30 sec) at approximately 40% water depth (mea-

sured from the sediment surface; v40) and near (2 cm above) the sedi-

ment surface (v0). All measurements were taken at nine points

distributed equally in the experimental area of the flumes. Table 1

reports measured and calculated discharge-related parameters for all

three discharge setups and the control.

All samples were taken to the laboratory for identification. The

samples were identified (following Glöer et al., 1994; Tachet, Richoux,

Bournaud, & Usseglio-Polatera, 2000; Bauernfeind & Humpesch, 2001;

Waringer & Graf, 2011), sorted, and counted in the laboratory. The

taxonomic level of identification was based on Ofenböck, Moog,

Hartmann, Stubauer, and Leitner (2018). Ephemeroptera, Plecoptera,

and Trichoptera were identified to the lowest possible level. Most

other groups were identified to family level. The different systematic

units were then counted.

2.4 | Response variable and statistical analyses

Drift proportions were calculated to express the short-term response

of macroinvertebrates to HP, representing the number of drifted

specimens divided by the total number of specimens in each flume.

The drift proportions were calculated for each experimental unit for

all specimens, on trait level and for selected taxa.

drift proportion :
S URð ÞþS Pð ÞþS DRð Þ

S URð ÞþS Pð ÞþS DRð ÞþS not driftedð Þ

S: sum of specimens, UR: upramping, P: peak, DR: downramping.

Statistical and graphical analyses were conducted using R version

3.6.2. We tested for normality and variance homogeneity using the

Shapiro–Wilk test (Shapiro & Wilk, 1965) and Levene's test

(Levene, 1960), respectively. Since assumptions for parametric tests

such as t-test or ANOVA were not met for all data, the nonparametric

Mann–Whitney U and Kruskal–Wallis tests with a level of significance

of 0.05 was performed for testing differences between the experi-

mental setups.

To identify interactive effects between the up-ramping rate and

flow amplitude, we additionally computed Bayes factors for all main

effects and interaction contrasts in an ANOVA design. The resulting

Bayes Factors (BF) calculated for the different models were inter-

preted based on Kass and Raftery (1995). Hedges' g was calculated to

interpret and discuss the different treatment effects for the selected

taxa (Hedges, 1981). Hedges' g is a measure of effect size and indi-

cates the way in which an experimental group differs from a control

group.

2.5 | Trait classifications of taxa

Two different trait categories were analyzed in the present study:

(1) The association of taxa to lentic versus lotic habitats (i.e., hydraulic

TABLE 1 Mean and standard
deviation (SD) of hydrological/hydraulic
parameters measured or calculated for
each discharge setup (Q1, Q2, and Q3)
and controls

Controls Q1 Q2 Q3

Peak discharge (l/s) 5 15 40 55

Discharge ratio 1:1 1:3 1:8 1:11

Amplitude (Δh in cm) 0.0 3.8 7.8 9.4

h at peak flow (cm) 6.72 ± 1.55 10.50 ± 1.18 14.47 ± 1.17 16.13 ± 1.76

v0 at peak flow (m/s) 0.09 ± 0.06 0.27 ± 0.08 0.46 ± 0.15 0.54 ± 0.13

v40 at peak flow (m/s) 0.13 ± 0.05 0.41 ± 0.06 0.73 ± 0.12 0.84 ± 0.12

Mean shear stressa (N/m2) 0.07 ± 0.07 0.51 ± 0.28 1.48 ± 0.93 1.95 ± 1.01

aThe shear stress was calculated using an empirical approach according to Whiting and Dietrich (1990).
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habitat preference) represents the taxa-specific adaptation to flow

velocity. Taxa inhabiting habitat patches characterized by high current

own behavioral or morphological adaptations to exploit habitats in

high hydraulic stress, whereas taxa inhabiting lentic areas lack those

adaptations (Statzner & Holm, 1989). (2) The association of taxa to

interstitial or surface habitats (i.e., vertical habitat preference) repre-

sents the individual exposure to flow and therefore the likelihood of

being affected by substrate-near hydraulic forces (Rader, 1997).

2.5.1 | Hydraulic habitat preference

For the classification of taxon-specific preferences for lentic or lotic

habitats, 28 single samples were taken from Bodingbach along seven

transects from the shore to the middle of the stream. Flow velocities

(v0, v40) and water depth were measured at each sampling point.

