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ABSTRACT

Rivers of the large Alpine valleys constitute iconic ecosystems that are highly threatened by multiple anthro-
pogenic stressors. This stressor mix, however, makes it difficult to develop and refine conservation and resto-
ration strategies. It is, therefore, urgent to acquire more detailed knowledge on the consequences and
interactions of prevalent stressors on fish populations, in particular, on indicator species such as the European
grayling Thymallus thymallus. Here, we conducted a multi-river, multi-stressor investigation to analyze the
population status of grayling. Using explorative decision-tree approaches, we disentangled the main and inter-
action effects of four prevalent stressor groups: flow modification (i.e., hydropeaking), channelization, frag-
mentation, and water quality alteration. Moreover, using a modified variant of the bootstrapping method, pooled
bootstrapping, we determined the optimal number of characteristics that adequately describe fish population
status. In our dataset, hydropeaking had the strongest single effect on grayling populations. Grayling biomass at
hydrological control sites was around eight times higher than at sites affected by hydropeaking. The primary
parameters for predicting population status were downramping rate and peak amplitude, with critical ranges of
0.2-0.4 cm min ! and 10-25 cm. In hydropeaking rivers, river morphology and connectivity were the preceding
subordinated parameters. Repeating the procedure with pooled bootstrapping datasets strengthened the hy-
pothesis that the identified parameters are most relevant in predicting grayling population status. Hence,
hydropeaking mitigation based on ecological thresholds is key to protect and restore already threatened grayling
populations. In hydropeaking rivers, high river network connectivity and heterogenous habitat features can
dampen the adverse effects of pulsed-flow releases by offering shelter and habitats for all life cycle stages of fish.
The presented approach of explorative tree analysis followed by post-hoc tests of identified effects, as well as the
pooled bootstrapping method, offers a simple framework for researchers and managers to analyze multi-factorial
datasets and draw solid management conclusions.

1. Introduction

are often impacted by multiple anthropogenic stressors such as river
regulation, connectivity disruption, and channelization (Schinegger

The European grayling Thymallus thymallus is an indicator species for
the ecological integrity of an entire river region — the grayling zone,
which encompasses rivers in wide mountain valleys (Huet, 1959). Un-
fortunately, grayling stocks in Europe have plummeted in the last de-
cades, underlining the urgency of conservation measures targeted at this
species and fish region (e.g., Miiller et al., 2018). However, it remains
challenging to establish the most effective management and restoration
strategies as rivers of the grayling zone, also called hyporhithral rivers,

et al., 2012). In the European Alps alone, 80% of all larger rivers with a
catchment size of >500 km? are affected by diverse hydromorphological
impacts (Muhar et al., 2019).

Of these impacts, the effects of storage hydropower plants are
particularly prevalent in hyporhithral rivers (Fig. 1). Storage hydro-
power plants are run according to energy demand, thereby causing
artificial (sub-daily) flow fluctuations by the discontinuous release of
turbined water (Greimel et al.,, 2016). Such water releases, called
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Fig. 1. Hydropeaking rivers in Austria according to fish region and catchment
size (data source: BMLFUW, 2017).

hydropeaking, have wide-ranging implications for river ecosystems.
Hydropeaking can influence spawning activities and behavior, or cause
drift and stranding of juvenile fish as well as of aquatic insects, thereby
reducing recruitment rates and food supply (Greimel et al., 2018; Hayes
et al., 2019). Unsurprisingly, in Austria, of the almost 900 river kilo-
meters labeled as hydropeaking-impacted, 82% are in risk of failing the
objectives of the EU Water Framework Directive (BMLFUW, 2017).
However, considering that also run-of-river hydropower schemes can
cause hydropeaking (though usually of lower intensity) (Greimel et al.,
2016), it is likely that the threat of failing to achieve ecological objec-
tives due to hydropeaking is even higher than initially perceived.

Another common stressor is morphological riverbed degradation
caused by river engineering works (Schinegger et al., 2012). As widely
known, river straightening and bank stabilization decrease suitable
habitats, particularly shallow shoreline areas needed for the rearing of
juvenile fish (Jungwirth et al., 2000). Considering that <20% of Aus-
trian grayling rivers still exhibit good habitat quality (Muhar et al.,
2000), it can be expected that this trend is reflected in fish population
status.

Moreover, river engineering and hydropower development have not
only channelized but also fragmented most of the world’s rivers (Grill
et al., 2015). Instream connectivity, however, plays a fundamental role
for life cycle completion of many fish species. The grayling, a
medium-distance migratory species, requires an open river corridor for
spawning migrations but also for movements between summer and
winter habitats, as well as distinctive habitat shifts related to early
ontogenetic development (Nykdnen, 2004; Sempeski and Gaudin,
1995). Although fish passes are nowadays increasingly retrofitted to
dams and weirs, they may still cause delayed or insufficient passage or
exhibit other drawbacks (Linlgkken, 1993; Silva et al., 2018). Moreover,
fish may be injured or killed by turbine passage, which is a common
route for downstream migration (Harrison et al., 2019). Also, reservoirs
may act “as an ecological barrier to downstream movement” (Silva et al.,
2018). Hence, highly fragmented river systems may be restricted in
supporting vital fish populations.

