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H I G H L I G H T S G R A P H I C A L A B S T R A C T
• River typologies are commonly used in ap-
plied and fundamental ecology.

• Several river typologies exist at a
European scale.

• Typologies don't capture patterns in com-
munity composition of freshwater taxa.

• Combining existing typologies might im-
prove fit to biota.

• Data on biota could be used toweight type
descriptors.
A B S T R A C T
A R T I C L E I N F O
Editor: Sergi Sabater
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Typology systems are frequently used in applied and fundamental ecology and are relevant for environmental moni-
toring and conservation. They aggregate ecosystems into discrete types based on biotic and abiotic variables, assuming
that ecosystems of the same type are more alike than ecosystems of different types with regard to a specific property of
interest. We evaluated whether this assumption is met by the Broad River Types (BRT), a recently proposed European
river typology system, that classifies river segments based on abiotic variables, when it is used to group biological com-
munities. We compiled data on the community composition of diatoms, fishes, and aquatic macrophytes throughout
Europe and evaluated whether the composition is more similar in site groups with the same river type than in site
groups of different river types using analysis of similarities, classification strength, typical species analysis, and the
area under zeta diversity decline curves. We compared the performance of the BRTwith those of four region-based ty-
pology systems, namely, Illies Freshwater Ecoregions, the Biogeographic Regions, the Freshwater Ecoregions of the
World, and the Environmental Zones, as well as spatial autocorrelation (SA) classifications.
All typology systems received low scores frommost evaluation methods, relative to predefined thresholds and the SA
classifications. The BRT often scored lowest of all typology systems. Within each typology system, community compo-
sition overlapped considerably between site groups defined by the types of the systems. The overlap tended to be the
lowest for fishes and between Illies Freshwater Ecoregions.
In conclusion, we found that existing broad-scale river typology systems fail to delineate site groups with distinct and
compositionally homogeneous communities of diatoms, fishes, and macrophytes. A way to improve the fit between
typology systems and biological communities might be to combine segment-based and region-based typology systems
to simultaneously account for local environmental variation and historical distribution patterns, thus potentially im-
proving the utility of broad-scale typology systems for freshwater biota.
1. Introduction

Ecologists use typology systems to assign ecosystems to discrete types
(Stoddard, 2004; Soranno et al., 2010). The degree to which real-world eco-
systems are discrete entities or artificial divisions of a continuous gradient is
an ongoing debate (Eliot, 2011; Liautaud et al., 2019), but the utility of ty-
pology systems is less contentious (Leathwick et al., 2011; Ebach, 2021).
They are used in water quality monitoring to delineate ecosystems with sim-
ilar natural conditions (Reynoldson et al., 1997). Conservationists use them
to identify areaswith high species richness or endemism (Heiner et al., 2011;
Oliveira et al., 2015), to identify ecosystem types that merit increased pro-
tection efforts (Mackey et al., 1988), or to describe desired ecosystem states
(Vynne et al., 2022). In broad-scale analyses, ecosystem typologies provide
spatial units for the comparison of community trait composition (Iversen
et al., 2019) or temporal trends in species abundance (Powell et al., 2022).

Typology systems are models (Goodwin, 1999; Loveland andMerchant,
2004) that represent their subjects asmembers of discrete groups (types). In
ecosystem typology systems, ecosystems are the subject and they are
grouped according to their biotic and abiotic conditions. One simple, illus-
trative example is grouping rivers by the mean altitude of their catchment
into lowland, mid-altitude, and highland rivers. Another example is group-
ing river segments longitudinally by the fish species that commonly occur
in them, into the trout, grayling, barbel, and bream zones (Huet, 1949). Re-
garding each individual ecosystem as an instance of its type allows us to
draw inferences and make predictions under a set of assumptions. An im-
portant assumption is that ecosystems of the same type are more similar
2

to each other than to ecosystems of different types, with respect to a specific
property of interest. Each typology system is optimized for one property
(e.g., delineating homogeneous communities of mammals) and might fail
to delineate meaningful patterns in other properties (e.g., background ni-
trogen concentration) (Loveland and Merchant, 2004).

Ecologists commonly use ecosystem typologies to delineate ecosystems
with similar biological communities. These typology systems usually define
contiguous areas (regions) as mapping units and are focused on terrestrial
ecosystems. Region-based typologies are appropriate for terrestrial (Olson
et al., 2001) and marine ecosystems (Spalding et al., 2007), as both lack in-
herent geometry. However, river ecosystems are dendritic networks (Benda
et al., 2004; Campbell Grant et al., 2007) and change from headwater to
mouth (Vannote et al., 1980; Herlihy et al., 2021). Region-based typologies
can't account for these factors, but segment-based river typologies that clas-
sify confluence to confluence sections of rivers can.

Segment-based river typologies have been proposed at national (Snelder
et al., 2004) and global levels (Ouellet Dallaire et al., 2019), but until re-
cently we lacked a unified European system. Lyche Solheim et al. (2019)
filled this gap with the Broad River Types (BRT), which aggregate the dispa-
rate river typology systems created by participating countries of the
European Water Framework Directive (WFD) into twelve broad types. The
demand for such a typology system was demonstrated by a quick adoption
from the research community (e.g., Birk et al., 2020; Lemm et al., 2021;
Posthuma et al., 2020). The BRT were created to aggregate and compare in-
formation on environmental state and relevant pressures acting on the rivers
(Lyche Solheim et al., 2019). As noted above, the usefulness of ecosystem
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typologies hinges on the assumption that ecosystems of the same type are
more similar than ecosystems of different types. For the BRT, this crucial as-
sumption remains largely unchecked for biological communities. Jupke
et al., 2022 showed that patterns in the composition of benthic macroinver-
tebrate communities are not well captured by the BRT. The concordance be-
tween ecosystem typologies and biological communities differs between
taxonomic groups (Paavola et al., 2003; Infante et al., 2009; Ficetola et al.,
2021), and should therefore be evaluated for multiple taxonomic groups.

Diatoms, fishes, and aquatic macrophytes are each commonly used to
monitor the status of freshwater systems (Aguiar et al., 2011; Masouras
et al., 2021; Pont et al., 2021). They are complementary in the stressors
they identify (Johnson et al., 2006; Hering et al., 2006; Cellamare et al.,
2012; Marzin et al., 2012), partly as they represent an ecosystem's state at
different trophic levels and spatio-temporal scales (Lainé et al., 2014). Dia-
toms have short generation times (days to weeks), disperse via passive drift
in water or air (e.g., Liu et al., 2013) and attached to animals (Maguire,
1963;Manning et al., 2021). Their community composition reflects the cur-
rent environmental conditions (water conductivity, pH, nutrients, organic
pollution). Fishes are long-lived andmobile. Their community composition
represents the state of a riverscape (temperature, connectivity, and
hydromorphology) over larger spatio-temporal scales (Hoeinghaus et al.,
2007). Macrophytes are also long-lived but, due to their mostly sessile na-
ture, respond most strongly to environmental conditions (water chemistry,
light availability, substrate) in their direct vicinity (Alahuhta et al., 2014),
and hence integrate environmental fluctuations over long temporal but
fine spatial scales.

Here, we aim to evaluate the fit between the BRT and the community
composition of diatoms, fish, and aquatic macrophytes. We evaluated the
coherence between community composition and the BRT with analysis of
similarities, classification strength, typical species analyses, zeta diversity
analyses. To contextualize the BRT's performance, we compared it to
those of four region-based typology systems (Illies Freshwater Ecoregions
(IFE, Illies, 1978), Biogeographic Regions (BGR, EEA, 2016), Freshwater
Ecoregions of the World (FEoW, Abell et al., 2008), and Environmental
Zones (EnZ, Metzger et al., 2005)), and to spatial autocorrelation (SA) clas-
sifications. The SA classifications are naïve typology systems, consisting of
simple geometric forms spread over Europe (Fig. 1). We aim to answer two
Fig. 1.Hexagonal spatial autocorrelation (SA) classification with 15 cells. Each cell
is a separate type. The SA classification is a naïve approach to classification
capturing spatial autocorrelation but uninformed by ecologically relevant variables.

3

questions: (Q1) Do the site groups delineated by the BRT host communities
of diatoms, fish, and macrophytes whose composition is more similar
within than among types? (Q2) Are the BRT a better classification of
diatom, fish, and aquatic macrophyte communities, with regard to their
composition, than the four region-based approaches?

2. Material and methods

2.1. The typology systems

The BRT reduce the number of national WFD river types (1247) to a
workable set, which can be used to compare water body status data across
Europe (Lyche Solheim et al., 2019). National types were combined based
on altitude, catchment size, geology, region, and flow regime. Rare types
were merged with the most similar type. The final BRT categorize 12
river types, as detailed in Table 1. We utilized the digital version of the
BRT published by Globevnik (2019).

The typology systemsweused as reference points are shortly introduced
below (for details and maps see SI1). All reference typologies are region-
based typologies as no other segment-based typologies are available for
all of Europe. IFE divide between 25 regions based on the distribution of
macroinvertebrate fauna, the BGR partition Europe into 12 regions based
on their potential natural vegetation, the FEoW are a global system that
classifies catchments based on their fish faunas, and the EnZ are 12 zones
derived from principal component analysis of 22 environmental variables.

We created classifications that capture the spatial autocorrelation inher-
ent in community composition data but are otherwise uninformed by biogeo-
graphic transition zones. These spatial autocorrelation (SA) classifications
were created by laying regular, grids over Europe (Fig. 1), where each grid
cell represents one type. We created four grids differing in cell size and
form. The first SA classification has 15 hexagonal cells (Fig. 1), the second
36 hexagonal cells, the third 12 square cells, and the fourth 33 square cells.
We chose 15 types as this approximately matches the average number of
types from the other typology systems. The results of the four SA classifica-
tions agreed qualitatively and hence only the results of the 15 cell hexagonal
classification are shown in the results section. Maps of and results for the ad-
ditional SA classifications are provided in the supplementary information.

