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• We analysed 1197 invertebrate samples
from 94 very large European rivers.

• Commonly used and newly generated
metrics were correlated with eight
stressors.

• Navigation was allocated as the ‘super-
stressor’ strongly correlating with
neozoa.

• We assigned between two and eight
core metrics to the seven very large
river types.

• The study provides a basis for future
multi-metric bioassessment systems.
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Two factors complicate the ecological status classification of very large rivers in Europe according to the EUWater
Framework Directive: First, current assessment methods do not fully consider the specific ecology of very large
rivers (such as lateral connectivity and the role of floodplains for ecological status). Second, most of Europe's
very large rivers have been severely altered by human activities such as flood protection, damming and naviga-
tion. The aim of our study is to develop an assessmentmethod for very large rivers by identifying suitable biolog-
ical metrics as the basis for multi-metric bioassessment using benthic invertebrates. Based on the pan-European
typology of very large rivers by Borgwardt et al. (2019), we established a river type-specific assessment approach
using invertebrate samples from 25 European countries and 94 very large rivers. The frequency and intensity of
eight pressures jointly acting on the sampling sites were described, and a selection of suitable invertebrate com-
munity metrics were correlated with the pressure intensities to establish pressure-response relationships. The
very large river types differ in terms of relevant pressures and pressure combinations, with the invertebrate com-
munities distinctly responding to these pressure patterns. Neozoa dominance correlated strongly with ‘naviga-
tion’, being a major pressure at very large rivers, which entails severe hydro-morphological alterations such as
channelization, riparian vegetation alteration and impoundment. Under combined pressures, a critical commu-
nity turnover became evident in terms of neozoa outnumbering EPT taxa and the ratio of hemilimnic
. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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invertebrates decreasing. We propose ten bioassessment metrics, including measures of biological diversity as
well as newly generated indicators, for the development of a European type-specific assessment method for
very large rivers.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

In most European very large rivers, the natural biological commu-
nity is under extreme pressure due to anthropogenic pressures such
as damming, pollution, navigation, habitat fragmentation (Fittkau and
Reiss, 1983; Zwick, 1992; Den Hartog et al., 1992; Arbačiauskas et al.,
2008) and the invasion of neozoa species (Graf et al., 2015) among
other pressures. Hence, very large rivers are often the most severely
affected freshwater ecosystems, resulting in insensitive, cosmopolitan
and, hence, less indicative biological communities (Fittkau and Reiss,
1983).

The transformation of these ecosystems started long time ago as the
main hydro-morphological changes have been initiated for flood pro-
tection and navigation starting in the second half of the 19th century
(e.g. Hohensinner et al., 2018), followed by pollution due to industrial-
ization. In the second half of the 20th century, the construction of hy-
dropower plants, as well as further channelization and damming led
to completely different characteristics of these ecosystems such as the
disconnection of the main stem of the river corridor from its associated
floodplains (e.g. Graf et al., 2015).

Theseman-made changes (pressures) impacted on the diversity and
composition of the benthic invertebrate communities, and these im-
pacts differ by type of pressure. For example, damming tangles inherent
processes like energy flow and nutrient cycling (Ru et al., 2020), sedi-
ment balancing and connectivity (Gilvear et al., 2016; Poff and Hart,
2002; Wohl, 2019) and reduces hydrological dynamics (Graf, 2006),
thus leading to a serial discontinuity that impacts all sections of the
river, not only the area of the reservoir (Schmutz and Moog, 2018). In
particular, damming leads to an increasing sedimentation of fine parti-
cles due to the reduction of current velocity in longitudinal, lateral and
vertical dimensions (e.g. Moog, 1986; Banning, 1998). The induced fau-
nal changes in impounded river-sections arewell documented showing
differences from the headrace to theweir (Williams, 1984; Herzig et al.,
1987; Ward et al., 1998).

Channelization leads to increased hydraulic stress, reducing nutrient
retention and -flow at the aquatic-terrestrial transition zone. These im-
pacts on invertebrate diversity (Kennedy and Turner, 2011), with the
particular response of the biological community strongly depending
on the type, age and state of channelization (Horsák et al., 2009). More-
over, channelization is often related towaterways for navigation, which
adds additional stress to the aquatic biota. Liebmann and Reichenbach-
Klinke (1967) already observed negative effects by navigation decades
ago, especially caused by thewave action created by the vessels, leading
to high shear stress at the riverbanks (Liedermann et al., 2014). The
chronic occurrence of navigation-based wave effects induces long-
term effects on the aquatic biota (Arlinghaus et al., 2002; Kucera-
Hirzinger et al., 2009) affecting the benthic invertebrate communities
(e.g. Gabel et al., 2008, 2011a). The invertebrates are dislodged from
their habitats by the high level of hydrodynamic disturbance induced
by waves (Winnell and Jude, 1991; Gabel et al., 2008). The ship-
induced waves especially alter the habitat conditions for littoral species
due to strong mechanical disturbance of the shallow bank region and
the riparian zone (Brunke et al., 2002). The effects of water pulses by
navigation on insect emergence are not investigated at all, but the
aquatic-terrestrial transition zone seems to be a crucial habitat for
hemilimnic organisms, which have a terrestrial life-stage. Hydrological
disturbance during the sensitive phase of moulting can probably in-
crease mortality.
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The shear stress of the waves in combination with other human im-
pacts like channelization, shoreline modification (e.g. the removal of ri-
parian vegetation), impoundment or water abstraction accumulate and
create habitat conditions that completely differ from the original habitat
requirements of the natural biological communities (Gabel et al.,
2011a). Hence, non-native species, commonly of marine origin like
Peracarida (i.e. malacostracan crustaceans including, for instance,
Amphipoda and Isopoda) frequently colonize heavily impacted large
rivers as they are often better adapted to altered conditions and habitats
compared to the native freshwater biota. Neobiota affect or even replace
the indigenous fauna, which is specifically pronounced in large rivers
trained for navigation (Byers, 2002; Gabel et al., 2011b). Navigation ad-
ditionally supports the spread of non-native species by ballast water
(e.g. Bruijs et al., 2001; Wittmann, 2002; Pöckl et al., 2011; Moog
et al., 2013), leading to massive occurrences of neobiota in very large
rivers on a pan-European scale (e.g. Graf et al., 2008; Moog et al.,
2008; Arbačiauskas et al., 2008; Panov et al., 2009; Füreder and Pöckl,
2007). This phenomenon is decisive in the context of biological assess-
mentmethods and, accordingly, is linked to necessary management ac-
tions (e.g. Schöll and Haybach, 2000; Schöll and Haybach, 2001,
Arbačiauskas et al., 2008, Panov et al., 2009, Olenin et al., 2007,
Cardoso and Free, 2008, Orendt et al., 2009).