Many rivers are also affected by alterations of water quality and
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nutrient content (Schinegger et al., 2012). Grayling populations can
respond negatively to deterioration of water quality, and water quality
and nutrient baseline conditions such as saprobity are known to influ-
ence fish distribution (Vannote et al., 1980).

Overall, it is apparent that grayling populations are affected by
multiple stressors (Muhar et al., 2007). As stressors can override or
interact with each other, it remains challenging to define the best river
management approaches. To develop and refine conservation and
restoration strategies, it is urgent to acquire more detailed knowledge on
the consequences and interactions of prevalent stressors on fish
populations.

We hypothesized that hydropeaking intensity is the strongest stressor
for grayling, followed by river morphology. To test this assumption, we
conducted a multi-river, multi-stressor investigation to analyze the
population status of grayling in Austria. Although it is common for such
approaches that data are sampled in several rivers and over multiple
years, this fact makes it difficult to apply inferential statistics. This raises
the question of which methodological approach can deal with these
preconditions as well as solve the frequent challenge of a comparably
small base sample size. In this study, we used explorative methods to
identify essential parameters and to elucidate the optimal number of
characteristics that adequately describe the status of grayling pop-
ulations. Thereby, we enhance ecological knowledge to aid river man-
agement in establishing the most effective measures for protecting and
restoring already threatened grayling populations. Moreover, we offer a
simple approach to analyze multi-factorial datasets encompassing sites
from different rivers.

2. Materials and methods
2.1. Study area

Fish samples were collected from Austrian hyporhithral rivers where
the grayling, according to the national fish catalog, is classified as being
a dominant (‘Leitart’) or accompanying (subdominant) species (BAW,
2007). This classification of the national fish catalog is based on envi-
ronmental parameters such as bioregion, altitude and catchment size, or
historical sources. Regarding flow modifications, our sites ranged from
hydrological control sites that are not impacted by hydropower opera-
tions to sites of low-intensity hydropeaking (‘hydro-fibrillation’) and
high-intensity hydropeaking (Fig. 2; Greimel et al., 2016). Similarly, our
sites also exhibited a strong stressor gradient regarding other impacts.

2.2. Fish stock assessments

Fish data were provided by the Austrian Ministry of Sustainability
and Tourism, which we complemented by further field samples. The
collection of fish data followed the standard protocol of the national
sampling guideline (Haunschmid et al., 2006) under the requirements of
the EU Water Framework Directive (2000/60/EC). In short, fish sam-
pling was conducted via electrofishing during low flow conditions in
fall. Depending on river size, the fishing campaigns were done by
wading, boat, or a mix of both. In smaller rivers, a representative stretch
(at least ten times the average river width) was sampled with a two- or
three-pass removal approach (DeLury, 1947; Seber and Le Cren, 1967).
In larger rivers, habitats were proportionally sub-sampled using elec-
trofishing boats equipped with a boom of anodes (width of operation: 6
m; effective depth: ca. 2.5 m; Schmutz et al., 2001). Fish stocks were
calculated as biomass and frequency per hectare based on the sampled
area. The reader is referred to Schmutz et al. (2015) for details.

We used grayling biomass per hectare [kg ha™!] to assess the status
of grayling populations, as biomass is a robust measure to detect cu-
mulative, multi-annual impacts of a variety of stressors. This target
variable (Y;) is a ratio-scaled variable following a non-parametric
distribution.
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Fig. 2. Hyporhithral rivers of Austria where grayling is a dominant or subdominant species (BAW, 2007), river stretches affected by hydropeaking (BMLFUW, 2017),

and fish sampling locations.

2.3. Hydrological features

The Austrian Hydrographic Service provided flow data with a time
resolution of 15 min. To quantify hydropeaking events, we assessed
ecologically-relevant event-based parameters (see Table 1) according to
Greimel et al. (2016, 2017). The statistical characteristics were calcu-
lated out of five years prior to each fish survey to match flow conditions
before and during biological assessments (Schmutz et al., 2015). As

Table 1
Overview of parameters.

