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Abstract
The biota of European rivers are affected by a wide range of stressors impairing water
quality and hydro-morphology. Only about 40% of Europe's rivers reach ‘good ecological status’, a target set by the European Water Framework Directive (WFD) and
indicated by the biota. It is yet unknown how the different stressors in concert impact
ecological status and how the relationship between stressors and status differs between river types. We linked the intensity of seven stressors to recently measured
ecological status data for more than 50,000 sub-catchment units (covering almost 80%
of Europe's surface area), which were distributed among 12 broad river types. Stressor
data were either derived from remote sensing data (extent of urban and agricultural
land use in the riparian zone) or modelled (alteration of mean annual flow and of base
flow, total phosphorous load, total nitrogen load and mixture toxic pressure, a composite metric for toxic substances), while data on ecological status were taken from national
statutory reporting of the second WFD River Basin Management Plans for the years
2010–2015. We used Boosted Regression Trees to link ecological status to stressor
intensities. The stressors explained on average 61% of deviance in ecological status
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for the 12 individual river types, with all seven stressors contributing considerably to
this explanation. On average, 39.4% of the deviance was explained by altered hydromorphology (morphology: 23.2%; hydrology: 16.2%), 34.4% by nutrient enrichment
and 26.2% by toxic substances. More than half of the total deviance was explained by
stressor interaction, with nutrient enrichment and toxic substances interacting most
frequently and strongly. Our results underline that the biota of all European river types
are determined by co-occurring and interacting multiple stressors, lending support to
the conclusion that fundamental management strategies at the catchment scale are
required to reach the ambitious objective of good ecological status of surface waters.
KEYWORDS

ecological status, hydrology, nutrients, riparian land use, river types, stressor interactions,
toxic substances
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I NTRO D U C TI O N

design and measured the effects on aquatic biota (Beermann et al.,
2018; Elbrecht et al., 2016; Jackson et al., 2016). Such experimental

Rivers are among the most threatened ecosystems worldwide

results, however, do not necessarily upscale well in space and time

(Vörösmarty et al., 2010). They are affected by a wide range of stress-

since they only are a snapshot of a particular context at a particular

ors that differ between regions and river types (Reid et al., 2019).

time. In addition, most water bodies are oftentimes affected by more

In Europe, the ecological status of more than 100,000 river water

than three stressors (Birk, 2019; EEA, 2018a). Field studies at regional

bodies is regularly analysed in the framework of the world's most

scale have delivered contradictory results, even when targeting the

intensive biological monitoring programme (EEA, 2018a). However,

same area. While for Central Europe, for instance, stressors acting at

there are significant knowledge gaps on how the individual stressors

the catchment scale are more relevant than those acting at the local

act in concert on the ecological status (including their interactions),

scale (e.g. upstream catchment land-use effects superimposing local

which obstruct targeted management actions (Carvalho et al., 2019).

river habitat quality effects on aquatic biota; Lorenz & Feld, 2013),

Stressors affecting river biota include diffuse and point source

the role of water quality versus hydro-morphology for the ecologi-

pollution with organic matter, nutrients and toxic substances, hy-

cal status remains controversial (Berger et al., 2017; Gieswein et al.,

drological modification due to water abstraction or flow modifica-

2017). The results depend greatly on the selection, spatiotemporal

tion, and morphological impairment due to damming, straightening

resolution and quality of stressor data included in the analysis.

and the disconnection of the river and its floodplain. While the ef-

Even more challenging is the analysis of stressor relevance at a

fects of each of these stressors on river biota are well documented

continental scale, considering potential mismatches between mon-

(Birk et al., 2012; Hering et al., 2010), it is much harder to assess

itoring strategies, studied organisms, or temporal and spatial scales

the effects of two or more stressors that act simultaneously. They

of stressors and response (Altermatt et al., 2020). Yet, Europe's larg-

may add to each other, may strengthen or weaken each other's

est biotic monitoring programme of the Water Framework Directive

effects, while in other cases the effects of one stressor superim-

(WFD) offers the opportunity for such continental-scale analysis.

pose the effects of the second stressors (Birk et al., 2020; Schäfer

The programme includes more than 100,000 river water bodies and

& Piggott, 2018).