The ecological processes and functions in very large rivers are already
highly complex in their natural state (Tockner et al., 1998; Usseglio-
Polatera and Bournaud, 1989; Ward et al., 1998; Ward and Tockner,
2001). In these systems, detailed information on the interactions with
the diversity of human pressures is still in early stages of knowledge
(e.g., Graf et al., 2015; Reyjol et al., 2014). This knowledge gap is reflected
by the biological methods currently used to assess the ecological status
(Birk et al., 2018): The ecological sampling of very large, non-wadeable
rivers is limited bymethodological constrains, as monitoring of biological
communities ismore elaborate, time consuming and costly due to habitat
size and complexity (e.g. Bartsch et al., 1998. Flotemersch et al., 2011).
Various methods have actually been developed for and tested at small
andmedium-sized rivers. Using suchmethods in very large rivers, differ-
ing in e.g. sampling strategy and frequency, sampled area and level of tax-
onomic resolution (Birk et al., 2012), risks ignoring the specifics of these
ecosystems, as they concentrate on selected shoreline habitats of the
main channel. This leads to a focus on shallowmain channel habitats, es-
pecially at the riparian zone, ignoring the diversity of habitats in the river-
ine landscapes of large rivers (Flotemersch et al., 2006). In particular, the
lateral dimension plays an important role, with various supplementary
lotic and lentic floodplain habitat types occurring alongside the main
channel of very large rivers (Amoros and Roux, 1988).

Besides these specific ecosystem characteristics, human influence and
associated pressures differ from smaller rivers,withmost very large rivers
in Europe being impacted by many of the aforementioned pressures, in-
cluding navigation as a pressure exclusively relevant in these systems.

This study addresses large river bioassessment by incorporating a
European-wide dataset that covers both the benthic invertebrate com-
munities as well as the intensity of human pressures affecting very
large rivers. We hypothesize that selected invertebrate metrics indicate
responses to main pressures in very large rivers allowing for a river
type-specific assessment approach. Based on the pan-European typol-
ogy for very large rivers developed by Borgwardt et al. (2019), we aim
to (i) assess the response of invertebrate communities to pressures,
(ii) evaluate the main pressures or pressure combinations occurring in
different very large river types across Europe, and (iii) identify core
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metrics of the benthic invertebrate community in very large rivers for
river type-specific biological assessment representing a basic require-
ment for further development of aWFD-compliant assessmentmethod.

2. Material and methods

2.1. Pressure types

All evaluations and analyses focused on the impact of eight main
pressures and their intensity classes per sampling site, using the data-
base established in the intercalibration exercise of national classifica-
tions of ecological status for very large rivers in Europe (XGIG project).
The pressures (1) upstream dams, (2) lateral cut-off of floodplains
(‘damming’), (3) hydropeaking and (4) navigation were characterized
by three intensity classes (0=no, 1= slight, 2=strong). The pressures
(5) impoundment, (6) water abstraction, (7) channelization and (8) ri-
parian vegetation alteration were classified into four classes (0 = no,
1 = slight, 2 = significantly, 3 = strong). The classifications were per-
formed by national experts in the course the XGIG project.

A relative pressure ranking was devised to reflect the intensity of a
pressure. This was calculated by the ratio of the given pressure intensity
class per site compared with the maximum intensity class of the given
pressure (2 or 3). For example, a pressure intensity of 2 for hydropeaking
(max. pressure intensity=2) at a sampling site resulted in a ranking of 1
(=2/2), for channelization (max. pressure intensity=3) the same pres-
sure intensity (2) resulted in a pressure ranking of 0.67 (=2/3).

Based on values ranging from 0 (no pressure) to 1 (every site at
maximum pressure intensity) the mean pressure intensity was com-
puted. It has to be considered that the results are site- not river-
specific, thus they characterized the selected sampling sites rather
than the condition of the water body or entire river.

2.2. River typology

All analyses refer to the seven very large river types (LRT) defined by
Borgwardt et al. (2019): (1) Atlantic (2) Continental Lowland, (3) Cen-
tral Lowland, (4) Nordic, (5) Alpine-Influenced, (6) Mediterranean and
(7) Baltic that form the basis for our river type-specific assessment
approach.

2.3. Macroinvertebrate sampling and determination

The biological dataset comprised 1197 invertebrate samples from
417 sites in 25 countries covering 94 very large rivers (Fig. 1). The
data was collated from 18 European countries participating in the
XGIG project (excluding Croatia) or sampled during the second and
third Joint Danube Survey (Graf et al., 2008, 2014). Multiple sampling
dates per site were included in the analyses as more data sharpen the
faunal response to pressures and smoothen outliers like atypical faunal
communities from single sampling occasions (e.g. taken at inappropri-
ate sampling seasons). We generally assumed higher explanatory
power with increasing numbers of samples per site.