Stressor Parameter Abbreviation  Unit
block®
H Yearly number of events” CNT n
Yearly number of daytime events” CNT_D n
Yearly number of nighttime events® ~ CNT_N n
Peak amplitude” AMP_dW cm
Duration” DUR min
Base/peak flow ratio” RATIO
Mean downramping rate”* MEFR_dW cm min~?
Maximum downramping rate®™ MAFR_dW cm min~?
M Channel width index CwW
Standard sinuosity index SSI
C Habitat connectivity index 1° CONN_1 km
Habitat connectivity index 2° CONN_2 km
Q Biological assessment: pollutant POLL [ordinal]
load
Saprobity baseline status SAP [ordinal]

# H = hydropeaking, M
quality.

b Ecologically-relevant event-based flow fluctuation (hydropeaking) parame-
ters following Greimel et al. (2016). To conduct a standardized selection of
relevant events out of multiple hydrographs, events of very low intensity
regarding up- and downramping rates were excluded (<10% of expected annual
natural maximum). All values are means regarding to the selected events.

¢ Parameters describing water level alteration (d4W) were transformed into cm
or cm min~'. These estimations regarding mean water level conditions are based
on a regression model with the input parameters altitude, mean flow conditions,
catchment size, and bankfull river width (Greimel et al., 2017).

4 Indices are based on grayling jump height: 1 = minimum (0.4 m), and 2 =
average (0.75 m) jump height (according to Baudoin et al., 2015).

= morphology, C = river connectivity, Q = water

variables of increase and decrease event types have proven to be highly
redundant (Greimel et al., 2016) we continued working with decrease
events only as these are considered being of higher relevance for fish
ecological research (Moreira et al., 2019).

We assigned fish sampling stretches to the nearest gauging station
that is representative of the hydrological conditions at the sampling site
(average distance: 4.1 km). We removed all sites that did not have
relevant gauges and those situated in impoundments or residual flow
sections, and those with spatial autocorrelation issues with other sites,
thereby reducing the number of sites from 197 to 69.

2.4. Morphological features

We assessed a gradient from nature-like to channelized rivers to
enhance understanding on the effect of habitat conditions on fish pop-
ulations in hydropeaking rivers (Schmutz et al., 2015); therefore, we
tested two morphological indices based on aerial image interpretation.

The first index, the channel width index, reflects the variability of the
channel width in hyporhithral rivers (Greimel et al., 2017). It is based on
the coefficient of variation of the active channel width, which is calcu-
lated by the ratio between standard deviation and mean. Each fishing
stretch was divided into as many 500 m sections needed to cover its
entire length. For each 500 m section, we measured ten transects with
50 m distance and calculated the coefficient of variation. If a fish sam-
pling site encompassed multiple 500 m sections, we averaged the
interim results to gain an index for the entire stretch. The resulting co-
efficient allows a comparison of rivers of different dimensions. As a
rough guide, sites with a value of <0.1 can be regarded as being heavily
channelized. Those with an index between 0.1 and 0.2 are still consid-
ered morphological degraded but may feature small-scale widenings or
bay structures. Sections with an index >0.2 constitute structurally
diverse, nature-like reaches (Greimel et al., 2017).

The second index, the standard sinuosity index, is based on the idea
that sinuosity is an effective functional measure of a rivers’ morpho-
logical status. Also, sinuosity governs the hyporheic patchiness of the
stream bed (Braun et al., 2012). The standard sinuosity index is calcu-
lated by dividing the channel index (CI) with the valley index (VI). Cl is
channel length divided by aerial length, and VI is valley length divided
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by aerial distance. In general, a straight river has an index <1.05, a
sinuous river ranges from 1.05 to 1.3, a moderately meandering one
from 1.3 to 1.5, and a meandering river has a sinuosity >1.5 (Horacio,
2014).

2.5. Connectivity features

Habitat fragmentation is considered a crucial factor in influencing
species distribution. However, “the effects of fragmentation depend on
the size of the resulting fragments” (Fuller et al., 2015). Taking this into
account, we calculated the length of the accessible river network be-
tween all barriers for each sampling site, whereby we based this calcu-
lation on the grayling’s natural core distributional area (see Fig. 2). We
defined a barrier based on jump heights of grayling, whereby we
calculated two habitat connectivity indices: the first was based on the
minimum (0.4 m) and the latter on the average (0.75 m) jump height
(Baudoin et al., 2015). In each case, we subtracted the length of reser-
voirs from the resulting river network if it exceeded 1 km in length, as
these would not support recruitment.

2.6. Water quality

To evaluate water quality at the sampling sites, we retrieved a cu-
mulative biological assessment regarding pollutant load from the na-
tional monitoring program, as well as a status assessments of national
and European priority substances (BMLFUW, 2017). The latter two pa-
rameters did not show any variation in the dataset (all sites had the ‘very
good’ or ‘good’ status, respectively); therefore, we excluded them from
analyses. To assess nutrient baseline conditions, we integrated saprobic
basic state classes as determined by bioregion and altitude (Stubauer
and Moog, 2003).