The distinction between lentic and lotic habitats was carried out

using a decision tree based on the recorded flow velocities and water

depth as well as the distribution of two antagonistic taxa Allogamus

auricollis and Rhithrogena sp., respectively. A. auricollis is known to pre-

fer low-flow shore habitats (Waringer, 1989), while typical habitats of

Rhithrogena-species are characterized by faster flow velocities

(Céréghino, Legalle, & Lavandier, 2004; Schmedtje & Colling, 1996).

Additionally, a principal component analysis (PCA) was conducted to

identify and visualize respective community patterns. Based on the

results of the regression tree, the PCA and the distribution of flow

velocity values, each sampling location and the associated taxon was

then assigned to the classes “lentic” or “lotic.”
Each taxon that occurred with a relative abundance ≥70% in len-

tic or lotic habitats was associated to the respective group. To identify

statistically significant associations of taxa to a group, we further per-

formed a multilevel pattern analysis (i.e., Indicator Species Analysis)

based on the Indicator Value Index (Dufrêne & Legendre, 1997).

2.6 | Vertical habitat preference

To indicate the flow exposure of present taxa, the animals were classi-

fied according to their association to “interstitial” or “surface” habi-

tats. The vertical habitat preference was classified based on expert

knowledge (RHEOPHYLAX working group, 2021). Taxa and trait clas-

sification are listed in Table S2.

3 | RESULTS

3.1 | Donor populations and adaptation period

In total, 89 taxa and 70,166 specimens were collected and used within

the experimental approach. The number of specimens per experiment

ranged from 137 to 776. To account for that bias, we consistently

used drift proportions as a response variable for all analyses. Details

on the total abundances as well the community structure within each

experimental setup are listed in Figures S1 and S2.

During the adaption period, minor drift proportion variations

among some taxa were observed, yet all differences between control

and HP flumes were not significant. Particularly high drift proportions

were observed for Baetidae and Elmidae in the adaptation period. In

contrast, Leptophlebiidae showed almost no drift during the adaption

period.

3.2 | General and taxa-specific drift responses
following hydropeaking treatments

Sudden increase in discharge, shear stress, water depth, and flow

velocity (Table 1) following HP treatments significantly increased

(p < 0.01) the macroinvertebrate drift proportions (0.13 ± 0.7) by a

factor of 2.6 compared to parallel control runs (0.05 ± 0.02), which

further significantly differed between discharge setups (p < 0.05;

Figure 3, left).

In the controls, mean drift proportions did not exceed 0.06 (Q1:

0.04 ± 0.03; Q2: 0.06 ± 0.02; Q3: 0.04 ± 0.02). In the HP treatments,

mean drift proportions showed an increasing trend from low to high

discharge setups (Q1: 0.07 ± 0.03; Q2: 0.14 ± 0.07; Q3: 0.17 ± 0.06).

Drift proportions at Q2 were significantly higher than Q1 and drift

proportions at Q3 were also significantly higher compared to Q2 (both

p < 0.01). Differences between drift during Q2 and Q3 were

nonsignificant.

Significant differences between the up-ramping setups were only

evident at experimental runs with high peak discharges (Q3; Figure 3;

Table 1). At discharge treatment Q3 up-ramping rates >1 cm/min

showed mean drift proportions of 0.22 ± 0.06, whereas drift propor-

tions at up-ramping rates ≤1 cm/min were 36% lower (0.14 ± 0.04;

p < 0.01). In the other discharge treatment groups, the differences

between different up-ramping groups were not significant.

TABLE 2 Trait-specific drift
responses (mean, standard deviation,
minimum and maximum drift proportions)
to hydropeaking simulations compared to
controls

Mean Sd. Min. Max.

Control Vertical habitat preference Interstitial 0.03 0.03 0.00 0.14

Surface 0.05 0.03 0.00 0.15

Hydraulic habitat preference Lentic 0.05 0.03 0.00 0.15

Lotic 0.06 0.05 0.00 0.26

HP Vertical habitat preference Interstitial 0.06 0.05 0.00 0.24

Surface 0.13 0.07 0.02 0.33

Hydraulic habitat preference Lentic 0.14 0.09 0.00 0.42

Lotic 0.10 0.06 0.02 0.23
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At the highest discharge treatment (Q3), the drift proportions

showed an increasing trend from the lowest (0.3 cm/min) to the

highest (5 cm/min) up-ramping rate (Figure 3, right). However, despite

the minor tendency at up-ramping rates of ≤1 cm/s (Q3_UP1 to

Q3_UP3), no differences of the cumulated drift proportions were evi-

dent at any stage, whereas up-ramping rates faster than 1 cm/min

(UP4 and UP5) resulted in significantly higher cumulated drift propor-

tions. Significant differences of cumulated drift proportions were

found between UP1 and UP2 compared to UP4 and UP5 (p < 0.05),

and drift during UP3 differed significantly from UP5 (p < 0.01).