determines their ‘ecological status’ (EEA, 2018a). The ecological sta-

Despite an increasing number of studies on multiple stressor ef-

tus is an integrative indicator of stressor effects on ecosystem func-

fects in aquatic systems (Birk, 2019; Nõges et al., 2016), the state

tioning and structure. This indicator assesses biological attributes

of knowledge remains incomplete. Inconclusive evidence, for in-

of selected aquatic organism groups (e.g. fish species richness, sen-

stance on the appearance of interactions (Côté et al., 2016; Crain

sitive invertebrate species abundance, total diatom biomass). Slight

et al., 2008; Jackson et al., 2016), necessitates increased research

but not significant deviations of the indicator from the natural, un-

efforts (Orr et al., 2020). These include elaborating the statistical

disturbed conditions are classified as ‘good ecological status’, which

foundations for multi-stressor analysis (e.g. mechanistically based

is the WFD's mandatory target for water management (Birk et al.,

null model selection; Schäfer & Piggott, 2018), the role of multi-

2012; Nõges et al., 2009). By 2015, only about 40% of the surface

ple stressors acting at higher levels of biological organization (De

water bodies obtained good ecological status (EEA, 2018a) and the

Laender, 2018) and strengthening the prediction of the combined

achievement of this target by 2027, the deadline set by legislation,

effect of stressors (Van den Brink et al., 2016).

is increasingly unlikely (Carvalho et al., 2019). Surprisingly, given the

Most experiments addressing the effects of multiple stressors

huge monitoring efforts, there is a significant knowledge gap on

have combined two or three stressors in a replicated experimental

how the individual stressors, singly or in concert, affect ecological
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status (Carvalho et al., 2019; Søndergaard & Jeppesen, 2015). Based

and mixture toxic pressure. The data on stressors and ecological

on data recorded in the first WFD monitoring cycle (2004–2009),

status were collated for more than 50,000 hydrological sub-catch-

Grizzetti et al. (2017) concluded that water quality (in particular ni-

ments with a median size of 60 km2. We addressed the following

trogen pollution), hydro-morphology and catchment land use as an

hypotheses:

overarching driver are the main determinants of ecological status.
However, the study did not reveal whether there are differences in

Hypothesis 1 We expected that the ecological status of Europe's riv-

stressor–status relationships between regions and river types, left

ers is determined by the intensity of multiple individual stressors

aside stressor interactions and ignored potentially important stress-

affecting water and habitat quality, rather than by single, intense

ors such as toxic pollution that were ranked as highly relevant by

stressors (Grizzetti et al., 2017; Reid et al., 2019; Skjelkvåle et

other authors (Malaj et al., 2014).

al., 2005).

In this study, we have built river type-specific models linking the

Hypothesis 2 We expected that stressor hierarchy in determining

intensity of seven stressors to recently reported ecological status

ecological status depends on the river type (Lyche Solheim et al.,

data with the aim to disentangle the effects of individual and com-

2019). More specifically, we expected nutrient enrichment to be

bined stressors (including interactions) on ecological status at a con-

particularly relevant for the ecological status of lowland rivers,

tinental scale. These stressors are as follows: urban and agricultural

whose catchments are often characterized by high agricultural

land use in the riparian zone; alteration of mean annual flow and

intensities (Hypothesis 2.1; e.g. Lemm & Feld, 2017); hydrological

of base flow; total phosphorous and total nitrogen riverine loads;

alteration to be particularly relevant for river types with small and

F I G U R E 1 Overview of the locations of 52,847 sub-catchment units and their ecological status class (grey area: no data available)
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medium size catchments or rivers in the Mediterranean, which

affecting the ecological status of Europe's waters, in particular from

are frequently affected by damming or water abstraction for irri-

hydro-morphological degradation, and pollution from diffuse and

gation (Hypothesis 2.2; Couto & Olden, 2018; Huđek et al., 2020;

point sources (EEA, 2018a).

Panagopoulos et al., 2019); and toxic substances to mainly affect
small streams in intensively used areas (Hypothesis 2.3; Beketov
et al., 2013; Schäfer et al., 2013). We furthermore expected that
riparian land use particularly impacts ecological status of small

2.3.1 | Urban and agricultural land use in the
riparian zone

streams, which are more strongly affected by the immediate
surrounding as compared to larger rivers, for which cumulative

As a proxy for morphological and habitat degradation, we com-

stressors at catchment scale are more relevant (Hypothesis 2.4;

piled data on the land use in the potentially flood-prone areas as

Fuller & Death, 2018).