2.7. Model, data, and statistical analyses

In this study, we aimed to find out which parameters (independent
variables), as well as which main and interaction effects, make the
variation of the biomass level (dependent variable) transparent.
Formally, the multi-factorial univariate model can be expressed as:

Yi<{ Hj;Mg; Ci; Qu | (1

whereby H, M, C and Q refer to hydrological, morphological, connec-
tivity and water quality parameters, respectively (see Table 1). As
described above, we selected sampling sites of different rivers based on
fish ecological criteria. To assemble enough sites, sampling spanned a
period of multiple years (2005-2014). However, this targeted arbitrary
site selection influences the sample character of the data, which do not
fulfill the criteria of a representative sample (i.e., selection, structure
and number of sites), thereby disqualifying approaches based on infer-
ential statistics. Hence, an explorative-statistical data analysis approach
must be implemented.

Here, we used the following two-fold data evaluation strategy. First,
we conducted decision tree analysis (CRT) to identify relevant param-
eters and main and interaction effects (Breiman et al., 1984). Following,
we used a two-dimensional frequency analysis, the configuration fre-
quency analysis (CFA) (Von Eye, 2002; Von Eye et al., 2010), to evaluate
the statistical significance of the identified effects (global and local). In
light of explorative interpretation, the results of the CFA (e.g., p-value)
must not be interpreted strictly; instead, they serve as an orientation aid
from a hypothesis-generating point of view.

For step 1, the continuously-scaled dependent variable, grayling
biomass, was transformed into an ordinally-scaled variable to predict
interaction ranges between low, medium, or high biomass situations.
Therefore, we followed two approaches: a statistical and an ecological
one. For the first, we trichotomized the target variable (i.e., each cate-
gory contains 33% of the cases; 1: <3.4kgha™!, 2: 3.5-19.9 kg ha™}, 3:
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>20 kg ha™1). For the latter, we classified the target variable into three
groups according to ecological relevance (1: <10 kg ha™!, 2: 10-39.9 kg
ha’l, 3: >40 kg ha ).

Before the tree analyses, to minimize multicollinearity, we removed
redundant independent variables by Spearman rank correlation (a
measure of monotony) (|p| > 0.8), whereby we selected inter-correlated
descriptors according to potential ecological significance. We then ran
the analysis with the remaining variables using the classification and
regression tree (SPSS: CRT) method (Breiman et al., 1984), which cor-
responds to step-by-step bivariate analysis. The CRT method splits the
trees based on an internal measure of homogeneity instead of a statis-
tical test procedure. Here, we used a standard measure, the
Gini-coefficient, as a splitting criterion (IBM Statistics, 2016). We set a
minimum number of 10 and 5 cases for the parent and child node,
respectively.

In step 2, we performed exploratory analysis in line with the two-
dimensional frequency analysis (CFA: tree nodes versus biomass cate-
gories) to evaluate which end nodes (interaction pathways) contribute
to the model explanation. We tested for global significance through chi-
square tests and used Cramér’s V to describe the strength of the overall
effects on the target variable. To determine local significance, we per-
formed Bonferroni-adjusted cell-residual tests.

Up to now, work was carried out at the level of the base sample
where, due to the relatively small sample size (n = 69), the possibilities
of finding interactions are quickly exhausted. To compensate this
disadvantage, we used a modified variant of the bootstrapping simula-
tion. Bootstrapping is an internal resampling method that draws random
samples from the base dataset (with replacement) to create a new
dataset (National Research Council, 1988). Here, we adapted the boot-
strapping method by randomly drawing multiple (k = 69) single boot-
strap samples of the original dataset (each sample containing the same
case number as the base dataset). These single samples were then pooled
into one dataset (n = 69 x 69 = 4761). We hypothesized that such
cumulative/pooled bootstrapping simulations increase the number of
cases while retaining the overall characteristics of the original dataset,
having the advantage that the decision trees can be split deeper, thereby
allowing the identification of more and longer interaction chains. To
explore this hypothesis, we compared the regular bootstrapping method
to the pooled variant: First, using the 69 single bootstrap samples, we
tested the stability of the base sample results by assessing which vari-
ables consistently reappear in the decision trees and in which level.
Following, we ran the CRT models with the pooled bootstrapping
dataset.

We used a median test to investigate the hypothesis that hydrological
control sites had higher grayling biomass than sites impacted by low- or
high-intensity hydropeaking. The level of significance was p < 0.05. For
pair-wise post-hoc tests, significance values were Bonferroni-adjusted.
All analyses were performed with IBM SPSS Statistics 24.

3. Results

In total, we analyzed 69 sites from 30 rivers. Among these sites, 12
were classified as ‘hydrological control’, 21 as ‘hydro-fibrillation’ (i.e.,
low-intensity hydropeaking), and 36 as ‘hydropeaking’. In the field
samples, grayling biomass ranged from 0.0 to 176.4 kg ha™!. We found
strong evidence that the three hydrological impact types affect biomass
of grayling populations (p = 0.004). In detail, hydrological control sites
exhibited a significantly higher biomass (mean = 111.6, SD = 51.2 kg
ha™!) than hydro-fibrillation (mean = 16.6, SD = 27.1 kg ha™!, p =
0.001) or hydropeaking sites (mean = 11.6, SD = 13.5 kg ha !, p =
0.003). On average, grayling biomass at hydrological control sites was
eight times higher than at sites affected by hydro-fibrillation or hydro-
peaking (Fig. 3).