Highest drift proportions were measured during the flow increase

(i.e., up-ramping phase) and during the first 10 minutes of the peak in

all setups. Differences between drift in the different up-ramping

setups became evident during the peak, while after the up-ramping

phase the drift proportions were still similar between all setups

(Figure 3, right).

Drift proportions in HP treatments varied widely among selected

taxa, yet all significantly exceeded those of the corresponding controls

(p < 0.01), except for Gammarus fossarum (Crustacea) and Hydraena

sp. Adults (ad) (Coleoptera), which showed no significant differences

F IGURE 4 Effect sizes compared
between the different discharge setup
for most common taxa in the dataset.
Dotted lines separate small effects
(0.2–0.5), medium effects (0.5–0.8)
and large effects (>0.8). Negative
values indicate that drift was higher in
the controls. Left: Differences
between discharge setups; right:
Differences between up-ramping
setup during the highest discharge

setup Q3 [Color figure can be viewed
at wileyonlinelibrary.com]

F IGURE 3 Drift proportions displayed for hydropeaking treatments (see Figure 2) and controls, split between discharge treatments and up-
ramping rates (grouped: ≤1 cm/min; >1 cm/min); right: mean cumulated drift proportions calculated for each phase during the experiment for the
discharge treatment Q3 (mean values and error bars are indicated for each phase from up-ramping, first peak phase, second peak phase, and
down-ramping), split between all up-ramping treatment groups (UP1 – UP 5) [Color figure can be viewed at wileyonlinelibrary.com]
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between treatment and control runs. Comparably low responses were

evident for Leuctra sp. (Plecoptera) and Oligochaeta (Figure 4, left).

Large effects were recorded for Chironomidae, Allogamus auricollis

(Trichoptera), Elmidae (Coleoptera), and by Nemoura/Nemurella pictetii

(Plecoptera). Most taxa only showed small treatment effects at Q1,

like Baetis rhodani and Elmidae, whereas at Q2 and Q3 for most taxa,

a medium to large treatment effect was evident (Figure 4, left). Within

discharge setup Q3, most taxa showed higher drift response during

fast up-ramping (UP4 and UP5) except for Hydropsyche

sp. (Trichoptera), Leuctra sp., and Nemoura sp./Nemurella pictetii,

which showed opposite patterns (Figure 4, right). More detailed infor-

mation on taxa-specific drift is provided in Table S2.

3.3 | Trait-specific responses

3.3.1 | Classification of taxa according to their
hydraulic habitat preference

The results of the decision tree, based on Rhithrogena sp. and A.

auricollis abundance as well as v0, v40 and water depth (h) as indepen-

dent variables, identified the v40 as pivotal variable and show a clear

distinction between both taxa at 0.24 m/s (Figure 5).

As additional validation of these results, a PCA analysis was per-

formed based on the entire benthic communities and flow velocities

from each sample (Figure 6, left). Based on these results, sampling

locations 1 and 2 were classified as “lentic” and sampling locations

3 and 4 as “lotic.” All tested abiotic parameters (v0, v40, h) show signif-

icant differences between both groups, whereby v40 shows the stron-

gest discrimination (Figure 6, right).

Taxa that occurred in lentic or lotic samples with relative abun-

dances of more than 70% were classified accordingly. 19 taxa were

identified as associated to lentic habitats, and 29 taxa were associated

to lotic habitats. All taxa and trait classifications are listed in Table S2.