an average of the years 2011–2013. The flood-prone area was de-

Hypothesis 3 We expected stressor interactions to be relevant for

rived from two spatial layers: (1) the JRC-flood-hazard-map for

explaining the ecological rivers status at continental scale (Birk

Europe with 100-year return period, compiled with the flood model

et al., 2020), as interactions have frequently been reported be-

‘LisFlood’ (Alfieri et al., 2014; Bates & De Roo, 2000) and (2) the

tween nutrient, toxic, hydrological and morphological stressors

Copernicus Potential Riparian Zone layer compiled with data from

in the scientific literature (e.g. Alexander et al., 2016; Chase et

the Copernicus Land Monitoring Service (CLMS, 2019; EEA, 2015).

al., 2017; Liess et al., 2016; Matthaei et al., 2010; Piggott et al.,

We used the relative share of agricultural land and of urban areas in

2012; Rasmussen et al., 2012; von der Ohe & Goedkoop, 2013;

the riparian zone of the ECRINS river network within a FEC primarily

Wagenhoff et al., 2012).

as a proxy for morphological degradation while the effects of riparian land use on nutrient and pesticide input were covered by the

2
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parameters explained below.

M ATE R I A L S A N D M E TH O DS

2.1 | Spatial grain and extent

2.3.2 | Alteration of mean annual flow and of
base flow

All data were compiled and modelled for sub-catchment units
named ‘Functional Elementary Catchments’ (FEC) that were derived

Hydrological stressor data were generated with the global model

from the Catchment Characterisation and Modelling dataset and

PCR-GLOBWB (Sutanudjaja et al., 2018). Two datasets of daily

topologically integrated into the European Catchments and Rivers

time series of river discharges covering the period 2001–2010

Network System (ECRINS) database (EEA, 2012a). The model en-

were simulated under the same climate (Panagopoulos et al.,

compasses more than 104,000 FECs (Globevnik et al., 2017); for

2019). The first dataset resulted from a least-disturbed condition

52,847 of these, data on all seven stressors and on ecological status

scenario, excluding all water uses such as irrigation, abstractions,

could be compiled (Figure 1). The median size of the FECs considered

industry or water management as well as the presence and hydro-

2

2

2

is 60 km with a minimum of 0.01 km and a maximum of 2561 km .

logical impacts from reservoirs. The second dataset represented
current conditions including anthropogenic activities affecting

2.2 | Broad river types

run-off and water balances. For both datasets, two FEC-specific
indicators were derived: mean annual flow and the mean annual
base flow index (i.e. mean long-term ratio of base flow to total

We classified rivers and streams of the ECRINS river network into

river flow), using the ‘Indicators of Hydrologic Alteration’ software

12 broad river types (Figure 2) characterized by size, altitude, catch-

package (Richter et al., 1996; The Nature Conservancy, 2009).

ment geology and region, that is, the main typological factors de-

For both indicators separately, we used the relative deviation of

fined by the WFD. The typology is based on Lyche Solheim et al.

the current anthropogenic from the least-disturbed conditions

(2019), derived from a synthesis of the river typologies of the EU

scenario to quantify the FEC-specific level of hydrological stress.

member states. For each FEC, the river type was defined (Table 1); if

Hydrological alteration and the riparian land use are considered

more than one river type was located in a FEC, the river type at the

‘hydro-morphological stressors’ as opposed to the water quality

outlet of the FEC was selected.

stressors described in the following.

2.3 | Stressor data

2.3.3 | Total phosphorous and total nitrogen
riverine loading

Data on seven morphological, hydrological and water quality stressors were compiled or modelled (Table 2). They include stressors orig-

Based on the run-off data provided by PCR-GLOBWB, riverine

inating from the presumably most common and relevant pressures

nutrient loads were quantified using the process-oriented model

|
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F I G U R E 2 Broad river types of the river sub-catchment units considered (grey area: no data available)
TA B L E 1 Number of river sub-catchment units (FECs), share of ecological status and area of FECs by each broad river type
Share of FECs in ecological status (%)
Broad river type

Number of
FECs

Small lowland rivers, calcareous

3710

Small lowland rivers, siliceous
Large lowland rivers, calcareous

High

Absolute surface
area (km2)

Relative
surface
area (%)