After removing redundant variables, nine variables were left for tree-
based exploration (Table S1). Out of the nine variables, two variables
were retained in each of the decision trees (Fig. 4a and b). The main and
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interaction effects can be explained as follows: The first tree, using the
trichotomized target variable, selected mean downramping rate
(‘MEFR_dW’) in the first level as main effect, and habitat connectivity
(‘CONN_2’) in the second level as interaction effect (Fig. 4a). In our
dataset, MEFR_dW varies between 0.09 and 1.53 cm min~' (mean =
0.31 cm min’l), and CONN_2 between 0.3 and 177.2 km (mean = 43.7

(a) Node 0
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<=34 33323

H35-19,9 33323

20,0+ 33323

T T Total 100.0 69
| =34
: m35-189
|

M200+ [
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==0.18 =018
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Journal of Environmental Management 292 (2021) 112737

km) (Fig. S1). The model used MEFR_dW to create the first split: sites
with highest biomass had a downramping rate <0.18 cm min_l, and
those with lower biomass exhibited ramping rates >0.18 cm min’.
These latter sites were split again in the second level using CONN_2 at a
threshold of 26.25 km. Sites with low biomass tend to be in more frag-
mented river reaches, whereas sites with higher biomass are situated
within sections of higher connectivity. Overall, the model correctly
classified 71.0% of the three biomass categories. In detail, the high and
low biomass group performed best (82.6% correct for each group), fol-
lowed by the medium group (47.8%) (Table S2).

The second tree, taking the ecologically classified variable as
dependent variable, yielded a branched pattern similar to the first model
but selected peak amplitude (‘AMP_dW’) in the first level and channel
width index (‘CW’) in the second (Fig. 4b). In our dataset, CW varies
between 0.05 and 0.33 (mean = 0.13), spanning a wide range of
morphological conditions, and the amplitude of flow fluctuation events
varies between 6.5 and 230.5 cm (mean = 32.9) (Fig. S1). For the first
split, the decision tree used AMP_dW at a threshold of 10.9 cm to
separate higher and lower biomass sites, whereby those with highest
biomass showed an amplitude <10.9 cm. The other sites (AMP_dW >
10.9 cm) were split again in the second level using CW at a threshold of
0.23, indicating that morphologically impacted reaches are character-
ized by lower grayling biomass, whereas structurally-diverse river rea-
ches feature higher biomass. Overall, the second model correctly
classified 72.5% of the three biomass categories. In detail, the low and
high biomass group was correctly classified in 100% and 68.8% of the
cases, respectively. The medium biomass groups performed least well
with 22.2% correct classification (Table S3).

Following post-hoc tests serve as an orientation aid for the explor-
ative interpretation. Global tests of grayling biomass and the end nodes
(interaction pathways) showed a significant influence for both trees
(trichotomized: p = 0.000; ecologically classified: p = 0.000; Tables 2
and 3). In both cases, high effect sizes provide security for the model’s
strength (trichotomized: Cramér’s V = 0.597; ecologically classified:

(b) Node 0
Category % n
<=9.9 50.7 35

H99-399 26.118

m>400 23216
i Total  100.0 69
lme=99 |
1 H9.9-399
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<=99 00 0 <=9.9 60.3 35
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Fig. 4. Explorative decision trees (CRT). (a) Trichotomized target variable; (b) ecologically classified target variable. Both trees show two levels.
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Table 2
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Cross-table (CFA) results for the end nodes (interaction pathways) versus biomass groups: trichotomization.

Node ID and pathway description

Grayling biomass: trichotomized

1: <3.4 2:3.5-19.9 3: >20.0 Total

1: MEFR_dW < 0.18 cm min~! n 1 3 19 23

z —3.6 (AT) -2.5 6.1 (T)
3: MEFR_AW > 0.18 cm min~! & CONN_1 < 26.25 km n 19 9 2 30

z 4.6 (T) -0.5 —4.1 (AT)
4: MEFR_dW > 0.18 cm min~! & CONN_1 > 26.25 km n 3 11 2 16

z 1.4 3.4 (T) -2.0
Total n 23 23 23 69

Note: Global test results: CHI? = 49.12, df = 4, p = 0.000; Cramér’s V = 0.597. Shown here are observed counts (n) and adjusted residuals (z) to determine typical/
overfrequented (T) and atypical/underfrequented (AT) cells. Bonferroni-adjusted level of significance: z {a" = a/frequency of cells = 0.05/(3 x 3) = 0.00556 } = 2.77.