2.2. Data preparation

We compiled 21, 23, and 25 datasets for diatoms, fish, and macro-
phytes, respectively (Fig. 2, Tables S1, S2, and S3). All sampling was
Table 1
Codes and names of the twelve Broad River Types proposed by Lyche Solheim et al.
(2019). The sizes refer to catchment area: very small-small <100 km2, medium-
large 100–10.000 km2 and very large >10.000 km2. Lowland denotes river seg-
ments<200mabove sea level (m.a.s.l.),mid-altitude 200–800m.a.s.l. and highland
>800 m.a.s.l. The geologies describe the prevailing lithological or pedological con-
ditions in the catchments. Catchments are calcareous or siliceous if the respective
soil types or minerals cover >50 % of the catchments area. If coverage is between
40 % and 50 % it is classified as mixed. Catchments with >20 % of their area cov-
ered by histosols are classified as organic. Mediterranean rivers are treated sepa-
rately. For them the flow regime (perennial/temporary) is considered additionally.

ID Name

RT1 Very large rivers
RT2 Lowland, calcareous or mixed, medium-large
RT3 Lowland, calcareous or mixed, very small-small
RT4 Lowland, siliceous incl. organic, medium-large
RT5 Lowland, siliceous incl. organic, very small-small
RT6 Mid-altitude, calcareous incl. organic, medium-large
RT7 Mid-altitude, calcareous or mixed, very small-small
RT8 Mid-altitude, siliceous incl. organic, medium-large
RT9 Mid-altitude, siliceous incl. organic, very small-small
RT10 Highland and glacial
RT11 Mediterranean, perennial
RT12 Mediterranean temporary and very small



Fig. 2. Spatial distribution of sampling sites for diatoms, fishes, and aquaticmacrophytes. Themap only shows sampling sites thatwe deemed least disturbed and could assign
unambiguously to one stream in the digital representation of the Broad River Types. The spatial distribution of samples is driven by data availability and the extent of
anthropogenic impacts and hence not balanced.

Fig. 3. Overview of data processing and the resulting number of sites and samples.
The rows are the taxonomic groups diatoms, fishes, and macrophytes. Within each
box the upper number gives the number of sites and the lower is the number of
samples. The first column gives the numbers before data processing. The second
column gives the numbers after only least disturbed and not impoverished sites
are retained. The third column provides the numbers after removing samples that
could not unambiguously assigned a specific broad river type. The fourth column
gives the number of samples after only the most recent sample and only samples
between May and September were retained. As only one sample is kept per site,
the number of samples and sites is the same. The last column gives the number of
sites after those that were in ecosystem types with <20 samples were removed.
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conducted according to EU norms (EN 13946, EN 14407, and EN 15708 for
diatoms, EN 14011 for fishes, and EN 14184 for macrophytes). We harmo-
nized the datasets by transforming all data to presence-absence. This har-
monization was necessary because abundance information was included
in different formats or missing in the original datasets. However, analyses
of the community structure (i.e., using abundance data) might come to dif-
ferent conclusions (Mueller et al., 2013) than ours. The samples were taken
between 2000 and 2021, 1986 and 2021, and 2006 and 2021 for diatoms,
fishes, and macrophytes respectively. The composition of communities has
likely changed during these periods (Tison-Rosebery et al., 2022) which
might bias our results as within-type similarity is decreased by temporal
fluctuations. However, the magnitude of this bias is small and it is unlikely
to change our results quantitatively (see SI3 for analysis). We reduced the
effect of seasonal variations in community composition (e.g., Aberle and
Wiltshire, 2006) by only including samples taken in summer. We use a
broad definition of summer (May to September) to account for latitudinal
differences in seasonal timing and phenology (e.g., Dunn et al., 2023;
Woods et al., 2022).

For each sampling site, we only used one sample (themost recent), since
repeated measurements can spuriously increase the similarity within types
(Fig. 3).

The diatom data required extensive harmonization because of varying
nomenclatures, identification errors (Morales et al., 2001; Kahlert et al.,
2009), and ongoing changes to the accepted nomenclature (e.g., Mann
and Vanormelingen, 2013). We updated names to current synonyms and
grouped often misidentified taxa into complexes. We updated names with
the taxonomic database from the OMNIDIA software (Lecointe et al.,
1993) and the algaebase website (Guiry et al., 2014). We used Table S2
from Kahlert et al. (2020) to group contentious taxa into complexes. For
fish and macrophytes, we replaced taxonomic synonyms with accepted
names as indicated by the Global Biodiversity Information Facility (www.
gbif.org). We removed taxa that only occurred in one sample. For macro-
phytes, we included true hydrophytes, helophytes, andmosses but no ripar-
ian vegetation. All analyses were conducted with species- or complex-level
data. Harmonization tables providing original names and synonyms for all
three taxonomic groups are available in the accompanying Zenodo folder
(Jupke et al., 2023).

To prevent anthropogenic stressors from harmonizing communities
across river types (McKinney and Lockwood, 1999; Petsch, 2016), we ana-
lyzed only the least disturbed sites (Stoddard et al., 2006) (Fig. 3).We iden-
tified the least disturbed sites with a European database including the
stressors total phosphorus and nitrogen load, alterations of mean and
base flow, mixture toxic pressure, and extent of agricultural and urban
4

land use at a sub-catchment scale (Lemm et al., 2021). We standardized
each stressor to the range from 0 to 1 and categorized all sub-catchment
units where all scores were≤ 0.24 as least disturbed (see SI4 for rationale).
In addition, we removed samples with ≤10 diatom species, ≤ 2 fish or
macrophyte species, because we took the low richness as an indicator of a
disturbance not covered by the approach described above. The thresholds
are adjusted to average species richness of communities, whichwas notably
higher for diatoms than for fish or macrophytes. Lastly, we visually vali-
dated the assignment of samples to BRT by comparing the position of the
sampling sites with the digital river network and the CaroDB.Positron
base map through the mapview R package (Appelhans et al., 2021) and re-
moved samples from erroneous assignments. As a result of data availability
and our data preparation the spatial distribution of samples in the analyzed
dataset is not fully balanced. Some contiguous areas (e.g., parts of western

http://www.gbif.org
http://www.gbif.org
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Germany and the Netherlands, as well as eastern United Kingdom) have a
high proportion of agricultural and urban land use and are consequently
underrepresented in the final selection.

2.3. Evaluation of typologies

For each taxonomic group, we evaluated the river types for which we
had at least 20 samples from the respective group (see SI5) using analysis
of similarities (ANOSIM, Clarke, 1993), classification strength (CS, Van
Sickle, 1997), typical species analysis (TSA, Jupke et al., 2022), and the
area under the zeta diversity decline curve (AUC ζ), a method proposed in
this paper.

ANOSIM compares the ranked similarities within and among types. The
resulting R statistic ranges from −1 to 1. The best classification, in which
all within-type similarities are higher than all among-type similarities, cor-
responds to an R of 1. To confirm our first research question, whether com-
munity composition is more similar with BRT-types than between them,
they would need to obtain an ANOSIM R-value ≥0.5 (Clarke and Gorley,
2006) and to outperform the SA classifications. CS is the difference between
mean similarity within-types (W) and mean similarity among-types (A).
The means are weighted by the number of samples per ecosystem type.
Values range between −1 (samples are equal among types but share no
taxa within types) and 1 (samples are equal within types but share no
taxa among types). We affirm research question one if the CS is above 0.1
(Hawkins et al., 2000; Soininen et al., 2004) and above the CS of the SA
classifications. We used TSA to determine typical species/complexes for
the types of each typology system. In TSA, a typical species/complex of a
type is one that occurs in 33 % of samples from that type. To test if the
TSA communities, i.e., all typical species/complexes of a type, differ be-
tween types, we computed the Jaccard dissimilarities between TSA com-
munities of the same typology system. These dissimilarities range from 0
(identical communities) to 1 (no taxa in common). A good typology system
would have high dissimilarity between the TSA communities. Finally, we
determined the area under the zeta diversity decline curve. Zeta diversity
is the average number of shared species between a given number of sites
(Hui and McGeoch, 2014). Zeta diversity extends to multi-site comparisons
through the number of considered sites, the zeta degree. For example, ζ3 is
the average number of species shared between three sites. Zeta diversity de-
creases monotonically with increasing zeta degree and the rate of decline is
steeper when fewer species are shared between sites. Therefore, zeta diver-
sity decline should be slower within types than among types. To evaluate
declines, we used the area under the zeta diversity decline curve (AUCζ).
This metric is derived by computing the zeta diversities for the zeta degrees
1 to 10, scaling all zeta diversities so that ζ1 = 1 and then computing the
area under the curve that is created by drawing a line through all zeta diver-
sities. Higher AUCζ values imply a slower decline, i.e., more similar com-
munities and thus a better typology system.

To evaluate the performance of individual typology types, we analyzed
the type-specific classification strengths, TSA dissimilarities, and AUCζ.
ANOSIM does not provide type-specific results and hence was omitted
here. The type-specific CSwere the difference between within-type similar-
ity of a single type and between type similarity, which always considered all
types. In contrast to the CS computed for the complete typology systems,
this metric was not adjusted for sample size. For TSA dissimilarity, we com-
puted themedian dissimilarity of each type toward all others. For AUCζ, we
used the zeta diversities computed for each type. For each taxon, typology
system, and test, we scaled the results by their range. The best-performing
type in each combination of typology system and taxonomic group had a
range score of 1, while the worst-performing type had a range score of 0.

Each type received nine range scores: one for each combination of taxon
and test. For each type, we added these nine range scores. The highest pos-
sible range score is a nine, indicating that a type performed best for all tax-
onomic groups and tests. The worst possible range score is a zero, implying
that a given type performed worst of all types in its typology system for all
taxonomic groups and tests. Only types that were tested for all three taxa
were considered for this analysis.
5

2.4. Software

All analyses were conducted with R 4.2.2 (R Core Team, 2022). Data
were prepared with data.table 1.14.2 (Dowle and Srinivasan, 2022),
tidyverse 1.3.2 (Wickham et al., 2019), and sf 1.0–9 (Pebesma, 2018). Anal-
yses were conductedwith zetadiv 1.2.0 (Latombe et al., 2018), vegan 2.6–2
(Oksanen et al., 2022) and parallelDist 0.2.6 (Eckert, 2022). Maps and fig-
ures were created with ggplot2 3.4.0 (Wickham, 2016), wesanderson 0.3.6
(Ram andWickham, 2018), maptiles 0.4.0 (Giraud, 2022), and tmap 3.3–3
(Tennekes, 2018).