Good

Moderate

Poor

Bad

2

24

45

21

8

4514

4

30

45

15

6

313,756

9

7194

2

23

51

20

5

631,512

18

286,842

8

Large lowland rivers, siliceous

5685

5

28

49

15

4

480,281

14

Small mid-altitude rivers, calcareous

2879

4

42

36

14

3

129,279

4

Small mid-altitude rivers, siliceous

4330

12

31

42

12

3

212,823

6

Large mid-altitude rivers, calcareous

3201

2

34

46

15

3

182,373

5

Large mid-altitude rivers, siliceous

4692

10

29

44

14

3

310,759

9

Very large rivers

2635

2

18

52

23

6

167,197

5

Highland/glacial rivers

4732

12

55

27

5

1

185,059

5

Mediterranean rivers, perennial

4730

5

32

40

17

6

326,725

9

Mediterranean rivers, intermittent

4545

7

40

36

13

4

247,790

7

Sum

52,847

—

—

—

—

3,474,396

100

—

5
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Stressor

Unit

Min

Max

Median

Percentage of agricultural land use in
the riparian zone

%

0

100

12

Percentage of urban land use in the
riparian zone

%

0

100

4

Relative deviation of mean annual flow
(anthropogenic vs. least-disturbed
scenario)

Ratio

0

100

0

Relative deviation of mean annual base
flow index (anthropogenic vs. leastdisturbed scenario)

Ratio

0

100

0

Total phosphorous riverine load

kg km−2 year−1

0

7365

26

Total nitrogen riverine load

kg ha−1 year−1

0

527

7

Mixture toxic pressure (msPAF-EC50)

Ratio

0.00

0.97

0.04

TA B L E 2 Summary statistics of the
stressor variables

MONERIS (MOdelling Nutrient Emissions in RIver Systems; Venohr

the likelihood of direct effects of chemical exposure on growth and

et al., 2011), which determines nutrient fluxes based on hydro-

reproduction of aquatic organisms (van Gils et al., 2019; Posthuma,

climatic, geo-physical and administrative-demographic conditions.

van Gils, et al., 2019). In our study, we used the msPAF-EC50 based on

The model describes land-use nutrient emission via seven different

95th percentile predicted environmental concentrations of the daily

pathways: atmospheric deposition on surface waters, surface runoff,

concentration estimates, representing an acute toxic stress level ex-

erosion tile drainages, interflow-groundwater, urban systems and

ceeded at 18 days per year. The mixture toxic pressure data were ob-

point sources. These form the total emissions into the surface water,

tained on the spatial level of the hydrologic model E-Hype (Lindström

which were subsequently used to model riverine transport and re-

et al., 2010) and then (dis)aggregated at FEC level.

tention processes (see Supporting Information S-I). The resulting

We compared the simulated concentrations of toxic sub-

nutrient loads were given as catchment area-specific total nitrogen

stances to chemical monitoring data for 226 substance/basin

and total phosphorous loads at the outlet of each FEC, averaged on

combinations which showed that the simulated concentrations

an annual basis for the period 2001–2010.

were accurate on average. For 65% and 90% of substance/basin

We compared the simulated nutrient concentrations and re-

combinations, the error was within one and two orders of mag-

lated run-off data to monitoring data of the same time period (see

nitude, respectively (van Gils et al., 2020), which is relatively low

Supporting Information S-I). The evaluation criteria of pertinent

compared to the inter-site concentration variability spanning up to

model performance measures revealed good to very good model

20 orders of magnitude for the 1785 chemicals present in the anal-

performance (mean coefficient of determination = 0.92; mean Nash–

ysis (see Supporting Information S-II), and the variability of the

Sutcliffe efficiency = 0.76; mean percent bias = −12.6; Moriasi et al.,

species sensitivities, which span nine orders of magnitude when

2015). The model results thus map robust patterns of riverine nutri-

assessed by the medians of the respective Species Sensitivity

ent concentrations at the continental scale.

Distributions (see Supporting Information S-II). Based on both
measured and predicted exposures, mixture toxic pressure has
been shown to relate to ecological impacts in various datasets

2.3.4 | Mixture toxic pressure

(geographies, species groups, chemical mixtures; Posthuma & De
Zwart, 2006; Posthuma et al., 2020). This means that the mixture

The ecotoxicity stressor was derived from Europe-wide integrated ex-

toxic pressure is a metric that meaningfully represents ecological

posure and effect modelling, including two components: (1) a spatially

impact magnitudes. Although predicted environmental concentra-

and temporally resolved model for emissions and fate-and-transport

tions have limited precision, the calculated toxic pressure for the

of chemicals driven by a hydrological model (van Gils et al., 2020),

mixture is expected to be robust for a high number of substances

yielding Europe-wide daily predicted environmental concentrations

as evaluated here.