Additionally, an indicator species analysis was performed by which

21 taxa with significant association to one of the groups (lentic or

lotic) were identified. Taxa with significant association to lentic habi-

tats were Leptophlebiidae, Allogamus auricollis, Halesus sp.,

Habrophlebia lauta, Ephemerella mucronata, Ephemera danica, Pisidium

sp., Radix sp., and Oreodytes sanmarkii ad., whereas taxa significantly

F IGURE 5 Decision tree based on the recorded flow velocities
and water depth as well as the distribution of two antagonistic taxa
Allogamus auricollis and Rhithrogena sp [Color figure can be viewed
at wileyonlinelibrary.com]

F IGURE 6 Principal component analysis (PCA) showing similarity of taxa composition between the different transect sampling points, where
sample location 1 is closest to the shore and sample location 4 is in the middle of the stream. Taxa that have not been displayed in the graph for
visual reason are marked as “+.” Right: Box- and dot plots displaying the measured values of abiotic variables (v40, v0, h) at the different sampling
locations compared between lentic (zone 1 and 2) and lotic (zone 3 and 4) habitats [Color figure can be viewed at wileyonlinelibrary.com]
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associated to lotic habitats were Rhyacophila s.str.sp., Hydropsyche sp.,

Hydropsyche tenuis, Baetis sp., Baetis lutheri, Baetis alpinus, Epeorus sp.,

Rhithrogena semicolorata, Protonemura sp., Hydraena sp. ad., Ibisia mar-

ginata, and Simuliidae Gen. sp.

3.3.2 | Trait-specific drift responses following
hydropeaking treatments

Trait specific mean drift proportions in the HP treatments ranged

from 0.06 to 0.14. All trait groups showed significantly higher drift

proportions in HP treatments compared to controls (all with p < 0.01).

Significant differences were evident between lentic and lotic, as well

as between surface and interstitial taxa (p < 0.01). Lowest drift

responses were recorded for interstitial followed by lotic taxa. Surface

and lentic taxa showed highest drift proportions under HP. Lentic taxa

showed a 2.8 times higher maximum drift proportion (0.42) compared

to in the controls (0.15). Maximum drift proportion of surface taxa

was 2.2 times higher (0.33) than in the controls (0.15). Maximum drift

of lotic taxa was similar in controls and treatments (Table 2).

The strongest reaction to increasing peak discharge was found

for lentic (Q1: μ = 0.05 ± 0.03; Q2: μ = 0.15 ± 0.08; Q3: μ = 0.2

± 0.09) and surface (Q1: μ = 0.07 ± 0.03; Q2: μ = 0.15 ± 0.05; Q3:

μ = 0.16 ± 0.07) taxa. Drift responses of taxa associated to interstitial

(Q1: μ = 0.04 ± 0.03; Q2: μ = 0.07 ± 0.06; Q3: μ = 0.07 ± 0.04) and

lotic (Q1: μ = 0.08 ± 0.05; Q2: μ = 0.11 ± 0.06; Q3: μ = 0.1 ± 0.06)

habitat areas showed comparably weak drift responses to increasing

peak discharge. Except for lotic taxa, all observed traits showed signif-

icantly different drift responses to HP treatments with different dis-

charge setups. For almost all traits, the observed differences were

significant between Q1 and Q2 (lentic: p < 0.01; interstitial: p < 0.05;

surface: p > 0.01) and Q1 versus Q3 (lentic: p < 0.01; interstitial:

p < 0.01; surface: p > 0.01). Only for surface taxa significant differ-

ences were found between Q2 and Q3 (p < 0.05).

At discharge setup Q3, higher up-ramping rates (>1 cm/min.) led

to significantly higher drift proportions in HP treatments for surface

(p < 0.01) and lentic (p < 0.01) taxa (Figure 7). Strongest differences

were found for surface taxa with mean drift proportions of 0.22

(±0.06) at up-ramping rates >1 cm/min compared to 0.13 (±0.05) for

up-ramping rates ≤1 cm/min. A similar but nonsignificant trend was

observed for interstitial and lotic taxa.

3.3.3 | Interactive effects between flow amplitude
and up-ramping rate

The combined effect of the amplitude (or peak discharge) and up-

ramping rate including the interaction term best described drift pat-

terns for all taxa combined as well as for surface taxa and taxa that

were classified as both “surface + lentic.” The model including peak

discharge alone performed best for all other traits and traits combina-

tions, with especially strong effects (high Bayes factor) for lentic taxa.

The up-ramping rate alone never showed a clear evidence for effects

(Table 3).