3. Results

The diatom data set comprised 1110 species and species complexes,
from 176 genera and 60 families at 4183 least disturbed sites. The most
common species/complexes were theAchnanthidiumminutissimum complex
(3835 occurrences, 92 % of samples), the Gomphonema parvulum complex
(2894 occurrences, 69 % of samples), and Planothidium lanceolatum (2734
occurrences, 65 % of samples). The average species/complex occurred in
105.7 ± 340.6 (arithmetic mean ± standard deviation) samples and the
average diatom species/complex richness per sample was 28.1 ± 11.0.
The 265 singletons (24% of the species/complexes) were omitted from fur-
ther analyses. 87 % of observations had species/complexes-level informa-
tion, > 99 % genus and family-level observations. Observations that
lacked genus-level data were largely observations of undetermined
Achnanthales (< 0.1 % of total observations).

The fish data included 105 species from 69 genera and 21 families at
2003 least disturbed sites. The most common species were Salmo trutta
(1208 occurrences, 60 % of samples), Barbatula barbatula (1029, 51 % of
samples), and Gobio gobio (893, 45 % of samples). The mean number of oc-
currences was 140± 253. The average fish species richness was 7.3± 4.3.
17 species (16 % of species) were singletons and thus removed from subse-
quent analyses. 99 % of observations were at the species level. Most obser-
vations that were lacking species-level data were of Petromyzontidae
(0.5 %) or Lampetra sp. (0.5 %).

Lastly, macrophyte data included 299 species, 131 genera, and 67 fam-
ilies at 1815 least disturbed sites. Themost common species were Fontinalis
antipyretica (719 occurrences, 40 % of samples), Lemna minor (677 occur-
rences, 38 % of samples), and Leptodictyum riparium (567 occurrences,
32 % of samples). The mean number of occurrences was 44.1 ± 97.8.
The average macrophyte species richness was 7.3± 4.2. The 63 singletons
(21 % of taxa) were removed from further analyses. 98 % of observations
had information at the species level. Callitriche, Carex, and Rorippa (all
<0,01%) aremost frequent among observations without species-level data.

For all three taxonomic groups, the results of the different SA classifica-
tions differed minimally and without a discernible pattern. Below, we pres-
ent the results of the 15-type hexagonal SA classification (see SI6 for the
results of the other SA classifications).

For diatoms and fish, all ANOSIMS indicated weak separation between
the types (R < 0.5, Fig. 4) and most typology systems performed similar to
the SA classifications. For macrophytes, IFE, FEoW, and EnZ were good
classifications (R > 0.5) and all typology systems outperformed the SA clas-
sifications, though the BRT only slightly. CSwas low (< 0.1) for all analyses,
except for IFE and fish (Fig. 4). The SA classification outperformedmost ty-
pology systems for fish and macrophytes and always performed better than
the BRT. The dissimilarity between TSA communities was lowest in macro-
phytes but the SA model outperformed most combinations of taxonomic
group and typology systems, including the BRT for all the taxonomic
groups. The complete list of typical communities is available in the accom-
panying Zenodo folder (Jupke et al., 2023). The median AUCζ was lowest
for macrophytes and the median AUCζs of the SA classification generally
had a similar magnitude as those of the actual typology systems. The
BRT's AUCζwas always lower than that of the SA classifications. The typol-
ogies performance relative to the SA classifications and the best performing
typology systems for each evaluation method and taxonomic groups are
shown in Fig. 5.



Fig. 4. Results of the four cluster analyses, Analysis of similarities (ANOSIM), Classification Strength (CS), Typical Species Analysis (TSA), and area under the zeta diversity
decline curve (AUCζ), for the Broad River Types (BRT), Illies Freshwater Ecoregions (IFE), Biogeographic Regions (BGR), Freshwater Ecoregions of the World (FEoW), and
Environmental Zones (EnZ) across diatoms, fishes, andmacrophytes. For all four analyses, higher values imply a better classification. The dashed red line indicates the results
for the 15-type hexagonal spatial autocorrelation (SA) classification. For ANOSIM, the R-statistic is shown. An R of 1 corresponds to a perfect classification where within-type
similarities exceed among-type similarities. For the CS, the classification strength is shown. A high dissimilarity between the TSA communities of two types implies that the
different species are common in each of the two types. Therefore, a good typology system would have high dissimilarities between TSA communities. For AUCζ, the area
under the zeta diversity decline curve is shown. If communities share fewer species, their zeta diversity decline curves will be steeper and hence enclose a smaller area
over a fixed number of orders. A good typology would aggregate ecosystems with similar communities and hence with slowly declining zeta diversity curves and large
areas under the decline curve. This analysis returns one area under the curve per type and taxonomic group. The distribution of these areas is shown here.
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The observed type-specific scores ranged from 6.6 (type boreal from
BGR) to 0.3 (type Mediterranean from BGR) with a mean score of 3.1
(Fig. 6). Overall, we observed that the high latitude and altitude types
tended to perform better than low latitude types across typology systems
and taxa.

4. Discussion

We compiled datasets of diatom,fish, andmacrophyte occurrences from
rivers throughout Europe to determine whether spatial patterns in commu-
nity composition follow broad-scale environmental covariates as captured
by different ecosystem typologies. Our first research question was whether
the site groups delineated by the BRT host communities of diatoms, fish,
and macrophytes whose composition is more similar within than among
types. This is not the case for any of the three taxonomic groups. The BRT
failed tomeet the predefined quality threshold for ANOSIM and CS and per-
formed worse than the SA model in 11 out of 12 tests. Our second research
question was whether the communities within BRT were more homoge-
nous and distinct than those of the types of IFE, BGR, FEoW or EnZ. Here,
the opposite was the case. In most analyses, the BRT were least reflected
by the community compositions. Our analyses were based on presence-
absence data. The results therefore pertain solely to the composition of
communities and not their structure, i.e., the abundance of different taxa.
6

Since patterns in community structure can deviate from those in commu-
nity composition (Mueller et al., 2013) we advise against generalizing our
results to community structure. Further, we wish to emphasize again that
our sampling sites are not uniformly distributed across types or within
types. As such data do not exist on broad-scales we cannot evaluate the
magnitude or direction of bias this might induce.

Differences between diatom assemblages in ecoregions have been
shown on a national (Mykrä et al., 2009, Rimet and Bouchez, 2012;
Soininen et al., 2004; Tison et al., 2005; Tornés et al., 2007, 2022) and in-
ternational level (Kelly et al., 2012), but are often small. Our CS and
ANOSIM values for diatoms are comparable to literature values between
0.03 and 0.09 for CS (Soininen et al., 2004; Mykrä et al., 2009) and 0.34
to 0.43 for ANOSIM (Kelly et al., 2012; Soininen et al., 2016). No single ty-
pology system emerged as having a considerably higher fit to the diatom
community compositions.

Fish assemblages often exhibit a spatial structure (Jackson and Harvey,
1989; Kilgour and Barton, 1999) and accordingly several studies indicated
that fish assemblages are well described by a priori typology systems atfine
(Hoeinghaus et al., 2007; Vehanen et al., 2020) and broad scales (Frimpong
and Angermeier, 2010). This partly reflects the fact that modern-day fish
distributions are still strongly influenced by historical patterns (Vargas
et al., 1998; Reyjol et al., 2007) but also that, among the taxa studied
here,fish are the only group that disperses strictly within the river network,



Fig. 5. Summary of all results relative to the 15-type hexagonal spatial autocorrelation (SA) classification. The rows indicate the typology systems: Broad River Types (BRT),
Illies Freshwater Ecoregions (IFE), Biogeographical Regions (BGR), Freshwater Ecoregions of the World (FEoW), and Environmental Zones (EnZ). The columns are the
different analyses: Analysis of similarities (1), classification strength (2), Jaccard dissimilarity between typical species analysis communities (3), and area under the zeta
diversity decline curve (4). All results are relative to the SA classification. Blue cells indicate that the typology received a higher score than the SA classification, red cells
indicate the opposite. White cells show that the performance is similar to the SA classification. Black dots highlight the typology system that performed best for a given
combination of taxonomic group and evaluation method.
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though we lack empirical data on possible zoochory in fish (Hirsch et al.,
2018). Assuming that zoochory plays a subordinate role, dispersal between
basins is only possible for euryhaline taxa such as Anguilla anguilla, Alosa
alosa, or Lampetra fluviatilis, during river captures (Burridge et al., 2006),
or with declining sea levels. The IFE capture fish community composition
best of the evaluated typology systems. The bad performance of the BRT
Fig. 6. Performance of individual types across taxonomic groups and evaluation metrics
Regions (BGR), Freshwater Ecoregions of theWorld (FEoW), and Environmental Zones (E
was conducted separately for each combination of taxonomic group, typology system, an
that were evaluated for all three taxa are included.
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is surprising, given that longitudinal patterns, which only segment-based
typology systems capture, are common in fish assemblages (Vila-Gispert
et al., 2002). The influence of broad-scale factors and historical distribution
patterns seems to override these longitudinal types.

Macrophyte community composition tended to be more similar within
types (high ANOSIM R) but the absolute differences in similarity were
for the Broad River Types (BRT), Illies Freshwater Ecoregions (IFE), Biogeographic
nZ). Each score is the sum of scaled results across taxonomic groups and test. Scaling
d test. The highest and best possible score is 9, the lowest and worst is 0. Only types



J.F. Jupke et al. Science of the Total Environment 896 (2023) 165081
small (low CS) and the most common taxa tended to occur across types
(similar TSA communities). This is in agreement with previous studies
that found considerable overlap between the macrophyte communities of
different river types (Baattrup-Pedersen et al., 2006; Alahuhta and García-
Girón, 2021). Aquatic macrophytes display a wide range of auto-
ecological variability, and therefore seem to occur across regions, therefore
increasing similarly of types and rendering pressure responses uncertain
(Szoszkiewicz et al., 2006). However, the biogeography of aquatic mac-
rophytes is less well-studied than that of diatoms or fish. Existing studies
tend to focus on lentic systems (Alahuhta et al., 2021) and the driving
factors of macrophyte community composition are known to differ be-
tween lentic and lotic systems (Iversen et al., 2019; Gillard et al., 2020).
As for fish, the IFE were the best typology system for macrophytes in our
study.