(dissolved part) of 1785 man-made organic chemicals in water bodies to obtain a ‘real-life’ mixture exposure for each FEC (reference
year: 2013) and (2) species sensitivity distributions based on effect

2.4 | Ecological status

models considering the acute median effective concentration (EC50)
of each studied chemical as effect endpoint (Posthuma et al., 2019).

The ecological status (including ecological potential; Kampa &

Combining (1) and (2), and adding a step of mixture modelling yield

Hansen, 2004) is an assessment of the quality of the structure and

the mixture toxic pressure metric, which is expressed as ‘multi-

functioning of surface water ecosystems, including rivers (European

substance Potentially Affected Fraction of species’ (msPAF; De Zwart

Commission, 2000). It reflects the influence of pressures (e.g. pollu-

& Posthuma, 2005). The msPAF ranges between 0 and 1 and estimates

tion and habitat degradation) on biological quality elements (BQEs),

|
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that is, phytoplankton, phytobenthos, macrophytes, benthic inver-

the full dataset. In advance, Spearman's rank order correlation was

tebrates and fish. Besides BQEs, determination of ecological status

analysed for the individual stressors and the ecological response

is supported by physicochemical and hydro-morphological quality

variable, and we tested for multicollinearity using the variance infla-

elements. For each BQE, assessment methods are based on indices

tion factor (VIF < 5.0; Zuur et al., 2007). This was done to check how

considering the share of sensitive and tolerant species, diversity,

strongly the individual parameters are correlated and might there-

abundance and functional characteristics (Birk et al., 2012). The

fore indicate an overarching driver.

observed index values of a river to be assessed are compared to

BRT models were run with untransformed input variables and

expected undisturbed ‘reference conditions’ (Wallin et al., 2003).

calibrated using various model attributes: Model complexity was con-

The resulting ‘Ecological Quality Ratio’ (i.e. the observed value di-

trolled with the help of the ‘learning rate’. Small learning rate values

vided by the expected value) is finally classified into one out of

increase the number of trees and decrease the influence of every sin-

five status classes (high, good, moderate, poor and bad). The over-

gle tree. We fitted the models using the gbm.step function from the

all ecological status classification for a water body is determined

dismo library in R (Hijmans et al., 2017). To achieve comparable results,

by the element with the worst status out of all the biological and

both learning rate and tree complexity (which fits interactions) were

supporting quality elements (‘one out, all out’ principle; European

set in a way that each model was based upon a similar number of re-

Communities, 2005).

gression trees (at least N = 1000). Each model run included a k-fold

Data on ecological status were available for 52,847 FECs resulting

cross-validation using a pre-defined fraction of the data to train the

from the second River Basin Management Plan (RMBP) reports for the

model and the remaining fraction to validate the model. Training and

years 2010–2015, supplemented by data on the first RBMP reports for

validation data were set to 70% and 30%, respectively, setting the ar-

missing countries in the second RBMP to increase the coverage. The

gument bag.fraction = 0.7. The total explained deviance per model was

monitoring was performed by the EU member states and the results

derived by ‘(mean total deviance − mean residual deviance)/mean total

were reported to the European Environment Agency (EEA, 2012b,

deviance ∗ 100’ (Derville et al., 2016).

2018b). If more than one water body with reported ecological status

We compared the results of the final BRT models (including in-

was located in a FEC, the results from the river water body closest to

teractions using tree complexity > 1) to simple additive BRT models

the FEC's outlet were used, assuming that stressor effects accumulate

(using tree complexity = 1), controlling for model overfitting (Elith

within a catchment and are strongest at the most downstream part.

et al., 2008). The increase in total explained deviance gained by in-

The classification of ecological status was based on a different number

cluding stressor interactions was expressed as a percentage of the

of BQEs considered per FEC, with about 90% of FECs including ben-

final model's total explained deviance. We further identified the rel-

thic invertebrates, 66% of FECs including phytobenthos, 50% of FECs

ative strength of the two most important pairwise interactions per

including fish and 33% of FECs including macrophytes. For the major-

river type (Elith et al., 2008).

ity of FECs, two or more BQEs were thus contributing to the status
classification, with FECs in less than good status often being classified
by two or more BQEs in moderate or worse status.