Table 3

Cross-table (CFA) results for the end nodes (interaction pathways) versus biomass groups: ecological classification.

Node ID and pathway description

Grayling biomass: ecologically classified

1: <10.0 2:10.0-39.9 3: >40.0 Total

1: AMP_dW < 10.9 cm N 0 0 11 11

Z —3.7 (AT) -2.1 6.6 (T)
3: AMP_dW > 10.9 cm & CW < 0.23 n 35 14 3 52

Z 4.8 (T) 0.3 —6.0 (AT)
4: AMP_dW > 10.9 cm & CW > 0.23 n 0 4 2 6

z -2.6 2.4 0.6
Total n 35 18 16 69

Note: Global test results: CHI? = 53.17, df = 4, p = 0.000; Cramér’s V = 0.621. Shown here are observed counts (n) and adjusted residuals (z) to determine typical/
overfrequented (T) and atypical/underfrequented (AT) cells. Bonferroni-adjusted level of significance: z {a" = a/frequency of cells = 0.05/(3 x 3) = 0.00556 } = 2.77.

Cramér’s V = 0.621). Extending the test procedure to the performance of
local tests highlighted the positioning of the differences. For the first
model, five of the nine cells deviated from overall homogeneity
(Table 2). In node 1, low biomass sites were underfrequented and high
biomass sites overfrequented, whereas the opposite was the case in node
3. In node 4, medium biomass sites were overfrequented. Regarding the
second model, we observed local differences for the low and high
biomass sites in node 1 and in node 3 - in both cases, the pattern was the
same as in the trichotomized model. In node 4, we found no significant
differences, even though the low biomass group approached the
threshold of statistical significance (Table 3).

Following, we conducted tree analyses with the single bootstrapped
samples to assess the frequency of variable occurrence and their location
in the tree (Tables 4 and 5). In the trichotomized version trees, the
variables MEFR_dW and CONN_2 appeared at the same location as in the
base sample in 96% and 44% of the cases, respectively. The trees split
into a third level in 52 of 69 cases, with duration (‘DUR’), yearly number
of peak events (‘CNT’), and CW being the dominating variables. Only
38% and 13% of all trees had a fourth and fifth level, respectively
(Table 4).

In the ecologically classified trees, the variables AMP_dW and CW
appeared at the same location as in the base sample in 61% and 27% of

Table 4

the cases, respectively. MEFR_dW substituted AMP_dW in level one in
36% of the cases but showed a similar split pattern regarding the
biomass categories compared to the base sample tree. Variables also
frequently occurring in the second level were CNT, AMP_dW, and the
standard sinuosity index (‘SSI’). In the third level, variable heteroge-
neity increased, but CNT, CONN_2, and CW were the most frequent
parameters. Almost half of the trees did not split beyond the third level,
and only 6% reached the fifth level (Table 5).

The pooled bootstrapping approach revealed that the base sample
covered the primary effects of levels 1-2. In comparison to the base
sample trees, however, the pooled bootstrapping trees produced wider
and deeper branching patterns, thereby yielding more end nodes (13
and 10, respectively; Figs: S2-S3).

4. Discussion

Multi-river studies are an attractive method to assess spatial patterns
of ecological impacts (e.g., Bierschenk et al., 2019; Mueller et al., 2020).
Recently, also in hydropeaking rivers, such approaches are receiving
increasing attention. However, so far, such studies only analyzed the
interplay between hydropeaking and morphology (Schmutz et al., 2015)
or natural environmental variables (Judes et al., 2020). To our

Frequency of variable occurrence (total and per level) in the trees of the 69 single bootstrapping samples. Target variable: trichotomized grayling biomass.

Rank Variable Frequency ) Frequency ) per level
Level 1 Level 2 Level 3 Level 4 Level 5

1 MEFR_dW: mean downramping rate 80 65 7 6 2 0
2 CONN_2: habitat connectivity index 2 45 0 35 8 2 0
3 DUR: duration 34 0 12 15 4 3
4 CW: channel width index 22 0 6 11 4 1
5 CNT: yearly number of events 27 1 6 13 6 1
6 AMP_dW: peak amplitude 19 3 7 3 5 1
7 SSI: standard sinuosity index 11 0 1 5 4 1
8 POLL: biological assessment: pollutant load 4 0 1 2 0 1
9 SAP: saprobity baseline status 1 0 1 0 0 0
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Table 5
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Frequency of variable occurrence (total and per level) in the trees of the 69 single bootstrapping samples. Target variable: ecologically classified grayling biomass.