In the type-specific analysis, northern European and high-altitude types
tended to perform better than low altitude and southern types,
i.e., communities at high latitudes and altitudes were compositionally
more distinct and homogenous than those observed at lower latitudes and
altitudes. This is in concert with frameworks that predict larger geographic
range sizes at higher latitudes (Rapoport's rule; Stevens, 1989) and a stron-
ger role of environmental species sorting relative to dispersal processes or
biotic interactions (Dobzhansky-MacArthur hypothesis (Brown, 2014);
Harsh-Benign hypothesis (Menge, 1976)). Communities composed of taxa
with large geographic ranges will vary less across space and are hence cap-
tured better by large contiguous areas such as ecoregions. Further, the ef-
fects of environmental sorting are likely more easily captured by
environmentally determined regions than the imprints of either biotic inter-
actions or dispersal.

In our three focal taxonomic groups, support for these frameworks is
mixed. For diatoms, studies on the relationship between latitude and geo-
graphic range size are lacking. Mruzek et al. (2022) found no support for
Rapoport's rule in algae (including but not restricted to diatoms) in the con-
terminous USA. For fish, Carvajal-Quintero et al., 2019 have shown that
aridity, which is more prevalent at lower latitudes, has a negative effect
on species' geographic ranges and Mruzek et al., 2022 found a weak but
consistent increase of range size with latitude. For macrophytes, Murphy
et al., 2020 show an increase in geographic range with latitude globally,
but this pattern seems less pronounced in Europe than in North America
(Alahuhta et al., 2020). Few studies have investigated latitudinal gradients
in the relative importance of environmental species sorting. Mruzek et al.,
2022 found a clear increase with latitude in the variation of species richness
of algae and fish explained by environmental variation accompanied by a
less pronounced decrease in the variation explained by dispersal. However,
these patterns were absent for beta diversity. Hence, while the strength and
form of latitudinal patterns in geographic range size and relative strength of
environmental species sorting likely vary between taxonomic groups, such
patterns represent a possible explanation for our type-specific results. For
future efforts to derive broad-scale typology systems, we therefore recom-
mend using finer-scaled types for low-latitude systems compared to high-
latitude systems.

4.1. Relevance of typology systems and ways forward

The availability of well-fitting typology systems matters. Typology sys-
tems are useful heuristics for researchers. Recent studies have used river ty-
pology systems to investigate type-specific temporal biodiversity trends
(Powell et al., 2022), inter-type differences in pollution pressure caused
by man-made chemicals (Posthuma et al., 2020), and the relevance of mul-
tiple stressors for different types of rivers (Birk et al., 2020). Further, typol-
ogy systems are crucial to the practical implementation of environmental
policy. Policies need to define quantifiable standards and targets which re-
quires distinct groups (Mau, 2017) to render complex matters legible to in-
stitutions (Scott, 2008). As a practical example, consider the environmental
risk assessment of pesticides, which commonly derives a predicted expo-
sure concentration and a, presumably safe, regulatory acceptable concen-
tration. While exposure concentrations are predicted considering different
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types of ecosystems, the acceptable concentration does not take the receiv-
ing ecosystems into account. Introducing a typology system delineating bi-
otic communities with different sensitivities represents a straightforward
possibility to include spatial variation in sensitivity. If we neglect the poten-
tially international nature of environmental issues, e.g., by relying on na-
tional tools to implement international policies, we risk being blindsided
by transboundary harm (Knox, 2002) and transboundary crises (Boin,
2009). Together with Jupke et al. (2022), we show that European river ty-
pology systems fail to capture patterns in the community composition of
aquatic biota considerably better than arrangements of simple geometric
forms. It is important to note that the typology systems evaluated here
were not designed for the specific purpose we evaluated them on. Hence,
we do not wish to argue against the use of typology systems in general.
Rather, we wish to highlight this research gap and encourage future efforts
to close it.

To improve the concordance between community composition and
river typologies, we suggest combining segment-based and region-based
approaches. Region-based systems do not capture taxonomic turnover
along a rivers course (Vannote et al., 1980, Baattrup-Pedersen et al.,
2006), while segment-based systems may fail to account for regional cli-
matic and geological differences (Omernik and Bailey, 1997). The BRT in-
clude a region variable, but additional regional differences may be
relevant in Europe. Watson et al. (2021) and Jupke et al. (2022) have pre-
viously suggested integrating the BRT into a region-based system. Based on
our results, we recommend combining the BRT with IFE, which were supe-
rior to other typology systems for fish and macrophytes.

Further, we might consider biological type descriptors in addition to
abiotic ones, as is done in the IFE, BGR, and FEoW. While these three sys-
tems are based on expert knowledge about species ranges, others have cre-
ated typology systems directly from observations. Several authors have
derived diatom typologies for the evaluation of ecological indices
(e.g., Goldenberg Vilar et al., 2014, Grenier et al., 2006, Lavoie et al.,
2010, Tang et al., 2016). However, these typologies are at the subnational
scale and were not meant to be generalized beyond their specific studies.
For both macrophytes and fish, biotypes or -regions are commonly derived
based on community composition and structure (e.g., Alahuhta and García-
Girón, 2021; Holmes et al., 1998; Loewen et al., 2021; Pont et al., 2007; Riis
et al., 2000). If the purpose of the typology system is to define types with
similar reference communities though, biotic type descriptors should not
be used to avoid circularity (Bailey et al., 2004; Stoddard et al., 2006). A
way to circumvent this circularity would be to use Generalized Dissimilar-
ity Models (GDM, Ferrier et al., 2007, Latombe et al., 2017). These models
use spline functions to model the relationship between beta diversity (mea-
sured as dissimilarity metric, e.g.; Jaccard dissimilarity) and environmental
variables. We can train such models to predict beta-diversity for the area of
interest with the variables we want to use as type descriptors in our typol-
ogy system. The predicted beta diversity, which is a function of the environ-
mental variables, can then be clustered, instead of the environmental
variables themselves. Effectively, this weights the variables by their impor-
tance for the taxonomic turnover of the focal taxon.

5. Conclusion

Our study is the most comprehensive evaluation of European river ty-
pology systems to date. Despite variation across evaluationmetrics and tax-
onomic groups, we showed that current broad-scale typology systems fail to
capture the community composition of different taxonomic groups beyond
their spatial autocorrelation. We propose several avenues for advancing the
field. Most notably by combining existing segment- and region-based sys-
tems. In an age of increasing data availability, the context becomes scarce
and context is what ecosystem typologies can provide. Therein lies their
great value for ecological research and environmental policy. When science
and policy are restricted to national, fine-scale tools they remain blind to-
ward issues that transcend political borders. Therefore, we encourage fu-
ture work on broad-scale river typologies specifically catered toward
delimiting distinct biotic communities.



J.F. Jupke et al. Science of the Total Environment 896 (2023) 165081
CRediT authorship contribution statement

Jonathan F. Jupke: Conceptualization, Writing - Original Draft Prepara-
tion, Writing - Review & Editing, Methodology, Software, Formal analysis.
Sebastian Birk: Writing - Review & Editing, Conceptualization, Resources.
Apostolos Apostolou: Data curation, Resources, Writing - Review& Editing.
Jukka Aroviita: Data curation, Resources, Writing - Review & Editing.
Annette Baattrup-Pedersen: Data curation, Resources, Writing - Review &
Editing. Peter Baláži: Data curation, Resources, Writing - Review& Editing.
Libuše Barešová: Data curation, Resources,Writing - Review& Editing. Saúl
Blanco: Data curation, Resources, Writing - Review & Editing. María
Borrego-Ramos: Data curation, Resources, Writing - Review& Editing. Her-
man van Dam: Data curation, Resources, Writing - Review & Editing. Elias
Dimitriou: Data curation, Resources, Writing - Review & Editing. Christian
K. Feld: Data curation, Resources, Writing - Review& Editing. Maria Teresa
Ferreira: Data curation, Resources, Writing - Review & Editing. Gana
Gecheva: Data curation, Resources, Writing - Review & Editing. Joan
Gomà: Data curation, Resources, Writing - Review & Editing. Nikola
Hanžek: Data curation, Resources, Writing - Review & Editing. Ida Marie
Haslev: Data curation, Resources, Writing - Review & Editing. Tsvetelina
Isheva: Data curation, Resources, Writing - Review & Editing. Aurélien
Jamoneau: Data curation, Resources, Writing - Review & Editing. Jenny
Jyrkänkallio-Mikkola: Data curation, Resources, Writing - Review
& Editing. Maria Kahlert: Data curation, Resources, Writing - Review &
Editing. Ioannis Karaouzas: Data curation, Resources, Writing - Review &
Editing. Satu Maaria Karjalainen: Data curation, Resources, Writing - Re-
view & Editing. Adriana Olenici: Data curation, Resources, Writing - Re-
view & Editing. Piotr Panek: Data curation, Resources, Writing - Review
& Editing. Petr Paril: Data curation, Resources, Writing - Review& Editing.
Edwin T.H.M. Peeters: Data curation, Resources, Writing - Review &
Editing. Marek Polášek: Data curation, Resources, Writing - Review &
Editing. Didier Pont: Data curation, Resources, Writing - Review &
Editing. Audrone Pumputyte: Data curation, Resources, Writing - Review
& Editing. Leonard Sandin: Data curation, Resources, Writing - Review &
Editing. Lucia Sochuliaková: Data curation, Resources, Writing - Review
& Editing. Janne Soininen: Data curation, Resources, Writing - Review &
Editing. Igor Stanković: Data curation, Resources, Writing - Review &
Editing. Michal Straka: Data curation, Resources, Writing - Review &
Editing. Mirela Šušnjara: Data curation, Resources, Writing - Review &
Editing. Tapio Sutela: Data curation, Resources,Writing - Review& Editing.
Juliette Tison-Rosebery: Data curation, Resources, Writing - Review &
Editing. Marija Gligora Udovič: Data curation, Resources, Writing - Review
& Editing. Michiel Verhofstad: Data curation, Resources, Writing - Review
& Editing. Petar Žutinić: Data curation, Resources, Writing - Review &
Editing. Ralf B. Schäfer: Writing - Review & Editing, Supervision, Project
administration, Conceptualization, Funding acquisition.