Benthic invertebrate samples were taken according to the WFD-
compliant Multi-Habitat-Sampling method, which aims at covering all
relevant habitat types in a river reach. The habitats were sampled in
proportion to their presence within the sampling reach, each with a
share of at least 5% coverage (AQEM Consortium, 2002). Sampling was
performed with a hand net of a 25 × 25 cm frame (representative sam-
pling area: 0.0625 m2) and a mesh-size of 500 μm. Alternatively, sam-
ples were taken by Airlift with a sample-cylinder of 23 cm diameter
(Pehofer, 1998; representative sampling area: 0.0416 m2) or dredge
(SR EN 27828, SR EN ISO 9391/2000, ISO 7828/2000, ISO/DIS 10870;
representative sampling area: 25 × 80 cm= 0.2 m2). The sampled ma-
terial was rinsed through sieves or nets with comparable mesh size
(500 μm). Abundances were extrapolated to number of individuals
per square-meter (ind/m2).
3

Due to country-specific determination levels of different groups of
benthic invertebrate taxa, a data harmonization was necessary. De-
pendingon the taxonomic group, thedetermination levelwas standard-
ized by selecting the same (=lowest) taxonomical resolution across the
dataset. Finally, 224 taxa were available for metric calculations and
analyses.
2.4. Metric selection

A set of biological assessment metrics describing the benthic inver-
tebrate community following the definitions (richness and composition
measures) given in the AQEM manual (AQEM Consortium, 2002) was
calculated for each sample to assess significant responses of the benthic
invertebrate communities to pressure-based changes in the faunal
structure. Ten candidate metrics were pre-selected and tested to be ap-
propriate and comparable even at the taxonomic level of family (or
lower) for further analyses. These metrics comprised seven standard-
metrics used in several existing assessment software tools (e.g. Ecoprof,
Moog et al., 2018): (1) Total number of taxa (‘Taxa’), (2) total number of
Ephemeroptera, Plecoptera & Trichoptera taxa (‘EPT’), (3) total number
of neozoa taxa (‘Neozoa’), (4) total abundance (‘Abundance’), (5) share
of EPT individuals (‘EPT%’), (6) share of neozoa individuals (‘Neozoa%’),
and (7) Average Score per Taxon (‘ASPT’). Three additional metrics
were tested, including (8) the share of water surface hatching individ-
uals for EPT taxa and the Diptera family Chironomidae (‘surface hatch
%’), (9) the share of individuals hatching in the aquatic-terrestrial tran-
sition zone (for EPT and Chironomidae taxa) (‘terrestrial hatch%’), and
(10) the share of specimens of hemilimnic species, which undergo a ter-
restrial stage (‘HemiInd%’). This additional selection (8–10) was per-
formed, as these metrics may be suitable to assess wave-induced
disturbances in littoral zones. However, the selection of metrics was
limited as commonly used indices like functional feeding guilds, longi-
tudinal zonation or saprobity indices were not meaningful at the given
level of taxonomic determination.

We calculated the Spearman's rank correlation of the selected bio-
logical candidate metrics with the pressures for all sites to assess the
general metric response. Subsequently, we also calculated the
Spearman's rank correlation per large river type (LRT) to test the suit-
ability for the coremetric selection.Metrics showing a significant corre-
lation with a minimum of half of the occurring pressures were
considered as best indicators, marked with ++ (positively correlated)
or− (negatively correlated); metrics showing a significant correlation
with less than half of the pressures were considered as good indicators,
markedwith+ (positively correlated) or - (negatively correlated). Only
metrics with statistically significant unidirectional correlations (signifi-
cant increase or decrease at the p ≤ 0.01 or p ≤ 0.05 level) for all relevant
pressures in different LRTs were finally selected as core metrics,
whereas autocorrelated (=redundant) metrics were excluded. In the
latter case, two metrics showed significant correlations for the same
pressures (regardless of whether it was unidirectionally positively or
negatively correlated) the metric with the highest correlation value to
one of the pressures was selected. Thus, the remaining core metrics
for each LRT were proposed as core metrics for a future multi-metric
bioassessment system.

The metric analyses were performed with the statistic software PC-
ORD 6.19 (McCune and Mefford, 2011) and SPSS (2012).

Finally, we used non-metric multidimensional scaling (NMS;
Kruskal, 1964) with the Sørensen coefficient as similarity measure
(Sørensen, 1948) to visualize the associations of the benthic inverte-
brate communities together with metrics and pressure types. In NMS,
biological communities with high similarity are close together in
the plotted ordination space. Correlations, graphically expressed by
the angle and length of vectors, indicated the direction and strength of
the relationship between the biological communities and the parame-
ters describing the pressures.



Fig. 1. Distribution of the benthic invertebrate sampling locations across the very large river types.
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3. Results

3.1. Pressure characteristics per LRT

In five out of seven river types, ‘riparian vegetation alteration’ was
the most frequent pressure. This applied for Continental Lowland (fre-
quency of sites: 59%), Nordic (69%), Alpine-Influenced (86%), Mediter-
ranean (99%) and Baltic (69%) rivers. For the Atlantic and Central
Lowland river types, ‘channelization’ was the pressure of highest fre-
quency (66 and 100%, respectively), whereas the latter type comprised
the same frequency of sites affected by ‘navigation’. In river types
severely affected by ‘navigation’ (Central Lowland and Alpine-
Influenced), the pressures ‘channelization’ and ‘riparian vegetation al-
teration’ showed rather similar frequencies. Besides ‘riparian vegetation
alteration’, ‘water abstraction’was the secondmost frequent pressure in
Mediterranean rivers (92%), followed by ‘upstream dams’ (87%).