3.4 | Discussion

3.5 | General and taxa-specific drift responses
following hydropeaking

Several authors have already stated that passive drift following sud-

den discharge increases is one of the main causes for reduced abun-

dance and biomass of macroinvertebrates in rivers affected by HP

(Brittain & Eikeland, 1988; Céréghino, Cugny, & Lavandier, 2002; Cér-

éghino & Lavandier, 1998; Moog, 1993). The results of this study

F IGURE 7 Boxplots showing drift proportions for taxa associated to interstitial and surface habitats (a) and for taxa associated to lentic and
lotic habitats (b) in the different experimental setups. Data are split between discharge treatments and up-ramping velocities (for graphical
reasons grouped: ≤1 cm/min; >1 cm/min) [Color figure can be viewed at wileyonlinelibrary.com]
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strongly support this statement. Our data provide evidence that

higher hydraulic stress linked to increased discharge triggers

macroinvertebrate drift (mean drift proportion in all HP setups: 13%

compared to 5% in controls). In field studies, source populations are

not defined as in our study, thus different drift measures, such as the

drift density are commonly used (Castro, Hughes, & Callisto, 2013;

Timusk et al., 2016). Therefore, it is difficult to directly relate the

values of this study to field observations; however, Tonolla et al. (in

review) have found macroinvertebrate drift to increase two- to three-

fold during HP, which corresponds to our results. Timusk et al. (2016),

Moog (1993) and White and Wade (1980) have also found similar and

even higher drift proportions. Another challenge in comparing specific

drift values between this experimental study and findings from field

studies relate to the source populations. All specimens in the flume

experiments were taken from an unaffected brook, while the

populations in established HP stretches are adapted to river-specific

HP and morphological conditions.

Our findings showed particularly high drift proportions for

Limnephilidae (mainly Allogamus auricollis) and Chironomidae

(Figure 4). Allogamus auricollis is known to depend on lentic habitats

(Waringer, 1989) that shows decreased abundance of in HP-impacted

river stretches (Graf et al., 2013). This taxon might therefore be partic-

ularly vulnerable to further expansion of HP operation. For Chirono-

mid larvae, analog results can be found in literature (e.g., Aksamit,

Carolli, Vanzo, Weber, & Schmid, 2021; Kennedy et al., 2014;

Kjaerstad et al., 2018) but also contrasting findings have already been

published (e.g., Mihalicz et al., 2019; Moog, 1993). Even though highly

significant in our study, the results regarding Chironomids are difficult

to interpret since this group consists of many differently specialized

taxa, which renders generalizations about this family impractical. Nev-

ertheless, our study shows that HP—at least in this particular setup—

has an impact on Chironomid species. Considering their abundant and

wide distribution, future studies should therefore put more attention

on this family to allow tangible statements at the species level. Addi-

tionally, considerably high drift was also observed for Asellus

aquaticus, Micrasema minimum, Polycentropodidae, and Elmis sp. (-

Table S2). Leptophlebiidae and Leuctridae showed generally low drift

responses (Figure 4). They are associated with interstices (Graf

et al., 2013) where the effect of increased hydraulic forces

(e.g., bottom shear stress and flow velocity) remains low, even during

peak events. This is commensurate with different field studies, where

abundance of Leuctra sp. was not affected by HP (De Jalon, Sanchez, &

Camargo, 1994; Graf et al., 2013; Moog, 1993).

Interestingly, both adults and larvae of specific genera of the fam-

ily Elmidae (mostly Esolus sp. and Limnius sp.) drifted in low numbers

following HP compared to the genus Elmis. This further emphasizes

the importance of a high identification level. Further, the larval stage

and individual size may additionally affect drift responses, with a ten-

dency of younger instars showing larger drift responses (Poff

et al., 1991; Schülting et al., 2016; Waringer, 1989). For Ephemerella

mucronata, for instance, quite low drift responses to HP (8.4%) were

observed, whereas E. major drifted in high quantities (26.7%) possibly

because E. major donor populations consisted of much smaller speci-

mens compared to E. mucronata.

To our knowledge, many aspects regarding the consequences of

HP-induced macroinvertebrate drift, especially size-dependency, drift

distance of taxa, and mortality could not be revealed by previous nor

by our study. Future studies should emphasize the role of the drift

and drift composition for the depletion of the benthic community in

affected rivers.