Data availability

We cannot make the complete database available. We published supple-
mentary data on Zeondo (https://doi.org/10.5281/zenodo.7751344). R
code is available in the associated Github repository https://github.com/
JonJup/European-river-typologies-and-community-compositi

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

This study was part of the GETREAL (Incorporating spatial and seasonal
variability in community sensitivity into chemical risk assessment) project,
funded by the European Chemical Industry Council Long-Range Research
Initiative (CEFIC-LRi project ECO 50). The Greek data has been collected
9

under the Hellenic National Monitoring Program of the ecological quality
status of Greek surface waters, supported by (MIS codes): 371010,
371138, 371140, 371144, 371145, that have been financed by the Hellenic
Republic, the European Regional Development Fund (ERDF) & Cohesion
Fund (CF). Data from Poland has been collected in state environmental
monitoring financed by the Republic of Poland, partly via National Fund
for Environmental Protection and Water Management. Fish data from
Bulgaria were collected during the project of MOEW “Intercalibration of
the methods for analysis of biological quality elements (BQE) for the types
of surface waters in the territory of Bulgaria, corresponding to certain
common European types in the geographical intercalibration groups”.
The majority of the diatom data for Sweden have been derived from
Miljödata-MVM (2023), the national database funded in cooperation with
the Swedish Environmental Protection Agency and the Swedish Agency
for Marine and Water Management. The authors thank the CHMI and the
state enterprises Povodí for providing the data from the Czech state
monitoring. Petr Pařil, Marek Polášek and Michal Straka were supported
by the P505-20-17305S and GA23-05268S grants. We are grateful to the
staff that collected and analyzed data for the Czech DRYDIVERS and
SNOWDIVERS projects. We thank the Office Francais Bodiversité and all
French water agencies for data contribution. We thank the teams that
compiled the Naïades database for France on behalf of the office français
de la biodiversité and the Ecology & Fish Data Explorer database for the
United Kingdom on behalf of the Environment Agency. For the German
Federal data we thank the Landesamt für Landwirtschaft, Umwelt und
ländliche Räume in Schleswig-Holstein, the Landesanstalt für Umwelt
Baden-Württemberg, the Landesamt für Umwelt, Naturschutz und
Geologie Mecklenburg-Western Pomerania, the Landesamt für Umwelt,
Landwirtschaft und Geologie Saxony, the Landesamt für Umwelt Branden-
burg, the Landesamt für Natur, Umwelt und Verbraucherschutz in Lower
Saxony, the Niedersächsischer Landesbetrieb fürWasserwirtschaft, Küsten-
und Naturschutz, the Landesamt für Naturschutz, Umwelt und Geologie in
Hesse, and the Landesamt für Umwelt in Bavaria. For data from the Ebro
catchment in Spain we thank the Confederación Hidrográfica del Ebro.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165081.

References

Abell, R., Thieme, M.L., Revenga, C., Bryer, M., Kottelat, M., Bogutskaya, N., Coad, B.,
Mandrak, N., Balderas, S.C., Bussing, W., Stiassny, M.L.J., Skelton, P., Allen, G.R.,
Unmack, P., Naseka, A., Ng, R., Sindorf, N., Robertson, J., Armijo, E., Higgins, J.V.,
Heibel, T.J., Wikramanayake, E., Olson, D., López, H.L., Reis, R.E., Lundberg, J.G.,
Sabaj Pérez, M.H., Petry, P., 2008. Freshwater ecoregions of the world: a new map of bio-
geographic units for freshwater biodiversity conservation. BioScience 58, 403–414.

Aberle, N., Wiltshire, K.H., 2006. Seasonality and diversity patterns of microphytobenthos in a
mesotrophic lake. Arch. Hydrobiol. 167, 447–465.

Aguiar, F.C., Feio, M.J., Ferreira, M.T., 2011. Choosing the best method for stream bioassessment
using macrophyte communities: indices and predictive models. Ecol. Indic. 11, 379–388.

Alahuhta, J., García-Girón, J., 2021. Patterns and mechanisms underlying ecoregion delinea-
tion in north American freshwater plants. J. Biogeogr. 49, 142–155.

Alahuhta, J., Kanninen, A., Hellsten, S., Vuori, K.-M., Kuoppala, M., Hämäläinen, H., 2014.
Variable response of functional macrophyte groups to lake characteristics, land use, and
space: implications for bioassessment. Hydrobiologia 737, 201–214.

Alahuhta, J., Antikainen, H., Hjort, J., Helm, A., Heino, J., 2020. Current climate overrides
historical effects on species richness and range size of freshwater plants in Europe and
North America. J. Ecol. 108, 1262–1275.

Alahuhta, J., Lindholm, M., Baastrup-Spohr, L., García-Girón, J., Toivanen, M., Heino, J.,
Murphy, K., 2021. Macroecology of macrophytes in the freshwater realm: patterns, mech-
anisms and implications. Aquat. Bot. 168, 103325.

Appelhans, T., Detsch, F., Reudenbach, C., Woellauer, S., 2021. Mapview: Interactive Viewing
of Spatial Data in R.

Baattrup-Pedersen, A., Szoszkiewicz, K., Nijboer, R., O’Hare, M., Ferreira, T., 2006. Macro-
phyte communities in unimpacted European streams: variability in assemblage patterns,
abundance and diversity. Hydrobiologia 566, 179–196.

Bailey, R., Norris, R., Reynoldson, T., 2004. Bioassessment of Freshwater Ecosystems Using
the Reference Condition Approach. Kluwer Academic Publishers, Boston, Massachusetts.

Benda, L., Poff, N.L., Miller, D., Dunne, T., Reeves, G., Pess, G., Pollock, M., 2004. The network
dynamics hypothesis: how channel networks structure riverine habitats. BioScience 54,
413.

https://doi.org/10.5281/zenodo.7751344
https://github.com/JonJup/European-river-typologies-and-community-compositi
https://github.com/JonJup/European-river-typologies-and-community-compositi
https://doi.org/10.1016/j.scitotenv.2023.165081
https://doi.org/10.1016/j.scitotenv.2023.165081
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0005
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0005
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0010
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0010
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0015
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0015
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0020
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0020
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0025
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0025
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0030
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0030
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0030
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0035
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0035
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0040
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0040
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0045
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0045
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0045
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0050
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0050
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0055
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0055
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0055


J.F. Jupke et al. Science of the Total Environment 896 (2023) 165081
Birk, S., Chapman, D., Carvalho, L., Spears, B.M., Andersen, H.E., Argillier, C., Auer, S.,
Baattrup-Pedersen, A., Banin, L., Beklioğlu, M., Bondar-Kunze, E., Borja, A., Branco, P.,
Bucak, T., Buijse, A.D., Cardoso, A.C., Couture, R.-M., Cremona, F., de Zwart, D., Feld,
C.K., Ferreira, M.T., Feuchtmayr, H., Gessner, M.O., Gieswein, A., Globevnik, L.,
Graeber, D., Graf, W., Gutiérrez-Cánovas, C., Hanganu, J., Işkın, U., Järvinen, M.,
Jeppesen, E., Kotamäki, N., Kuijper, M., Lemm, J.U., Lu, S., Solheim, A.L., Mischke, U.,
Moe, S.J., Nõges, P., Nõges, T., Ormerod, S.J., Panagopoulos, Y., Phillips, G.,
Posthuma, L., Pouso, S., Prudhomme, C., Rankinen, K., Rasmussen, J.J., Richardson, J.,
Sagouis, A., Santos, J.M., Schäfer, R.B., Schinegger, R., Schmutz, S., Schneider, S.C.,
Schülting, L., Segurado, P., Stefanidis, K., Sures, B., Thackeray, S.J., Turunen, J.,
Uyarra, M.C., Venohr, M., von der Ohe, P.C., Willby, N., Hering, D., 2020. Impacts of
multiple stressors on freshwater biota across spatial scales and ecosystems. Nat. Ecol.
Evol. 4, 1060–1068.

Boin, A., 2009. The newworld of crises and crisis management: implications for policymaking
and research. Rev. Policy Res. 26, 367–377.

Brown, J.H., 2014. Why are there so many species in the tropics? J. Biogeogr. 41, 8–22.
Burridge, C.P., Craw, D., Waters, J.M., 2006. River capture, range expansion, and cladogene-

sis: the genetic signature of freshwater vicariance. Evolution 60, 1038–1049.
Campbell Grant, E.H., Lowe, W.H., Fagan, W.F., 2007. Living in the branches: population dy-

namics and ecological processes in dendritic networks. Ecol. Lett. 10, 165–175.
Carvajal-Quintero, J., Villalobos, F., Oberdorff, T., Grenouillet, G., Brosse, S., Hugueny, B.,

Jézéquel, C., Tedesco, P.A., 2019. Drainage network position and historical connectivity
explain global patterns in freshwater fishes’ range size. Proc. Natl. Acad. Sci. 116,
13434–13439.

Cellamare, M., Morin, S., Coste, M., Haury, J., 2012. Ecological assessment of French Atlantic
lakes based on phytoplankton, phytobenthos and macrophytes. Environ. Monit. Assess.
184, 4685–4708.

Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community structure.
Austral Ecol. 18, 117–143.

Clarke, K.R., Gorley, R., 2006. Software PRIMER v6. PRIMER-E, Plymouth.
Dowle, M., Srinivasan, A., 2022. Data.Table: extension of `data.frame`. Manual.
Dunn, P.O., Ahmed, I., Armstrong, E., Barlow, N., Barnard, M.A., Bélisle, M., Benson, T.J.,

Berzins, L.L., Boynton, C.K., Brown, T.A., Cady, M., Cameron, K., Chen, X., Clark, R.G.,
Clotfelter, E.D., Cromwell, K., Dawson, R.D., Denton, E., Forbes, A., Fowler, K., Fraser,
K.C., Gandhi, K.J.K., Garant, D., Hiebert, M., Houchen, C., Houtz, J., Imlay, T.L.,
Inouye, B.D., Inouye, D.W., Jackson, M., Jacobson, A.P., Jayd, K., Juteau, C., Kautz, A.,
Killian, C., Kinnear, E., Komatsu, K.J., Larsen, K., Laughlin, A., Levesque-Beaudin, V.,
Leys, R., Long, E., Lougheed, S.C., Mackenzie, S., Marangelo, J., Miller, C., Molano-
Flores, B., Morrissey, C.A., Nicholls, E., Orlofske, J.M., Pearse, I.S., Pelletier, F., Pitt,
A.L., Poston, J.P., Racke, D.M., Randall, J.A., Richardson, M.L., Rooney, O., Ruegg,
A.R., Rush, S., Ryan, S.J., Sadowski, M., Schoepf, I., Schulz, L., Shea, B., Sheehan, T.N.,
Siefferman, L., Sikes, D., Stanback, M., Styrsky, J.D., Taff, C.C., Uehling, J.J., Uvino, K.,
Wassmer, T., Weglarz, K., Weinberger, M., Wenzel, J., Whittingham, L.A., 2023. Exten-
sive regional variation in the phenology of insects and their response to temperature
across North America. Ecology 104 (5), e4036.