The pressure scores in Table 1 reflect the summed numbers of pres-
sures affecting each LRT. High cumulative numbers of pressures (pres-
sure scores) compared to the total number of samples (n) indicate
multiple stressed conditions for samples within a certain LRT. Here,
4

sites from the Nordic type were at least multiple stressed (1.8 pressures
per sampled site); sites from the Central Lowland type showed the
highest number of pressures (4.6).

The mean strength of the pressures per river type is indicated in
Fig. 2. In Atlantic rivers the impact ranking correlated approximately
with the frequency, as the impact of all pressures was about the same
strength. For the Continental Lowland type, damming was the pressure
exerting the strongest impact. ‘Riparian vegetation alteration’, which af-
fected the most sites in this river type, had a slightly lower impact. The
most evident peak of pressure impact was given in Central Lowland riv-
ers, where ‘channelization’ showed the highest ranking, followed by
‘navigation’ and ‘riparian vegetation alteration’. In Nordic rivers, the
pressure ‘impoundment’ showed the highest ranking, which was actu-
ally the second most frequent pressure for this river type (see
Table 1). In Alpine-Influenced rivers, ‘upstream dams’was the pressure
ranking the highest, although the frequency of ‘riparian vegetation al-
teration’ and ‘channelization’ was higher. For the Mediterranean river
type, ‘upstream dams’ and ‘water abstraction’ were the highest ranked
pressures, while ‘navigation’was generally absent. In Baltic rivers ‘ripar-
ian vegetation alteration’ was the highest ranked pressure.



Table 1
Number of samples per river type affectedby eachpressure (maximumvalue per river type in bold); n= total number of samples per river type; Pressure score=sumof pressures per site
for all samples.

Atlantic Continental Lowland Central Lowland Nordic Alpine-Influenced Mediterranean Baltic

n = 38 n = 117 n = 59 n = 19 n = 59 n = 77 n = 48

Hydropeaking 14 4 10 3 8 14 11
Impoundment 8 29 19 9 27 34 10
Channelization 25 32 59 4 51 48 19
Water abstraction 12 13 21 3 11 71 9
Upstream dams 17 9 32 0 50 67 18
Riparian vegetation alteration 15 69 57 13 51 76 33
Navigation 10 42 59 0 34 1 16
Damming 13 29 17 3 21 20 9
Pressure score 114 227 274 35 253 331 125
Mean number of pressures/sample 3.0 1.9 4.6 1.8 4.3 4.3 2.6

P. Leitner, F. Borgwardt, S. Birk et al. Science of the Total Environment 756 (2021) 143472
Although the dominating pressure differed between the river types,
‘riparian vegetation alteration’ and ‘channelization’ always ranged be-
tween the first and fourth rank.

3.2. Response of the benthic invertebrate communities

At least two of the ten candidate metrics correlated significantly
with one of the pressures within the dataset (Table 2). Although the
level of significance was p ≤ 0.05 (or even p ≤ 0.01) the correlation
strength was generally weak (Spearman correlation: r ≤ 0.3) except
for the pressure ‘navigation’. The pressures ‘navigation’, ‘channelization’
and ‘riparian vegetation alteration’ significantly correlatedwith all met-
rics (except total abundance for the pressure ‘riparian vegetation alter-
ation’), whereas ‘navigation’ showed the strongest correlation with
neozoa% (r = 0.72) and neozoa taxa number (r = 0.76).

In general, all pressures showed the same response direction with a
certain metric (with the exception of total taxa numbers and abun-
dance); i.e. EPT taxa, EPT%, HemiInd%, Terrestrial hatch% and ASPT
were negatively, all other parameters were positively correlated with
increasing pressure intensity. Higher pressure intensities resulted in
lower numbers of sensitive EPT taxa but higher numbers of neozoa
taxa and neozoa% (except for the pressure impoundment, where both
neozoa metrics decreased). The ASPT decreased with increasing pres-
sure intensities except for ‘impoundment’ and ‘damming’. The total
number of taxa and total abundance showed no clear trends, as both
metrics significantly decreased or increased under different pressures.
The share of insects hatching at the shoreline (Terrestrial hatch%) signif-
icantly decreased with increasing ‘water abstraction’, ‘navigation’,
Fig. 2. Relative pressure ranking per large river type (repre
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‘riparian vegetation alteration’ and ‘channelization’. Insects hatching at
the water surface (Surface hatch%) showed the opposite response and,
additionally, a significant increase with increasing ‘hydropeaking’.
HemiInd% was negatively correlated with ‘navigation’, ‘channelization’,
‘riparian vegetation alteration’ and ‘upstream dams’.
3.3. Metric responses per LRT

The metric analysis per LRT showed varying numbers of significant
metric correlations to individual pressures (Table 3). In most cases a
unidirectional metric response was given.

For the Atlantic type, all candidate metrics showed significant corre-
lations with pressures and eight of them (excluding total taxa number
and abundance) showed unidirectional correlations, whereas finally
six metrics showed the highest potential for core metric selection, com-
prising EPT taxa, neozoa taxa, EPT%, terrestrial hatch % and HemiInd%.

In Continental Lowland rivers, EPT taxa, and surface hatch% showed
significant unidirectional correlations. Neozoa% showed an increase
under the impact of four pressures but also a significant decline for
the pressure ‘impoundment’. Nonetheless, it indicated a high correla-
tion with the pressure ‘navigation’ (r = 0.58).