3.6 | Trait-specific drift responses following
hydropeaking

The trait classifications in this study (vertical habitat preference and

hydraulic habitat preference) aimed to express the preference and

adaptation to flow. Results of the trait-specific analyses showed that

especially taxa preferring lentic conditions as well as taxa associated

to the substrate surface, such as Allogamus auricollis, Halesus sp.,

TABLE 3 Based on a bayes factor (BF) analysis in an analysis of variance (ANOVA) design the table lists the BFs for the models explaining the
macroinvertebrate drift response, presented for each examined trait and for all taxa combined. Included model terms were the peak discharge
(“Disch”), the up-ramping rate (“Upr.”) and the interaction term (“Disch.Upr.”)

Trait parameter Trait Disch. Upr. Disch. + Upr. + Disch.Upr.

All All 2,412,436 1.2 62,669,108

Hydraulic habitat pref. Lentic 2,180,833,094 0.2 592,983,337

Lotic 0.7 0.4 0.54

Vertical habitat pref. Interstitial 3.4 0.1 0.1

Surface 4,647,868 0.6 69,822,482

Lateral + Vertical habitat pref. Interstitial + lentic 209 0.1 1.9

Interstitial + lotic 8.3 0.1 0.5

Surface + lentic 70,195,951 0.3 98,898,370

Surface + lotic 0.2 0.2 0.1

Note: The BFs mean: <1: No effects, 1 to <3: Negligible evidence for H1, 3 to <20: Positive evidence for H1, 20 to 150: Strong evidence for H1, >150:

Very strong evidence (Kass & Raftery, 1995)
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Ephemerella mucronata, or Nemoura/Nemurella pictetii, have higher

maximum drift proportions and higher variability in drift responses

(for details see Table S2). Taxa of these traits also showed strongly

increased drift responses with increasing discharge amplitudes

(Figure 7) indicating that those taxa are more sensitive and vulnerable

to sudden discharge increases and related hydraulic forces. For sur-

face taxa high up-ramping rates increased drift proportions in combi-

nation with the flow amplitude. This indicates that in case of HP

waves with strong water level changes (high amplitudes), the surface-

dwelling taxa can have enough time to find shelter within the inter-

stices only if the up-ramping rates are low.

Trait-based approaches to assess stressor effects on freshwater

ecosystems have a long tradition and have been widely applied in

aquatic science (e.g., Naman et al., 2016; Rader, 1997; Statzner,

Bêche, & a., 2010). Several macroinvertebrate trait classifications

(e.g., feeding type, current preference) can serve as indicators

of human pressures in aquatic ecosystems because they reveal rela-

tionships between aquatic communities and environmental

(e.g., hydrological) gradients (Monk et al., 2018; Statzner et al., 2010;

Statzner, Bady, Dolédec, & Schöll, 2005). Both newly applied traits

demonstrated promising results regarding stressor sensitivity to

HP. The classifications should be extended to a higher number of taxa

with life-stages specific consideration; however, these information are

unavailable for many taxa (Naman et al., 2016). River-type specific

classifications should also be considered as there may be spatio-

temporal differences regarding habitat use (Bacher & Waringer, 1996;

Fjellheim, 1980; Statzner, 1988; Statzner & Holm, 1989;

Waringer, 1989). In a further step, suitable traits should be verified in

field situations, by testing if taxa with sensitive traits show reduced

abundances in HP-affected river stretches compared to near-natural

rivers.

3.7 | Effects of amplitude, up-ramping rate, and
interaction effects

Hydrological patterns significantly impact riverine habitat characteris-

tics (e.g., Allan & Castillo, 2007; Poff & Zimmerman, 2009). While the

total amount of discharge—in interplay with the river-specific mor-

phology and sedimentology—affects the overall habitat characteristics

such as water depth, wetted area, and hydraulic forces, the up-

ramping rate specifies the timeframe in which aquatic organisms have

to react to the new situation (Greimel et al., 2018). The two hydrologi-

cal parameters “flow amplitude” and “up-ramping” rate are therefore

often stated to be key indicators to assess the intensity of HP events

(Smokorowski, 2021).