Ebach, M.C., 2021. Origins of biogeography: a personal perspective. Biogeography. John
Wiley & Sons, Ltd., pp. 1–26.

Eckert, A., 2022. parallelDist: Parallel Distance Matrix Computation Using Multiple Threads.
Manual.

EEA, 2016. Biogeographical Regions Available under: https://www.eea.europa.eu/data-
andmaps/data/biogeographical-regions-europe-3.

Eliot, C., 2011. The legend of order and Chaos. Pages 49–107 Philosophy of Ecology. North-
Holland, Amsterdam.

Ferrier, S., Manion, G., Elith, J., Richardson, K., 2007. Using generalized dissimilarity model-
ling to analyse and predict patterns of beta diversity in regional biodiversity assessment.
Divers. Distrib. 13, 252–264.

Ficetola, G.F., Mazel, F., Falaschi, M., Marta, S., Thuiller, W., 2021. Determinants of zoogeo-
graphical boundaries differ between vertebrate groups. Glob. Ecol. Biogeogr. 30,
1796–1809.

Frimpong, E.A., Angermeier, P.L., 2010. Comparative utility of selected frameworks for re-
gionalizing fish-based bioassessments across the United States. Trans. Am. Fish. Soc.
139, 1872–1895.

Gillard, M.B., Aroviita, J., Alahuhta, J., 2020. Same species, same habitat preferences? The
distribution of aquatic plants is not explained by the same predictors in lakes and streams.
Freshw. Biol. 65, 878–892.

Giraud, T., 2022. Maptiles: Download and Display Map Tiles. Manual.
Globevnik, L., 2019, November. 15. Broad Typology for Rivers and lakes in Europe for Large

Scale Analysis. PANGAEA.
Goldenberg Vilar, A., van Dam, H., Vonk, J.A., van der Geest, H.G., Admiraal, W., 2014. Ty-

pology of diatom communities in the Dutch delta: recognizing patterns of environmental
drivers in nutrient rich ditches. Ecol. Indic. 45, 561–569.

Goodwin, C.N., 1999. Fluvial classification: neanderthal necessity or needless normalcy.
Wildl. Hydrol. 8.

Grenier, M., Campeau, S., Lavoie, I., Park, Y.-S., Lek, S., 2006. Diatom reference communities
in Québec (Canada) streams based on Kohonen self-organizing maps and multivariate
analyses. Can. J. Fish. Aquat. Sci. 63, 2087–2106.

Guiry, M.D., Guiry, G.M., Morrison, L., Rindi, F., Miranda, S.V., Mathieson, A.C., Parker, B.C.,
Langangen, A., John, D.M., Bárbara, I., Carter, C.F., Kuipers, P., Garbary, D.J., 2014.
AlgaeBase: an on-line resource for algae. Cryptogam. Algol. 35, 105–115.

Hawkins, C.P., Norris, R.H., Gerritsen, J., Hughes, R.M., Jackson, S.K., Johnson, R.K.,
Stevenson, R.J., 2000. Evaluation of the use of landscape classifications for the prediction
of freshwater biota: synthesis and recommendations. J. N. Am. Benthol. Soc. 19,
541–556.

Heiner, M., Higgins, J., Li, X., Baker, B., 2011. Identifying freshwater conservation priorities
in the Upper Yangtze River basin: Upper Yangtze freshwater conservation priorities.
Freshw. Biol. 56, 89–105.
10
Hering, D., Johnson, R.K., Kramm, S., Schmutz, S., Szoszkiewicz, K., Verdonschot, P.F.M.,
2006. Assessment of European streams with diatoms, macrophytes, macroinvertebrates
and fish: a comparative metric-based analysis of organism response to stress. Freshw.
Biol. 51, 1757–1785.

Herlihy, A.T., Hughes, R.M., Gerth, W.J., 2021. Longitudinal patterns in riverine ecology
within and among seven Pacific northwest rivers: implications for river research, moni-
toring and management. River Res. Appl. 38, 548–560.

Hirsch, P.E., N’Guyen, A., Muller, R., Adrian-Kalchhauser, I., Burkhardt-Holm, P., 2018. Colo-
nizing Islands of water on dry land-on the passive dispersal of fish eggs by birds. Fish
Fish. 19, 502–510.

Hoeinghaus, D.J., Winemiller, K.O., Birnbaum, J.S., 2007. Local and regional determinants of
stream fish assemblage structure: inferences based on taxonomic vs. functional groups.
J. Biogeogr. 34, 324–338.

Holmes, N.T.H., Boon, P.J., Rowell, T.A., 1998. A revised classification system for British riv-
ers based on their aquatic plant communities. Aquat. Conserv. Mar. Freshwat. Ecosyst. 8,
555–578.

Huet, M., 1949. Aperçu des relations entre la pente et les populations piscicoles des eaux cou-
rantes. Schweizerische Zeitschrift für Hydrologie 11, 332–351.

Hui, C., McGeoch, M.A., 2014. Zeta diversity as a concept and metric that unifies incidence-
based biodiversity patterns. Am. Nat. 184, 684–694.

Illies, J., 1978. Limnofauna Europaea. Fischer, Stuttgart.
Infante, D.M., David Allan, J., Linke, S., Norris, R.H., 2009. Relationship of fish and macroin-

vertebrate assemblages to environmental factors: implications for community concor-
dance. Hydrobiologia 623, 87–103.

Iversen, L.L., Winkel, A., Baastrup-Spohr, L., Hinke, A.B., Alahuhta, J., Baattrup-Pedersen, A.,
Birk, S., Brodersen, P., Chambers, P.A., Ecke, F., Feldmann, T., Gebler, D., Heino, J.,
Jespersen, T.S., Moe, S.J., Riis, T., Sass, L., Vestergaard, O., Maberly, S.C., Sand-Jensen,
K., Pedersen, O., 2019. Catchment properties and the photosynthetic trait composition
of freshwater plant communities. Science 366, 878–881.

Jackson, D.A., Harvey, H.H., 1989. Biogeographic associations in fish assemblages: local vs.
regional processes. Ecology 70, 1472–1484.

Johnson, R.K., Hering, D., Furse, M.T., Verdonschot, P.F.M., 2006. Indicators of ecological
change: comparison of the early response of four organism groups to stress gradients.
In: Furse, M.T., Hering, D., Brabec, K., Buffagni, A., Sandin, L., Verdonschot, P.F.M.
(Eds.), The Ecological Status of European Rivers: Evaluation and Intercalibration of As-
sessment Methods. Springer Netherlands, Dordrecht, pp. 139–152.

Jupke, J.F., Birk, S., Álvarez-Cabria, M., Aroviita, J., Barquín, J., Belmar, O., Bonada, N.,
Cañedo-Argüelles, M., Chiriac, G., Elexová, E.M., Feld, C.K., Ferreira, M.T., Haase, P.,
Huttunen, K.-L., Lazaridou, M., Lešťáková, M., Miliša, M., Muotka, T., Paavola, R.,
Panek, P., Pařil, P., Peeters, E.T.H.M., Polášek, M., Sandin, L., Schmera, D., Straka, M.,
Usseglio-Polatera, P., Schäfer, R.B., 2022. Evaluating the biological validity of European
river typology systems with least disturbed benthic macroinvertebrate communities.
Sci. Total Environ., 156689

Jupke, J.F., Birk, S., Apostolou, A., Aroviita, J., Baattrup-Pedersen, A., Baresova, L., Blanco, S.,
Borrego, M., van Dam, H., Dimitriou, E., Feld, C.K., Ferreira, M.T., Gecheva, G., Gomà, J.,
Hanžek, N., Haslev, I.M., Isheva, T., Jamoneau, A., Jyrkänkallio-Mikkola, J., ... Schäfer,
R.B., 2023. European river typologies fail to capture trends in diatom, fish, and macro-
phyte community composition [Data set]. In Science of the total Environment (Version
1). Zenodo https://doi.org/10.5281/zenodo.7751344.

Kahlert, M., Albert, R.-L., Anttila, E.-L., Bengtsson, R., Bigler, C., Eskola, T., Gälman, V.,
Gottschalk, S., Herlitz, E., Jarlman, A., Kasperoviciene, J., Kokociński, M., Luup, H.,
Miettinen, J., Paunksnyte, I., Piirsoo, K., Quintana, I., Raunio, J., Sandell, B., Simola,
H., Sundberg, I., Vilbaste, S., Weckström, J., 2009. Harmonization is more important
than experience—results of the first Nordic–Baltic diatom intercalibration exercise
2007 (stream monitoring). J. Appl. Phycol. 21, 471–482.

Kahlert, M., Rühland, K.M., Lavoie, I., Keck, F., Saulnier-Talbot, E., Bogan, D., Brua, R.B.,
Campeau, S., Christoffersen, K.S., Culp, J.M., Karjalainen, S.M., Lento, J., Schneider,
S.C., Shaftel, R., Smol, J.P., 2020. Biodiversity patterns of Arctic diatom assemblages in
lakes and streams: current reference conditions and historical context for biomonitoring.
Freshw. Biol. 67, 116–140.

Kelly, M.G., Gómez-Rodríguez, C., Kahlert, M., Almeida, S.F.P., Bennett, C., Bottin, M.,
Delmas, F., Descy, J.-P., Dörflinger, G., Kennedy, B., Marvan, P., Opatrilova, L.,
Pardo, I., Pfister, P., Rosebery, J., Schneider, S., Vilbaste, S., 2012. Establishing ex-
pectations for pan-European diatom based ecological status assessments. Ecol.
Indic. 20, 177–186.