Central Lowland rivers provided only EPT%with a unidirectional cor-
relation (decrease) to all indicated pressures. Two additional metrics –
EPT taxa andHemiInd% – showed significant unidirectional correlations
(both negatively correlated) to the given pressures but indicated a con-
trary trend for the pressure ‘damming’. The highest significant correla-
tion was given for EPT% with ‘navigation’ (r = -0.71).
senting the mean intensity of a pressure - if present).



Table 2
Spearman's rho correlations (2-tailed) between selectedmetrics and pressures; * Correlation is significant at the p ≤ 0.05 level; ** Correlation is significant at the p ≤ 0.01 level in bold; n.s.:
not significant; total number of samples = 1197; n = number of cases for analyses used for each pressure (due to exclusion of missing values).

Metric Hydro-peaking Impoundment Channelization Water-abstraction Upstream dams Riparian veg. alteration Navigation Damming

n = 1017 n = 1104 n = 1065 n = 1057 n = 1037 n = 1070 n = 1041 n = 867

Taxa −0.073⁎ −0.124⁎⁎ 0.086⁎⁎ −0.134⁎⁎ n.s. −0.165⁎⁎ 0.136⁎⁎ -0.069⁎

EPT taxa n.s. n.s. −0.092⁎⁎ −0.145⁎⁎ n.s. −0.250⁎⁎ −0.390⁎⁎ −0.086⁎⁎

Neozoa taxa n.s. −0.145⁎⁎ 0.218⁎⁎ n.s. n.s. 0.196⁎⁎ 0.756⁎⁎ n.s.
EPT% n.s. n.s. −0.186⁎⁎ n.s. −0.106⁎⁎ −0.236⁎⁎ −0.528⁎⁎ n.s.
Neozoa% n.s. −0.152⁎⁎ 0.240⁎⁎ n.s. n.s. 0.258⁎⁎ 0.718⁎⁎ n.s.
Abundance −0.190⁎⁎ −0.092⁎⁎ 0.229⁎⁎ −0.063⁎ 0.092⁎⁎ n.s. 0.287⁎⁎ n.s.
HemiInd% n.s. n.s. −0.258⁎⁎ n.s. −0.090⁎⁎ −0.254⁎⁎ −0.601⁎⁎ n.s.
Terrestrial hatch% n.s. n.s. −0.132⁎⁎ −0.084⁎⁎ n.s. −0.168⁎⁎ −0.436⁎⁎ n.s.
Surface hatch% 0.076⁎ n.s. 0.123⁎⁎ 0.105⁎⁎ n.s. 0.147⁎⁎ 0.364⁎⁎ n.s.
ASPT −0.067⁎ n.s. −0.100⁎⁎ −0.163⁎⁎ −0.110⁎⁎ −0.234⁎⁎ −0.199⁎⁎ n.s.
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For Nordic rivers, six metrics showed significant correlations with
‘impoundment’. After considering redundancy, three metrics compris-
ing total taxa, EPT taxa and terrestrial hatch% show significant correla-
tions to pressures. Neozoa taxa numbers and neozoa%, ASPT as well as
HemiInd% indicated no significant correlationwith any of the pressures.
The highest correlations were indicated with the pressure ‘impound-
ment’ (max. r = 0.77).

In Alpine-Influenced rivers, ‘navigation’ was the pressure with
which all metrics correlated significantly. The correlation of neozoa
taxa with ‘navigation’ (r = 0.84) was the highest among all LRTs.

In Mediterranean rivers, all metrics showed significant correlations
to pressures. ‘Upstreamdams’, as themain pressure for this LRT, showed
significant correlations for only five metrics. Generally, compared to
all other river types the correlations are the lowest for this LRT, with
maximum values of r = −0.38 for terrestrial hatch% with ‘water ab-
straction’ and r = 0.36 for neozoa taxa with the pressure ‘damming’,
respectively.

Seven metrics, comprising total taxa, EPT taxa, neozoa taxa, EPT%,
ASPT, surface hatch% and terrestrial hatch% showed unidirectional cor-
relations for the Baltic type. Neozoa% and HemiInd% indicated an in-
verse metric correlations only for the pressure ‘damming’, similar as
observed for Central Lowland rivers.

The joint plot of the NMS for themacroinvertebrate samples in Fig. 3
summarizes the associations between LRTs, metrics and pressures
reflecting a similarity of the Central European river types (Atlantic, Con-
tinental Lowland, Central Lowland, Alpine-Influenced and Baltic) and a
clear separation of the Nordic and Mediterranean types. The pressure
‘impoundment’ correlated with Nordic rivers, while the pressure
‘water abstraction’ was a dominating pressure in Mediterranean rivers.
Due to the high number of sensitive EPT taxa occurring mostly in the
Nordic type, all related metrics (ASPT, EPT taxa and EPT%) showed a
high association with this LRT. The correlation with HemiInd% and ter-
restrial hatch%was equally evident for both theNordic and theMediter-
ranean type, including the Baltic type.

Except for the Baltic type, the Central European LRTs were strongly
associatedwith thepressures ‘navigation’ and ‘channelization’, reflected
by the increase of neozoa taxa and neozoa% and surface hatch%. Further,
total abundance was associated with these LRTs, ascribed to increasing
neozoa individuals in navigated rivers.

4. Discussion

In many parts of the world, very large rivers are under multiple
stress (Grill et al., 2019, Schinegger et al., 2018, Urbanič, 2014) and
among the most threatened ecosystems (Hering et al., 2015; Johnson
et al., 1995; Tockner et al., 2011). Although the assessment andmanage-
ment of very large rivers is regulated by the EU WFD, adequate bioas-
sessment methods are still lacking (Reyjol et al., 2014; Erős et al.,
2019). Most of the existing bioassessment methods focus on water
quality using the pollution-sensitivity indices for assessing the overall
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ecological status of very large rivers (e.g. Birk and Schmedtje, 2005;
Ofenböck et al., 2018). Very few methods were specifically developed
for very large rivers and these are limited to national application (e.g.
Chovanec et al., 2005, Šporka et al., 2009, Urbanič, 2014).