3

|

R E S U LT S

3.1 | Spearman's rank order correlation

2.5 | Data analysis

For the total population of FECs, Spearman's rho was highest for
Using the FEC as the basic data unit, we calculated multiple-

the combination of total phosphorous load and total nitrogen load

stressor–response relationships with nonlinear Boosted Regression

(0.76) and for the combination of altered mean annual flow and al-

Tree models (BRT; Elith et al., 2008) for each broad river type and for

tered base flow (0.56; Table 3). These two pairs were also among

TA B L E 3 Spearman correlations (rho values) for all river types combined (number of FECs = 52,847)

Ecological status

msPAF

Base flow

Mean flow

Agricultural
land use

Urban land
use

Nitrogen
load

Phosphorous
load

0.26

0.16

0.17

0.23

0.18

0.17

0.11

0.76

Phosphorous load

0.44

0.07

0.13

0.10

0.31

Nitrogen load

0.40

0.07

0.11

0.03

0.33

0.08

Urban land use

0.33

0.13

0.21

Agricultural land use

0.38

0.20

0.23

Mean flow

0.25

0.57

Base flow

0.29

All rho values are significant with p < 0.001.
Abbreviations: Base flow, altered base flow index; Mean flow, altered mean annual flow; msPAF, mixture toxic pressure.
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F I G U R E 3 Total deviance (right column, including the share of explained deviance due to stressor interactions) and relative deviance
explained by the seven stressors for the total population of river sub-catchment units (upper line) and for the individual river types. The
relative explained deviance quantifies the contribution of individual stressors to the total explained deviance. Med, Mediterranean; TN, total
nitrogen; TP, total phosphorous
the most strongly correlated parameters for all individual river

mid-altitude streams) and to agricultural land use (highland/glacial

types with Spearman's rho ranging from 0.33 (large calcareous mid-

rivers and intermittent Mediterranean rivers). For Mediterranean

altitude rivers) to 0.91 (large siliceous lowland rivers) for the com-

rivers, ecological status was significantly stronger related to agricul-

bination of phosphorous and nitrogen loads, and from 0.43 (large

tural land use (mean Spearman's rho = 0.29) as compared to other

calcareous mid-altitude rivers and permanent Mediterranean rivers)

river types (mean Spearman's rho = 0.16; z test, p < 0.001). For very

to 0.79 (small calcareous mid-altitude rivers) for the combination

large rivers, ecological status was significantly stronger related to

of altered mean annual flow and altered base flow (see Supporting

nutrients and the mixture toxic pressure than to land use and hydro-

Information S-III). The variance inflation factor did not exceed a

logical parameters (z test, p < 0.001).

value of VIF = 3.0.
Although in general stressors were weakly (but always significantly) correlated with ecological status (Spearman's rho ranging

3.2 | Nonlinear BRT modelling

from 0.11 to 0.26), mixture toxic pressure was notably among the
most influential stressors for 7 of the 12 river types (mean Spearman's

The joint analysis of stressors using boosted regression tree analy-

rho = 0.26). For specific types, ecological status was most strongly

ses revealed a different pattern (Figure 3, see also Supporting

correlated to nitrogen load (very large rivers and small calcareous

Information S-IV). Depending on river type, the share of deviance in
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ecological status class explained by the seven stressors ranged be-

across all river types except for small lowland siliceous rivers, for

tween 39% (small calcareous lowland streams) and 85% (large cal-

which the interaction of nutrient and toxic stress was 14.5 times

careous mountain rivers); the average for all river types was 61%. For

stronger than the interaction of hydrological and toxic stress (see

the total population of 52,847 FECs, the explained deviance was 51%.

Supporting Information S-V).

For the total population of FECs as well as for the individual river
types, each of the seven stressors contributed to the explained deviance (Figure 3). For the total population, the mixture toxic pressure
parameter (msPAF-EC50) represented the highest share in relative
explained deviance (32.9%), followed by nutrients (phosphorous
load: 14.2%; nitrogen load: 16.1%) while the two land uses and hy-

4
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DISCUSSION

4.1 | Multiple stressors acting on riverine biota at
continental scale

drological parameters contributed to 20.4% and 16.4% of the explained deviance, respectively. For the 12 individual rivers types, the

According to Hypothesis 1, we expected the ecological status of

mixture toxic pressure metric contributed less to the explained devi-

Europe's rivers to be determined by the intensity of multiple in-

ance (average 26.2%) while the contribution of nutrients (on average

dividual stressors, rather than by single, intense stressors (EEA,

16.4% and 18.0% for phosphorous load and nitrogen load, respec-

2018a). This expectation was generally confirmed, although the

tively) and land use/hydrology (on average 23.2% and 16.2%) was in

seven stressors revealed some modest to strong interrelations. Rank

the same order of magnitude. Differences between river types in the

correlation coefficients showed that the two nutrient stressors

relative explained deviance of individual stressors were minor. For

(phosphorous and nitrogen) as well as the two hydrological stressors

all but two river types, the mixture toxic pressure was the individual

(alteration of mean annual flow and of base flow) were correlated

stressor explaining the highest share of deviance (total nitrogen for

with each other. However, correlations of stressors among different

small and large calcareous mid-altitude rivers).