Kilgour, B.W., Barton, D.R., 1999. Associations between stream fish and benthos across envi-
ronmental gradients in southern Ontario, Canada. Freshw. Biol. 41, 553–566.

Knox, J.H., 2002. The myth and reality of transboundary environmental impact assessment.
Am. J. Int. Law 96, 291–319.

Lainé, M., Morin, S., Tison-Rosebery, J., 2014. A multicompartment approach - diatoms, mac-
rophytes, benthic macroinvertebrates and fish - to assess the impact of toxic industrial re-
leases on a small French river. PLoS One 9, e102358.

Latombe, G., Hui, C., McGeoch, M.A., 2017. Multi-site generalised dissimilarity modelling:
using zeta diversity to differentiate drivers of turnover in rare and widespread species.
Methods Ecol. Evol. 8, 431–442.

Latombe, G., McGeoch, M.A., Nipperess, D.A., Hui, C., 2018. zetadiv : an R package for com-
puting compositional change across multiple sites, assemblages or cases. BioRxiv,
324897.

Lavoie, I., Grenier, M., Campeau, S., Dillon, P.J., 2010. The Eastern Canadian Diatom Index
(IDEC) version 2.0: including meaningful ecological classes and an expanded coverage
area that encompasses additional geological characteristics. Water Qual. Res. J. 45,
463–477.

Leathwick, J.R., Snelder, T., Chadderton, W.L., Elith, J., Julian, K., Ferrier, S., 2011. Use of
generalised dissimilarity modelling to improve the biological discrimination of river
and stream classifications: river classification for conservation management. Freshw.
Biol. 56, 21–38.

http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0065
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0065
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0065
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0070
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0070
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0075
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0080
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0080
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0085
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0085
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0090
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0090
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0090
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0095
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0095
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0095
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0100
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0100
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0105
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0110
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0120
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0120
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0120
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0125
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0125
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0130
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0130
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf8000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf8000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0135
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0135
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0140
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0140
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0140
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0145
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0145
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0145
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0150
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0150
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0150
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0155
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0155
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0155
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0160
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0165
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0165
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0170
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0170
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0170
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0180
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0180
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0185
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0185
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0185
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0190
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0195
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0195
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0195
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0200
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0200
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0200
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0205
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0205
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0205
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0210
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0210
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0210
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0220
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0220
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0220
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0225
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0225
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0225
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0230
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0230
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0230
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf9000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf9000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0235
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0235
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0240
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0245
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0245
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0245
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0250
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0250
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0255
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0255
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0265
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0265
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0265
https://doi.org/10.5281/zenodo.7751344
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0270
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0270
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0270
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0275
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0275
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0275
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0280
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0280
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0280
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0285
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0285
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0290
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0290
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0295
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0295
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0295
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0300
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0300
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0300
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0305
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0305
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0305
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0310
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0310
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0310
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0310
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0315
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0315
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0315
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0315


J.F. Jupke et al. Science of the Total Environment 896 (2023) 165081
Lecointe, C., Coste, M., Prygiel, J., 1993. “Omnidia”: software for taxonomy, calculation of di-
atom indices and inventories management. Hydrobiologia 269, 509–513.

Lemm, J.U., Venohr, M., Globevnik, L., Stefanidis, K., Panagopoulos, Y., Gils, J., Posthuma, L.,
Kristensen, P., Feld, C.K., Mahnkopf, J., Hering, D., Birk, S., 2021. Multiple stressors de-
termine river ecological status at the European scale: towards an integrated understand-
ing of river status deterioration. Glob. Chang. Biol. 27, 1962–1975.

Liautaud, K., van Nes, E.H., Barbier, M., Scheffer, M., Loreau, M., 2019. Superorganisms or
loose collections of species? A unifying theory of community patterns along environmen-
tal gradients. Ecol. Lett. 22, 1243–1252.

Liu, J., Soininen, J., Han, B.-P., Declerck, S.A.J., 2013. Effects of connectivity, dispersal direc-
tionality and functional traits on the metacommunity structure of river benthic diatoms.
J. Biogeogr. 40, 2238–2248.

Loewen, C.J.G., Jackson, D.A., Chu, C., Alofs, K.M., Hansen, G.J.A., Honsey, A.E., Minns, C.K.,
Wehrly, K.E., Belmaker, J., 2021. Bioregions are predominantly climatic for fishes of
northern lakes. Glob. Ecol. Biogeogr. 33 (2), 233–246.

Loveland, T.R., Merchant, J.M., 2004. Ecoregions and ecoregionalization: geographical and
ecological perspectives. Environ. Manag. 34, 1–13.

Lyche Solheim, A., Globevnik, L., Austnes, K., Kristensen, P., Moe, S.J., Persson, J., Phillips, G.,
Poikane, S., van de Bund, W., Birk, S., 2019. A new broad typology for rivers and lakes in
Europe: development and application for large-scale environmental assessments. Sci.
Total Environ. 697, 134043.

Mackey, B.G., Nix, H.A., Hutchinson, M.F., Macmahon, J.P., Fleming, P.M., 1988. Assessing
representativeness of places for conservation reservation and heritage listing. Environ.
Manag. 12, 501–514.

Maguire, B., 1963. The passive dispersal of small aquatic organisms and their colonization of
isolated bodies of water. Ecol. Monogr. 33, 161–185.

Mann, D.G., Vanormelingen, P., 2013. An inordinate fondness? The number, distributions,
and origins of diatom species. J. Eukaryot. Microbiol. 60, 414–420.

Manning, F.S., Curtis, P.J., Walker, I.R., Pither, J., 2021. Potential long-distance dispersal of
freshwater diatoms adhering to waterfowl plumage. Freshw. Biol. 66, 1136–1148.

Marzin, A., Archaimbault, V., Belliard, J., Chauvin, C., Delmas, F., Pont, D., 2012. Ecological
assessment of running waters: do macrophytes, macroinvertebrates, diatoms and fish
show similar responses to human pressures? Ecol. Indic. 23, 56–65.

Masouras, A., Karaouzas, I., Dimitriou, E., Tsirtsis, G., Smeti, E., 2021. Benthic diatoms in river
biomonitoring—present and future perspectives within the water framework directive.
Water 15.

Mau, S., 2017. Das metrische Wir: Über die Quantifizierung des Sozialen. Suhrkamp Verlag,
Berlin.

McKinney, M.L., Lockwood, J.L., 1999. Biotic homogenization: a few winners replacing many
losers in the next mass extinction. Trends Ecol. Evol. 14, 450–453.

Menge, B.A., 1976. Organization of the new England Rocky Intertidal Community: role of pre-
dation, competition, and environmental heterogeneity. Ecol. Monogr. 46, 355–393.

Metzger, M.J., Bunce, R.G.H., Jongman, R.H.G., Mücher, C.A., Watkins, J.W., 2005. A climatic
stratification of the environment of Europe: a climatic stratification of the European envi-
ronment. Glob. Ecol. Biogeogr. 14, 549–563.

Miljödata-MVM, 2023. Swedish University of Agricultural Sciences (SLU). National Data Host
Lakes and Watercourses, and National Data Host Agricultural Land. https://miljodata.
slu.se/mvm/ 17/05/2022.

Morales, E.A., Siver, P.A., Trainor, F.R., 2001. Identification of diatoms (Bacillariophyceae)
during ecological assessments: comparison between light microscopy and scanning elec-
tron microscopy techniques. Proc. Acad. Natl. Sci. Phila. 151, 95–103.

Mruzek, J.L., Budnick, W.R., Larson, C.A., Luc, D.K., Passy, S.I., 2022. Stronger niche than dis-
persal effects on α- and β-diversity of stream algae, insects, and fish across latitudes in the
United States. Glob. Ecol. Biogeogr. 31, 2453–2462.

Mueller, M., Pander, J., Geist, J., 2013. Taxonomic sufficiency in freshwater ecosystems: Ef-
fects of taxonomic resolution, functional traits, and data transformation. Freshw. Sci.
32, 762–778.

Murphy, K., Carvalho, P., Efremov, A., Grimaldo, J.T., Molina-Navarro, E., Davidson, T.,
Thomaz, S.M., 2020. Latitudinal variation in global range-size of aquatic macrophyte spe-
cies shows evidence for a Rapoport effect. Freshw. Biol. 65, 1622–1640.

Mykrä, H., Aroviita, J.H., Karjalainen, S., Maaria Visuri, M., Riihimäki, J., Miettinen, J., Vuori,
K.-M., 2009. Utility of a single a priori river typology for reference conditions of boreal
macroinvertebrates and diatoms. Fundam. Appl. Limnol. 175, 269–280.

Oksanen, J., Simpson, G.L., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B.,
Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., Bolker,
B., Borcard, D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S., Evangelista, H.B.A.,
FitzJohn, R., Friendly, M., Furneaux, B., Hannigan, G., Hill, M.O., Lahti, L., McGlinn, D.,
Ouellette, M.-H., Ribeiro Cunha, E., Smith, T., Stier, A., Ter Braak, C.J.F., Weedon, J.,
2022. Vegan: Community Ecology Package. Manual.

Oliveira, U., Brescovit, A.D., Santos, A.J., 2015. Delimiting areas of endemism through kernel
interpolation. PLoS One 10, e0116673.

Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V.N.,
Underwood, E.C., D’amico, J.A., Itoua, I., Strand, H.E., Morrison, J.C., Loucks,
C.J., Allnutt, T.F., Ricketts, T.H., Kura, Y., Lamoreux, J.F., Wettengel, W.W.,
Hedao, P., Kassem, K.R., 2001. Terrestrial ecoregions of the world: a new map of
life on earth. BioScience 51, 933.

Omernik, J.M., Bailey, R.G., 1997. Distinguishing between watersheds and ecoregions. J. Am.
Water Resour. Assoc. 33, 935–949.

Ouellet Dallaire, C., Lehner, B., Sayre, R., Thieme, M., 2019. A multidisciplinary framework to
derive global river reach classifications at high spatial resolution. Environ. Res. Lett. 14,
024003.

Paavola, R., Muotka, T., Virtanen, R., Heino, J., Kreivi, P., 2003. Are biological classifications
of headwater streams concordant across multiple taxonomic groups?: concordance of
stream classifications. Freshw. Biol. 48, 1912–1923.