Rank Variable Frequency > Frequency > per level
Level 1 Level 2 Level 3 Level 4 Level 5
1 AMP_dW: peak amplitude 59 42 12 0 3 2
2 MEFR_dW: mean downramping rate 39 25 7 6 0 1
3 CNT: yearly number of events 39 1 22 14 2 0
4 CW: channel width index 37 1 21 10 4 1
5 SSI: standard sinuosity index 20 0 9 7 4 0
6 CONN_2: habitat connectivity index 2 19 0 1 13 5 0
7 DUR: duration 5 0 1 2 2 0
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Fig. 5. Linking the end nodes of the base sample trees (Fig. 4) with maximum downramping rate and peak amplitude. See Figs. S4-S5 for boxplots with other
hydropeaking variables. Boxplots: The boxes range from the first to the third quantile, the thick lines represent the median, and the bubbles are outliers (1.5 times the

interquartile range).

knowledge, no study has yet conducted a large-scale comparison to
analyze the effects of hydropeaking and further anthropogenic stressors
on indicator fish populations of high conservational value, such as Eu-
ropean grayling. Here, we filled this knowledge gap by identifying
hydropeaking, fragmentation, and channelization as key stressors in
hyporhithral rivers, thereby providing solid groundwork for river
management decisions.

4.1. Hydropeaking mitigation thresholds

The coherence between the two tree models in the first level (Fig. 4)
and the validation by the bootstrapping models strengthens the hy-
pothesis that water level fluctuation is the primary driver in determining
grayling population status. To derive operational management recom-
mendations from the models, the end nodes have to be set within the
context of other hydropeaking parameters as these are often highly
correlated with each other (see Table S1). Based on node analyses with

regards to selected hydropeaking parameters (Fig. 5, Figs. S4-S5), it can
therefore be concluded that the critical peak amplitude range of artifi-
cial flow events lies between 10 and 25 cm, and the critical down-
ramping velocity lies between 0.2 and 0.4 cm min~!. Interestingly, the
critical ramping range matches thresholds established for young-of-year
grayling in experimental channels (Auer et al., 2014; Schmutz et al.,
2013). Therefore, the fit between modelling and experimental ap-
proaches underlines the feasibility of using hydrological thresholds as
ecological benchmarks for hydropeaking mitigation, particularly during
critical life cycle stages such as fry emergence (Hayes et al.,, 2019;
Moreira et al., 2019).

4.2. Hydromorphological criteria
In the second tree level, the models showed that, in hydropeaking

rivers, high river network connectivity or heterogeneous habitat fea-
tures can dampen the adverse effects of pulsed-flow releases (Fig. 4).
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Regarding connectivity, the first model suggests that once a habitat
complex >26 km is available, grayling populations can withstand
hydropeaking impacts, at least to a certain degree (as the high biomass
category is poorly represented in node 4). Considering that median
home ranges are around 8 km (Junge et al., 2014) and migration dis-
tances range between 5 and 15 km (Jungwirth et al., 2000), this
threshold seems reasonable from an ecological perspective. However,
longer home ranges (>60 km) and migration distances (up to 100 km)
have also been documented (Junge et al., 2014; Linlgkken, 1993).
Nevertheless, most home range studies include only adult fish and thus
might underestimate the lifespan home range. Indeed, drift distances of
grayling larvae alone can reach several kilometers (Meraner et al.,
2013). Hence, this connectivity threshold must be interpreted with
caution as a habitat network of 26 km might still be too small to sustain
proper population sizes in many river systems, in particular, if key
habitats are missing. In this regard, suitable spawning grounds and ju-
venile rearing areas are essential, and tributary connectivity probably
plays a vital role in mitigating hydropeaking effects (Hauer et al., 2017).

As suggested by the second model, habitat quality is of equal
importance to habitat quantity. Indeed, grayling require both, an intact
river corridor and a heterogeneous morphology, to complete all life
cycle stages (Jungwirth et al., 2000). It is well known that, in hydro-
peaking rivers, river bank morphology plays a key role in mitigating the
impacts of flow regulation (Hauer et al., 2014; Moreira et al., 2019,
2020). Rivers with an array of sediment bars are most resilient to
hydropeaking as they offer high habitat diversity in various flow con-
ditions. Braided river reaches with flat and wide gravel bars, however,
also exhibit a higher risk of fish stranding (Vanzo et al., 2016). In
contrast, point bars show a low stranding risk (Hauer et al., 2014).
Hence, based on modelling results, it has been suggested that transi-
tional (i.e., between single-thread and multi-thread) river morphologies
may offer best eco-hydraulic trade-offs between habitat diversity and
stranding risk (Vanzo et al., 2016); however, field validations of this
assumption are still vacant. Overall, at the population level, our results
do not support the notion that nature-like hydropeaking rivers exhibit
higher stranding risks than channelized ones.

Considering that the effects of morphology and connectivity are
interaction effects, our findings also underline that the full benefits of
river rehabilitation measures can only become visible if hydropeaking
intensity is reduced at the same time. This conclusion is in line with
other studies showing that hydropeaking can override the effects of
morphological measures (Hellstrom et al., 2019; Muhar et al., 2007;
Schmutz et al., 2015).