In our study, the amplitude clearly showed the strongest effect

on macroinvertebrate drift. Increasing amplitudes through higher peak

discharge in the flumes were linked to increased water depth (Δ up to

9.4 cm), increased flow velocities (v40: Δ up to 0.71 m/s), and

increased bed shear stress (Δ up to 1.9 N/m2), which finally led to an

increase in drift over all observed trait groups (Figure 7). This was

particularly significant for taxa associated to lentic areas as for this

group discharge alone best explained the drift responses to HP

(Table 3). The distinct changes in habitat characteristics in lentic areas

under HP events appear to have a high impact on the associated ben-

thic community. The rate in which these changes occur—until a cer-

tain threshold of hydraulic stress is reached—seems negligible.

Considering the frequent discharge fluctuations in HP affected river

stretches (Greimel et al., 2016; Meile et al., 2011), especially those

taxa that lack adaptations to high current have to invest extensive

amounts of energy to avoid downstream displacement and are there-

fore subject to strong selective pressure.

Our flume experiments further showed that the parameter up-

ramping rate never exclusively affected macroinvertebrate drift—

regardless the habitat preferences—yet strong synergistic effects were

found with the flow amplitude for the whole community as well as for

surface taxa as mentioned above. The results suggest that at lower

peak discharges, the up-ramping rate has only a negligible impact.

Only in experiments with the highest peak discharge (and correspond-

ingly highest maximum hydraulic forces such as flow velocities), a sig-

nificant trend toward higher macroinvertebrate drift with increasing

up-ramping velocities was evident. This indicates that the up-ramping

rate affects macroinvertebrate drift if certain discharge-related

thresholds are exceeded due to high amplitudes (see also Figures 3

and 7). Vice versa, a reduction of the up-ramping rate in those cases

has the potential to mitigate effects on macroinvertebrate drift, since

the time to seek for shelter in the interstices is extended (Imbert &

Perry, 2000). In future, more research emphasis should be given to

taxa and life-stage specific flow preferences and thresholds, which

would be valuable for the development of mitigation and stressor-

specific monitoring strategies.

Even though experimental setups as well as measured drift

responses are in the range of values found in the field, we acknowl-

edge the limitations of our study in regard to its simplifications of the

natural environment. For instance, the experiments were designed to

mimic a situation in lentic areas and flow velocity presented above

correspond to those measured at a permanently wetted area of the

river margin. Flow velocities in HP stretches can exceed the ones

measured in our experiments by far (Bretschko & Moog, 1990;

Parasiewicz et al., 1998; Perry & Perry, 1986). Further, some taxa

(such as Chironomidae) would possibly need up to several days for

adaptation. We tried to account for this problem by assessing treat-

ment effects (Hedges' g) based on parallel controls to quantify and

classify the drift responses. Flow velocity and other discharge-related

parameters (bottom shear stress, Froude number) are decisive factors

regarding macroinvertebrate drift (Gibbins, Vericat, Batalla, &

Buendia, 2016) but also depend on the river morphology. When trans-

ferring outcomes related to specific flow amplitudes or discharge

ratios to field situations, it is crucial to consider hydraulic characteris-

tics during HP, for example, the changes in flow velocity or water

depth, since these may vary strongly depending on morphological

characteristics (Hauer et al., 2017; Holzapfel, Leitner, Habersack,

Graf, & Hauer, 2016).
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4 | CONCLUSION AND OUTLOOK

The extent of taxa responses to HP depends on physiological and

behavioral adaptations (e.g., ability to quickly retreat into the substrate),

whereby interstitial and flow-tolerant taxa are found to be drifting to a

significantly lesser extent, compared to flow-sensitive and surface taxa.

HP operation and the corresponding increase in hydraulic force strongly

relate to aquatic macroinvertebrate drift, while the drift response was

found to mainly depend on hydraulic variables related to the flow ampli-

tude and magnitude. The significance of the up-ramping rate depends

on the extent of the hydraulic forces during the up-ramping and peak

flow phases. Therefore, HP -operation requires mitigation strategies

aiming to reduce hydraulic stress linked to fluctuating discharge and

water level and to provide suitable habitats as well as refugia during

peak events. A combination of hydrological and morphological mitiga-

tion measures therefore seems to be a promising approach. An

increased channel width, for instance, leads to decreased water level

changes and ramping rates (Hauer et al., 2017; Hauer, Schober, &

Habersack, 2013). To our knowledge, biological monitoring data before

and after implementation of HP -specific mitigation projects is rarely

available (except few field experimental data) and would be a significant

gain for the prediction of mitigation effects and planning process.
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