Pebesma, E., 2018. Simple features for R: standardized support for spatial vector data. R J. 10,
439–446.
11
Petsch, D.K., 2016. Causes and consequences of biotic homogenization in freshwater ecosys-
tems. Int. Rev. Hydrobiol. 101, 113–122.

Pont, D., Hugueny, B., Rogers, C., 2007. Development of a fish-based index for the assessment
of river health in Europe: the European Fish Index. Fish. Manag. Ecol. 14, 427–439.

Pont, D., Valentini, A., Rocle, M., Maire, A., Delaigue, O., Jean, P., Dejean, T., 2021. The future
of fish-based ecological assessment of European rivers: from traditional EU Water Frame-
work Directive compliant methods to eDNA metabarcoding-based approaches. J. Fish
Biol. 98, 354–366.

Posthuma, L., Zijp, M.C., De Zwart, D., Van de Meent, D., Globevnik, L., Koprivsek, M., Focks,
A., Van Gils, J., Birk, S., 2020. Chemical pollution imposes limitations to the ecological
status of European surface waters. Sci. Rep. 10, 14825.

Powell, K.E., Oliver, T.H., Johns, T., González-Suárez, M., England, J., Roy, D.B., 2022. Abun-
dance trends for river macroinvertebrates vary across taxa, trophic group and river typol-
ogy. Glob. Chang. Biol. 16549.

R Core Team, 2022. R: A Language and Environment for Statistical Computing. Manual, Vi-
enna, Austria.

Ram, K., Wickham, H., 2018. Wesanderson: a Wes Anderson Palette Generator. Manual.
Reyjol, Y., Hugueny, B., Pont, D., Bianco, P.G., Beier, U., Caiola, N., Casals, F., Cowx, I.,

Economou, A., Ferreira, T., Haidvogl, G., Noble, R., de Sostoa, A., Vigneron, T.,
Virbickas, T., 2007. Patterns in species richness and endemism of European freshwater
fish. Glob. Ecol. Biogeogr. 16, 65–75.

Reynoldson, T.B., Norris, R.H., Resh, V.H., Day, K.E., Rosenberg, D.M., 1997. The reference
condition: a comparison of multimetric and multivariate approaches to assess water-
quality impairment using benthic macroinvertebrates. J. N. Am. Benthol. Soc. 16,
833–852.

Riis, T., Sand-Jensen, K., Vestergaard, O., 2000. Plant communities in lowland Danish
streams: species composition and environmental factors. Aquat. Bot. 66, 255–272.

Rimet, F., Bouchez, A., 2012. Biomonitoring river diatoms: implications of taxonomic resolu-
tion. Ecol. Indic. 15, 92–99.

Scott, J.C., 2008. Seeing Like a State. Yale University Press, New Haven and London.
Snelder, T.H., Cattanéo, F., Suren, A.M., Biggs, B.J.F., 2004. Is the river environment classifi-

cation an improved landscape-scale classification of rivers? J. N. Am. Benthol. Soc. 23,
20.

Soininen, J., Paavola, R., Muotka, T., 2004. Benthic diatom communities in boreal streams:
community structure in relation to environmental and spatial gradients. Ecography 27,
330–342.

Soininen, J., Jamoneau, A., Rosebery, J., Passy, S.I., 2016. Global patterns and drivers of spe-
cies and trait composition in diatoms: global compositional patterns in stream diatoms.
Glob. Ecol. Biogeogr. 25, 940–950.

Soranno, P.A., Cheruvelil, K.S., Webster, K.E., Bremigan, M.T., Wagner, T., Stow, C.A., 2010.
Using landscape limnology to classify freshwater ecosystems for multi-ecosystem man-
agement and conservation. BioScience 60, 440–454.

Spalding, M.D., Fox, H.E., Allen, G.R., Davidson, N., Ferdaña, Z.A., Finlayson, M., Halpern,
B.S., Jorge, M.A., Lombana, A., Lourie, S.A., Martin, K.D., McManus, E., Molnar, J.,
Recchia, C.A., Robertson, J., 2007. Marine ecoregions of the world: a bioregionalization
of coastal and shelf areas. BioScience 57, 573–583.

Stevens, G.C., 1989. The latitudinal gradient in geographical range: how so many species co-
exist in the tropics. Am. Nat. 133, 240–256.

Stoddard, J.L., 2004. Use of ecological regions in aquatic assessments of ecological condition.
Environ. Manag. 34, 61–70.

Stoddard, J.L., Larsen, D.P., Hawkins, C.P., Johnson, R.K., Norris, R.H., 2006. Setting expecta-
tions for the ecological condition of streams: the concept of reference condition. Ecol.
Appl. 16, 1267–1276.

Szoszkiewicz, K., Ferreira, T., Korte, T., Baattrup-Pedersen, A., Davy-Bowker, J., O’Hare, M.,
2006. European river plant communities: the importance of organic pollution and the
usefulness of existing macrophyte metrics. Hydrobiologia 566, 211–234.

Tang, T., Stevenson, R.J., Infante, D.M., 2016. Accounting for regional variation in both nat-
ural environment and human disturbance to improve performance of multimetric indices
of lotic benthic diatoms. Sci. Total Environ. 568, 1124–1134.

Tennekes, M., 2018. Tmap: thematic maps in R. J. Stat. Softw. 84, 1–39.
Tison, J., Park, Y.-S., Coste, M., Wasson, J.G., Ector, L., Rimet, F., Delmas, F., 2005. Typology

of diatom communities and the influence of hydro-ecoregions: a study on the French
hydrosystem scale. Water Res. 39, 3177–3188.

Tison-Rosebery, J., Leboucher, T., Archaimbault, V., Belliard, J., Carayon, D., Ferreol, M.,
Floury, M., Jeliazkov, A., Tales, E., Villeneuve, B., Passy, S.I., 2022. Decadal biodiversity
trends in rivers reveal recent community rearrangements. Sci. Total Environ. 823,
153431.

Tornés, E., Cambra, J., Gomà, J., Leira, M., Ortiz, R., 2007. Indicator taxa of benthic diatom
communities: a case study in Mediterranean streams. Annales de Limnologie - Interna-
tional Journal of Limnology 43, 1–11.

Tornés, E., Alández-Rodríguez, J., Corrochano, A., Nolla-Querol, P., Trapote, M.C., Sabater, S.,
2022. Impacts of climate change on stream benthic diatoms—a nation-wide perspective
of reference conditions. Hydrobiologia 849, 1821–1837.

Van Sickle, J., 1997. Using mean similarity dendrograms to evaluate classifications. J. Agric.
Biol. Environ. Stat. 2, 370.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The river
continuum concept. Can. J. Fish. Aquat. Sci. 37, 130–137.

Vargas, J.M., Real, R., Guerrero, J.C., 1998. Biogeographical regions of the Iberian peninsula
based on freshwater fish and amphibian distributions. Ecography 21, 371–382.

Vehanen, T., Sutela, T., Harjunpää, A., 2020. The effects of ecoregions and local environmen-
tal characteristics on spatial patterns in boreal riverine fish assemblages. Ecol. Freshw.
Fish 29, 739–751.

Vila-Gispert, A., García-Berthou, E., Moreno-Amich, R., 2002. Fish zonation in a Mediterra-
nean stream: effects of human disturbances. Aquat. Sci. 64, 163–170.

Vynne, C., Gosling, J., Maney, C., Dinerstein, E., Lee, A.T.L., Burgess, N.D., Fernández, N.,
Fernando, S., Jhala, H., Jhala, Y., Noss, R.F., Proctor, M.F., Schipper, J., González-

http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0320
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0320
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0330
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0330
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0330
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0340
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0340
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0340
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0345
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0345
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0350
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0350
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0355
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0355
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0355
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0360
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0360
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0360
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0365
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0365
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0370
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0370
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0375
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0375
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0380
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0380
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0380
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0385
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0385
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0385
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0390
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0390
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0400
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0400
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0405
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0405
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0410
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0410
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0410
https://miljodata.slu.se/mvm/
https://miljodata.slu.se/mvm/
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0420
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0420
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0420
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0425
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0425
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0425
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0430
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0430
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0430
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0435
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0435
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0440
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0440
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0450
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0455
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0455
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0460
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0460
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0470
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0470
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0475
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0475
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0475
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0480
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0480
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0480
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0490
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0490
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0495
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0495
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0500
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0500
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0510
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0510
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0515
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0515
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0515
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0520
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0520
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0525
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0530
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0530
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0545
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0545
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0550
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0550
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0570
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0575
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0575
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0575
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0580
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0580
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0580
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0585
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0585
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0585
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0590
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0590
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0595
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0595
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0600
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0600
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0605
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0605
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0610
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0610
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0610
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0615
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0615
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0620
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0620
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0620
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0625
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0630
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0630
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0630
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0635
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0635
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0635
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf6000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf6000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf6000
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0640
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0640
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0645
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0645
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0650
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0650
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0655
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0655
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0660
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0660
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0660
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0665
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0665


J.F. Jupke et al. Science of the Total Environment 896 (2023) 165081
Maya, J.F., Joshi, A.R., Olson, D., Ripple, W.J., Svenning, J., 2022. An ecoregion-based
approach to restoring the world’s intact large mammal assemblages. Ecography 4.

Watson, M., Arts, G., Lyche Solheim, A., 2021. Revision of the EUNIS Inland Water Habitat
Group Outcome of the Expert Workshop 16th March 2021.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New York.
Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D., François, R., Grolemund, G.,

Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T.L., Miller, E., Bache, S.M., Müller,
12
K., Ooms, J., Robinson, D., Seidel, D.P., Spinu, V., Takahashi, K., Vaughan, D., Wilke, C.,
Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J. Open Source Softw. 4, 1686.

Woods, T., Kaz, A., Giam, X., 2022. Phenology in freshwaters: a review and recommendations
for future research. Ecography e05564.

http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0670
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0670
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0675
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0675
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0680
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0685
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0695
http://refhub.elsevier.com/S0048-9697(23)03704-X/rf0695

	European river typologies fail to capture diatom, fish, and macrophyte community composition
	1. Introduction
	2. Material and methods
	2.1. The typology systems
	2.2. Data preparation
	2.3. Evaluation of typologies
	2.4. Software

	3. Results
	4. Discussion
	4.1. Relevance of typology systems and ways forward

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