categories remained relatively low (including values of the variance

For further analysis, we grouped the seven stressors into three

inflation factor), and pairwise correlations of ecological status and

categories: ‘hydro-morphology’ (land use and hydrological stress-

individual stressors were low, too, thus supporting our abovemen-

ors), ‘nutrients’ (phosphorous and nitrogen loads) and mixture toxic

tioned expectation. If considered in concert, however, the seven

pressure (msPAF). On average, hydro-morphological stressors ex-

stressors explained more than 50% of the deviance in ecological sta-

plained 39.4% of the deviance in ecological status (morphology:

tus for the total population of sub-catchment units, and on average

23.2%; hydrology: 16.2%) while nutrients explained 34.4% and the

more than 60% for the individual river types. This clearly indicates

mixture toxic pressure 26.2% (mean of all river types). Overall, the

that, at a continental scale, riverine biota are affected by multiple

explanatory power of the toxic stressor was highest for lowland riv-

stressors that impose different types of stress and most probably

ers (on average 29.6% of explained deviance, as compared to 24.6%

also interact with each other.

for the other river types). Nutrient stress tended to be more rele-

On average, the explained deviance was 10% higher for individ-

vant for mid-altitude rivers (on average 40.1% of explained deviance,

ual river types as compared to the total population of sub-catchment

as compared to 31.5% for the other river types), while hydro-mor-

units; this supports the conclusion that there is a river type-specific

phology (including land use) was most relevant for very large rivers

response of ecological status to the stressors considered. The find-

(48.1%; morphology: 27.1%; hydrology: 21.0%) and Mediterranean

ing further suggests that the unexplained deviance might be due to

rivers (on average 45.0%; morphology: 27.2%; hydrology: 17.8%), as

natural variation among river types or type-specific confounding

compared to 38.2% (morphology: 22.3%; hydrology: 15.9%) for the

factors (including additional stressors) not addressed in this study.

other river types.

Furthermore, each country applies an own set of assessment meth-

The stressor interactions accounted for an increase in the total

ods for the different biological quality elements (Birk et al., 2012)

explained model deviance by 55.2 percent points (median across all

that have been intercalibrated between countries (Poikane et al.,

river types), meaning that on average more than half of the explained

2014), but may still be a notable source of variation in the data. In

deviance resulted from interaction effects. This increase was par-

addition, the number of biological quality elements assessed and fi-

ticularly pronounced for large calcareous lowland rivers (72.6%) and

nally summarized into an ecological status class may differ between

highland/glacial rivers (71.0%). Stressor interactions were (almost)

sub-catchment units. Despite all these potential sources of variation,

irrelevant for small mid-altitude siliceous rivers (5.0%) and very large

the major proportion of variability in ecological status was captured

rivers (0%, as only an additive model was run to avoid overfitting; see

by the considered stressors, supporting the conclusion that hydro-

Supporting Information S-V). Among the most important pairwise

morphological degradation, nutrient enrichment and exposure to

interactions, the combination of nutrient and toxic stress was most

mixture of toxic substances together are the main determinants of

frequent and strongest (nitrogen load and msPAF, relevant for seven

ecological river status.

river types), followed by nutrient and morphological stress (relevant

In previous studies, the ecological status has mainly been re-

for five river types). Comparing the relative strength of all the two

lated to a smaller number of stressor types; the respective stud-

most important pairwise interactions per river type, the strongest

ies that are often of a regional nature give contrasting results.

interaction exceeded the second strongest interaction 1.1–3.2 times

For instance, it remains controversial if water quality patterns
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(Berger et al., 2017) or hydro-morphology and riparian land mod-

enrichment explained a higher share of deviance in mountain riv-

ification (Gieswein et al., 2017) are the main stressors impacting

ers than in lowland rivers. A possible explanation for this pattern

the ecological status of Central European rivers. Grizzetti et al.

may relate to a more pronounced gradient of nutrient enrichment in

(2017) performed a first pan-European analysis with ecologi-

mountainous catchments while large parts of the European lowlands

cal status data and linked those data to a variety of modelled

are quite homogeneous in this respect, consistently burdened by in-

stressors. In contrast to our analysis, the data used by Grizzetti

tensive human land-use pressures (EEA, 2018a).