Multi-metric indices to assess ecological health are generally refer-
enced to natural, unaffected sites, providing a ratio between a given
site and the (theoretical) reference condition for a river type (Davis
and Simon, 1995). As already presented by Borgwardt et al. (2019), ref-
erence sites for very large rivers are hardly available in Europe (Birk
et al., 2012; Hering et al., 2015) The quantification of the stressor-
impact relationship requires river-stretches with hydro-morphological
unaltered conditions (e.g. Ofenböck et al., 2004; Hering et al., 2006),
as well as all combinations of different stressor settings to evaluate the
single and combined pressure-impact relationships.

In the present study, the frequency and intensity of eight selected
pressures differed between seven large river types, underlining that re-
gional patterns of multiple pressures are acting on very large rivers.
Confirmed by existing literature, the pressure ‘impoundment’, for in-
stance, is typical for Nordic rivers (e.g. Birk et al., 2018); in contrast,
‘water abstraction’ is a pressure frequently affecting the Mediterranean
rivers (e.g. Datry et al., 2014). Other pressures regularly occur in combi-
nation, e.g. the pressure ‘navigation’ was strongly associated with the
pressures ‘channelization’ and ‘riparian vegetation alteration’ as a con-
sequence of bank stabilization – an observation also documented by
other studies (e.g. Hohensinner et al., 2018). A crucial aspect in
multiple-stressed very large rivers was the number of pressures com-
monly affecting a river stretch (Hein et al., 2019): We identified more
than four pressures jointly affecting sites in Central Lowland, Alpine-
Influenced and Mediterranean rivers, while in Nordic and Continental
Lowland rivers on average only two pressures acted in combination.

Depending on the respective river type, different metrics were cor-
related with the pressure-sets. The metric analyses showed that river
stretches with low pressure intensities generally featured the highest
number of EPT taxa and the lowest number of neozoa. In addition, the
share of hemilimnic individuals increased. Under combined pressures
(especially ‘navigation’ and ‘channelization’) themetric correlations re-
vealed a critical community turnover in terms of neozoa outnumbering
EPT taxa and the ratio of hemilimnic individuals decreasing. The issue of
navigation and channelization and its association with neozoa is well
documented in several studies (e.g. as already observed by Liebmann
and Reichenbach-Klinke, 1967), particularly caused by wave action
(Winnell and Jude, 1991; Graf et al., 2015) eliminating native taxa
(Borza et al., 2017). The replacement of the sensitive native fauna by
insensitive and rapidly spreading non-native taxa thriving in human-
altered environments ultimately renders “spatially homogenized” in-
vertebrate communities with much lower species diversity (Fittkau
and Reiss, 1983, Zwick, 1984, 1992, Fochetti and Tierno de Figueroa,
2008). Non-native taxa are successfully spreading primarily in navi-
gated watercourses across Europe (Borza et al., 2017, 2018), but they
are still not considered as a discrete metric in existing bioassessment



Table 3
Spearman's rho correlation (2-tailed) of the biological metrics with the pressures per large river type (LRT); **significant at the p ≤ 0.01 level, *significant at the p ≤ 0.05 level; .c cannot be
calculated because at least one of the variables is constant; non-significant correlations are not mentioned.

LRT Metric Hydropeaking Impoundment Channelization Water abstraction Upstream dams Riparian veg. alt. Navigation Damming

Atlantic Taxa −0.285⁎ −0.375⁎⁎ 0.464⁎⁎ 0.607⁎⁎ 0.289⁎⁎ 0.361⁎⁎

EPT taxa −0.284⁎ −0.365⁎⁎ −0.404⁎⁎ −0.362⁎⁎ −0.276⁎⁎

Neozoa taxa 0.630⁎⁎ 0.352⁎⁎ 0.654⁎⁎ 0.552⁎⁎ 0.623⁎⁎ 0.277⁎⁎

EPT% −0.391⁎⁎ −0.281⁎⁎ −0.358⁎⁎ −0.509⁎⁎ −0.627⁎⁎ −0.301⁎⁎

Neozoa% 0.597⁎⁎ 0.388⁎ 0.613⁎⁎ 0.534⁎⁎ 0.613⁎⁎ 0.235⁎⁎

Abundance −0.370⁎⁎ −0.301⁎⁎ 0.396⁎⁎ 0.507⁎⁎ 0.308⁎⁎ 0.414⁎⁎

ASPT −0.225⁎ −0.309⁎⁎ −0.317⁎⁎ −0.487⁎⁎ −0.445⁎⁎ −0.354⁎⁎

Terrestrial hatch% −0.320⁎⁎ −0.262⁎⁎ −0.246⁎ −0.454⁎⁎ −0.335⁎⁎ −0.274⁎ −0.378⁎⁎ −0.306⁎⁎