Water quality seems to play a negligibly role in Austrian hyporhithral
rivers, as most sites exhibited a good status.

4.3. Shifting baselines?

Here, we used two approaches to transform the target variable into
an ordinally-scaled variable. In an optimal case, with a more balanced
distribution of sites, both would have yielded similar class widths.
However, as grayling stocks throughout Europe have been in a contin-
uous decline (e.g., Miiller et al., 2018), it is increasingly difficult to ac-
quire data from unimpacted sites. It is even likely that we are witnessing
a shifting baseline of fish stocks. Hence, it was necessary to conduct
analyses with both approaches. Surprisingly, however, both models not
only showed a similar correct classification rate but, as discussed above,
also yielded comparable results with regards to variable selection and
splits.

4.4. Bootstrapping validation

The two bootstrapping approaches (Tables 4 and 5; Figs. 52-S3)
confirmed that the original base sample sufficiently covers the main
effects of levels 1-2. In the trichotomized version of the pooled sample,
AMP_dW (<25.5 cm) further split node 1 to separate higher and lower
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biomass sites (Figs. S2). This indicates that vital grayling populations
depend upon low rates of various hydropeaking parameters.

To further distinguish hydropeaking-impacted sites, the trichotom-
ized tree — as well as some of the single bootstrapped trees — selected
DUR and CNT in level 3 (Fig. S2). Cases with longer peak duration
yielded higher fish biomass than those with shorter duration. This
pattern is expected as natural flow fluctuation events (e.g., floods)
usually have a longer duration and lower mean downramping rate than
hydropeaking events (Greimel et al., 2016). Regarding CNT, however,
the direction of splits was somewhat unexpected: sites with a greater
event frequency exhibited higher biomass than those with lower fre-
quency. This pattern, which was also found in the ecologically classified
tree (Fig. S3), can be partially explained by interpreting the bivariate
relationship between fish biomass and event counts (Fig. S1): once the
high biomass sites are cut off in the first tree level, the direction of the
relationship seemingly reverses, leading to the presupposition that more
hydropeaks produce higher biomass. Nevertheless, the seasonal timing
of peaks may explain this pattern, which warrants further studies on the
fish ecological effects of peak seasonality.

The ecologically classified tree also showed an unexpected split di-
rection for CONN_2 in level 3 (Fig. S3), separating high biomass from
medium biomass sites. A few high biomass sites are in sections shorter
than ca. 10 km. This finding stresses the need to incorporate other
measures such as (tributary) spawning grounds into future assessments
(Hauer et al., 2017).

Both pooled bootstrapping trees selected river sinuosity (SSI) in some
of their end nodes to separate higher biomass sites of more sinuous rivers
from lower biomass sites in straight rivers (Figs. S2-S3). This pattern
again showcases the importance of heterogeneous river channels for
ecological integrity.

Summarizing, the pooled bootstrapping approach supported the base
sample results and split the tree into deeper levels, thereby indicating
which parameters are needed for future stressor assessments in hydro-
peaking rivers.

4.5. Limitations and research needs

A correct classification rate >70% and a high effect measure un-
derline that the two variables chosen in each of the base sample trees
were sufficient to predict grayling population status with high accuracy.
Nevertheless, this also indicates that further factors may affect grayling,
which were not covered in this study. For example, it has been suggested
that piscivorous birds and anglers can diminish grayling stocks (Cech
and Vejiik, 2011). Also, agricultural land-use may hamper this
gravel-spawning species’ reproduction if increased fine sediments loads
infiltrate and clog gravel layers (Hauer et al., 2011; Miiller et al., 2018),
particularly if dams fail to release sediment-redistributing floods (Hayes
et al., 2018). Furthermore, increasing water temperatures may not only
limit the grayling’s future habitat extent (Pletterbauer et al., 2016) but
may already have contributed to recent abundance declines (Wedekind
and Kiing, 2010). Moreover, little is known about the population effects
of food web changes, fish diseases, ubiquitous substances, or pharma-
ceutical products. Aside from multi-river studies on these topics, future
research should focus on long-term assessments of case studies
describing all ends of the pressure gradient. Such an approach would
shed light on natural and anthropogenic effects and fulfill the re-
quirements of an experiment from a statistical point of view.

5. Conclusions

Our results highlight the urgency of mitigating hydropeaking im-
pacts to sustain or restore populations of threatened fish species such as
European grayling. In this regard, the outcomes support the previously
established notion of establishing ecologically-based flow thresholds
(Moreira et al., 2019). Here, we identified critical ranges for peak
amplitude (10-25 cm) and downramping velocity (0.2-0.4 cm min ") of
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artificial flow events. Furthermore, this study underlines the need to
maintain or re-establish river connectivity between morphologically
diverse habitats to support the requirements of all life cycle stages of
fish.
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