Surface hatch% 0.320⁎⁎ 0.262⁎⁎ 0.246⁎ 0.454⁎⁎ 0.335⁎⁎ 0.274⁎ 0.378⁎⁎ 0.306⁎⁎

HemiInd% −0.215⁎ −0.413⁎⁎ −0.342⁎⁎ −0.364⁎⁎ −0.598⁎⁎ −0.644⁎⁎ −0.477⁎⁎

Continental Lowland Taxa −0.226⁎⁎ −0.258⁎⁎ 0.301⁎⁎ −0.219⁎⁎

EPT taxa −0.135⁎ −0.217⁎⁎ −0.253⁎⁎

Neozoa taxa 0.165⁎ −0.315⁎⁎ −0.184⁎⁎ 0.250⁎⁎ −0.152⁎ 0.714⁎⁎ −0.236⁎⁎

EPT% 0.202⁎⁎ −0.219⁎⁎ −0.357⁎⁎

Neozoa% 0.161⁎ −0.196⁎⁎ 0.244⁎⁎ 0.155⁎ 0.576⁎⁎

Abundance 0.241⁎⁎ −0.226⁎⁎ 0.161⁎ 0.401⁎⁎

ASPT 0.126⁎ −0.257⁎⁎

Terrestrial hatch% 0.136⁎ 0.176⁎⁎ −0.251⁎⁎ −0.354⁎⁎

Surface hatch% 0.167⁎ 0.290⁎⁎ 0.341⁎⁎

HemiInd% 0.364⁎⁎ −0.155⁎ −0.486⁎⁎ 0.209⁎⁎

Central Lowland Taxa 0.215⁎⁎ 0.525⁎⁎ 0.529⁎⁎ −0.451⁎⁎ 0.248⁎⁎

EPT taxa −0.531⁎⁎ −0.317⁎⁎ −0.603⁎⁎ 0.189⁎

Neozoa taxa −0.219⁎⁎ 0.484⁎⁎ 0.606⁎⁎ 0.247⁎⁎ 0.548⁎⁎ −0.283⁎⁎

EPT% −0.639⁎⁎ −0.457⁎⁎ −0.242⁎⁎ −0.705⁎⁎

Neozoa% −0.290⁎⁎ 0.481⁎⁎ 0.375⁎⁎ 0.430⁎⁎ −0.221⁎

Abundance −0.287⁎ −0.349⁎⁎ 0.257⁎⁎ 0.198⁎ 0.303⁎⁎

ASPT 0.200⁎ −0.252⁎⁎ −0.231⁎⁎ 0.191⁎

Terrestrial hatch% 0.182⁎ −0.449⁎⁎ −0.300⁎ −0.580⁎⁎ 0.293⁎⁎

Surface hatch% −0.199⁎ 0.422⁎⁎ 0.263⁎⁎ 0.517⁎⁎ −0.234⁎⁎

HemiInd% −0.195⁎ −0.584⁎⁎ −0.408⁎⁎ −0.211⁎⁎ −0.561⁎⁎ 0.274⁎⁎

Nordic Taxa −0.599⁎⁎ .c .c
EPT taxa −0.583⁎⁎ .c .c
Neozoa taxa .c .c
EPT% −0.373⁎ .c .c
Neozoa% .c .c
Abundance −0.472⁎ 0.768⁎⁎ .c .c −0.463⁎

ASPT .c .c
Terrestrial hatch% −0.543⁎⁎ −0.326⁎ .c −0.358⁎ .c
Surface hatch% 0.543⁎⁎ 0.326⁎ .c 0.358⁎ .c
HemiInd% .c .c

Alpine-Influenced Taxa −0.156⁎ 0.178⁎ −0.204⁎

EPT taxa −0.162⁎ −0.545⁎⁎

Neozoa taxa -0.161⁎ 0.206⁎ 0.841⁎⁎

EPT% −0.189⁎ −0.525⁎⁎

Neozoa% −0.240⁎⁎ −0.204⁎ 0.823⁎⁎ −0.176⁎

Abundance −0.292⁎⁎ −0.179⁎

ASPT 0.261⁎⁎ −0.282⁎⁎

Terrestrial hatch% −0.164⁎ −0.194⁎ −0.462⁎⁎

Surface hatch% 0.231⁎⁎ 0.194⁎ 0.159⁎ 0.327⁎⁎

HemiInd% 0.263⁎⁎ 0.173⁎ −0.397⁎⁎ 0.238⁎⁎

Mediterranean Taxa −0.249⁎⁎ −0.238⁎⁎ −0.291⁎⁎

EPT taxa −0.355⁎⁎ −0.302⁎⁎ −0.204⁎⁎ −0.237⁎ −0.223⁎

Neozoa taxa −0.299⁎⁎ 0.362⁎⁎

EPT% −0.168⁎ −0.332⁎⁎ −0.292⁎⁎ −0.191⁎⁎ −0.358⁎⁎

Neozoa% −0.210⁎⁎ 0.363⁎⁎

Abundance −0.183⁎⁎ −0.239⁎⁎ −0.199⁎⁎ −0.331⁎⁎

ASPT −0.259⁎⁎ −0.206⁎⁎ −0.155⁎

Terrestrial hatch% −0.143⁎ −0.336⁎⁎ −0.375⁎⁎ −0.271⁎⁎ −0.205⁎⁎ −0.294⁎⁎

Surface hatch% 0.165⁎ 0.310⁎⁎ 0.186⁎⁎ 0.356⁎⁎ 0.286⁎⁎ 0.227⁎⁎ 0.288⁎

HemiInd% −0.146⁎ −0.159⁎ −0.215⁎

Baltic Taxa −0.325⁎⁎ −0.482⁎⁎ −0.652⁎⁎ −0.483⁎⁎

EPT taxa −0.283⁎⁎ −0.407⁎⁎ −0.631⁎⁎ −0.471⁎⁎

Neozoa taxa −0.180⁎

EPT% −0.226⁎ −0.345⁎⁎ −0.504⁎⁎

Neozoa% 0.235⁎⁎ 0.305⁎⁎ 0.216⁎ −0.304⁎⁎

Abundance −0.171⁎ −0.285⁎⁎ −0.308⁎⁎ −0.424⁎⁎

ASPT −0.219⁎ −0.225⁎ −0.203⁎ −0.497⁎⁎ −0.581⁎⁎ −0.267⁎⁎

Terrestrial hatch% −0.219⁎ −0.427⁎⁎

Surface hatch% 0.311⁎

HemiInd% −0.214⁎ −0.346⁎⁎ −0.241⁎ 0.242⁎
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Fig. 3. Joint plot of the NMS for the macroinvertebrate samples summarized per Large River Type (LRT) (final stress for 2-dimensional solution: 4.81; final instability: 0.0; number of
iterations: 57; vector cut-off value: r = 0.3); taxa abundance log transformed; LRT: 1 = Atlantic, 2 = Continental Lowland, 3 = Central Lowland, 4 = Nordic, 5 = Alpine-Influenced,
6 = Mediterranean, 7 = Baltic.
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methods. As ‘navigation’ was the pressure with the strongest metric
correlation we strongly recommend to implement the two neozoa-
related metrics in any future bioassessment of very large rivers using
benthic invertebrates.

Although the selection of metrics was limited owing to the overall
taxonomical resolution of the available dataset, they showed significant
and meaningful correlations with pressures and demonstrated differ-
ences between the river types. This underlines the relevance of
distinguishing between specific types of very large rivers in Europe
and, in this way, complements the broad European river typology re-
cently established by Lyche Solheim et al. (2019), whichmerely devised
a single type of very large rivers irrespective of the large geographical,
Table 4
Selected core metrics per large river type; +/++= positively correlated under pressure impa
impact (for ≤50%/>50% of occurring pressures); []=metric showed an inverse response for the
for the given large river type.

Large river type Taxa EPT taxa Neozoataxa EPT% Neozoa%

Atlantic −− − ++
Continental Lowland − [++]
Central Lowland (−) −−
Nordic −
Alpine-Influenced − [+]
Mediterranean − −− −−
Baltic −− − − (+)

8

environmental and zoogeographical heterogeneity of these systems
across Europe. Against this background, our study could successfully
demonstrate the relevance of the very large river types of Borgwardt
et al. (2019) in the context of aquatic bioassessment using benthic
invertebrates.

According to our results, the number ofmetrics showing correlations
with pressures in different river typeswas variable,whereas at least two
metrics per LRT were suitable to be considered for prospective very
large river assessments (Table 4). Most metrics were constant in their
direction of response to all indicated pressures across all LRTs. For in-
stance, both EPT metrics and the ASPT were generally negatively corre-
lated with each pressure, confirming the existing literature (Armitage
ct (for ≤50%/>50% of occurring pressures);−/−=negatively correlated under pressure-
pressure ‘impoundment’, ()=metric showed an inverse response for pressure ‘damming’

Abun-dance Hemi Ind % Terr. hatch% Surface hatch% ASPT

−− −− −−
+

(−)
−−

− − ++
−− − −− ++ −

(−) − −−



P. Leitner, F. Borgwardt, S. Birk et al. Science of the Total Environment 756 (2021) 143472
et al., 1983, Rosenberg and Resh, 1992, Ofenböck et al., 2004). Unidirec-
tional associations and the exclusion of redundant metrics are essential
for a multi-metric bioassessment (Karr and Chu, 1999). Hence, the core
metrics that we selected generally feature identical response directions
to the given pressures across river types.

However, few core metrics showed dissimilar response directions
across river types for the pressures ‘impoundment’ and ‘damming’. We
explain this observation as follows: With regard to ‘impoundment’, this
pressure can generally lead to varying invertebrate abundances depend-
ing on the taxa group and the hydromorphological conditions (Harding,
1992, Janecek and Moog, 1994; especially concerning non-native taxa,
see Tittizer et al., 2000 and Nehring, 2006). With regard to ‘damming’,
which relates to the disconnection of themain channel(s) from the flood-
plain, the invertebrate sampling data used in our analysis are presumably
incapable of indicating this pressure. Invertebrates in very large rivers are
usually sampled from the main channel only and thus do not adequately
reflect lateral connectivity disruptions. Specific sampling of floodplains
may have resulted in a much stronger indication of this pressure (Graf
et al., 2013). However, despite the dissimilar metric response directions
in these few cases, their generally high indicative value qualifies these
metrics to be used in future river type-specific bioassessment.

Here, we did not incorporate the pressure ‘organic pollution’ as the
taxonomic resolution of our data differed per country,making the calcu-
lation of the saprobic index dispensable after data harmonization.None-
theless, saprobity, as an existing assessment module has to be
considered in a future bioassessment (Rolauffs et al., 2004) in any way
(Ofenböck et al., 2004; Hering et al., 2006).

5. Conclusions

Benthic invertebrates show distinct pressure-specific correlations
with human impacts and are suitable bioindicators for European very
large rivers. This organism group is sensitive to the main pressures
and their combinations occurring in the different very large river
types. These features provide essential progress in developing a pan-
European WFD-compliant bioassessment method for very large rivers.
Our work could identify two to eight metrics relevant for the bioassess-
ment of individual river types. These metrics clearly correlated with the
selected pressures and can be used in developing the ecological status
classification. The study underlines that the occurring pressures as
well as the pressure-related metric correlations differ between
European very large rivers. For example, navigation acts as ‘super-pres-
sure’ with the highest correlation coefficients for most very large river
types, but this pressure is affecting neither Nordic nor Mediterranean
rivers. This indicates the need for a type-specific assessment approach,
precluding metric selections consistently used across all river types. As
a next step, river type-specific reference values need to be defined for
each metric, completing the work towards a pan-European bioassess-
ment method based on a multi-metric approach.
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