et al. were taken from the first River Basin Management Plans

We expected hydrological alteration to be particularly rele-

covering the period 2004–2009, which were less complete and

vant for river types in the Mediterranean, which are frequently af-

quality checked than those provided with the second River Basin

fected by water extraction for irrigation (Zal et al., 2017; Hypothesis

Management cycle (2010–2015). The modelled stressors dis-

2.2). However, the share of deviance explained by hydrology in

played strong gradients, with hydrological stress mainly affecting

Mediterranean rivers was comparable to the overall population of

the Mediterranean and morphological stress prevailing in Central

sub-catchment units. There were differences between permanent

Europe. Overall, the combination of stressors in their study ex-

Mediterranean rivers (larger share of deviance explained by hydro-

plained Europe-wide ecological status of rivers well, with pres-

logical parameters) and intermittent rivers (smaller share explained).

ence of natural areas in floodplains, nitrogen concentration,

Biota of intermittent rivers are adapted to regular water shortage

infrastructures in floodplains, and urbanization and agriculture

and, thus, might be less affected by additional water abstraction by

in the drained catchment being most relevant. Though toxic sub-

humans (Stubbington et al., 2018).

stances were not considered as detailed as in the present study,

We expected toxic substances to mainly affect small streams

the general results concluding that multiple rather than single

in intensively used agricultural or urban areas (Hypothesis 2.3).

stressors were responsible for ecological status are in line with

However, toxic substances were affecting all river types irrespective

our analysis.

of their size, with the exception of very large rivers, for which the impact of toxic substances was relatively smallest. This pattern is likely

4.2 | Hierarchy of stressor effects: Hydromorphology > nutrients > toxic substances

related to the fact that both smaller and larger rivers may be located
in areas with intense pesticide use or affected by waste water treatment plants while the gradient in toxic substance concentration is
smallest in very large rivers that show better dilution capacity (Rice

According to Hypothesis 2, we expected that multiple stressors, al-

& Westerhoff, 2017) and integrate over large and heterogeneous

though operating in concert, express some form of river type-spe-

catchment areas (Thorp, 2014).

cific hierarchy (i.e. some stressors are more influential on ecological

Furthermore, we expected riparian land use to particularly impact

status than others); this was only partly confirmed. In general, there

ecological status of small streams, which are likely to be more strongly

are some differences between individual rivers types or between

affected by the immediate surrounding as compared to larger rivers,

groups of rivers types, but the overall pattern remains the same:

for which catchment-scale variables (hydrology, nutrient input, toxic

The three stressor categories ‘hydro-morphology’ (including ripar-

substances) are more relevant (Hypothesis 2.4). This was not con-

ian land use), ‘nutrients’ and ‘toxic substances’ affect the ecological

firmed, supporting the conclusion that riparian land use still poses a

status of European rivers in roughly a ratio of 1.5 to 1.3 to 1.0. If

significant effect on biota of larger rivers, for example, by restricting

morphology and hydrology are kept separate, the ratio is 1.3 (nutri-

the connection between river and floodplain (Tockner et al., 2010).

ents) to 1.0 (toxic substances) to 0.9 (morphology) to 0.6 (hydrology).
Our findings are coherent to Grizzetti et al. (2017), who observed
N-pollution and various types of structural degradation and catchment land uses as the main stressors; however, we are now able to

4.4 | High relevance of interacting stressors on
ecological river status

reveal the additional impact of complex mixture of toxic substances,
whose substantial contribution to the multi-stressor effects in

Finally, we expected stressor interactions to be relevant for explain-

Europe's surface waters is increasingly evidenced (Malaj et al., 2014;

ing the ecological river status at continental scale (Hypothesis 3);

Posthuma et al., 2019).

this expectation was supported. Interactions substantially contributed to the model performance for almost all river types. This

4.3 | Stressor effects across river types

confirms the observation by Birk et al. (2020) of more frequent
interaction effects with increasing spatial scale of investigation,
presumably driven by longer stressor gradients enhancing the likeli-

The differences in stressor hierarchies between rivers types ob-

hood of interactive stressor effects. As expected, nutrient and toxic

served were partly contrasting to our expectations. We expected

stress as well as nutrient and morphological stress interacted most

nutrient enrichment to be particularly relevant for lowland rivers,

frequently. This underlines the specific multi-stressor challenge for

which catchments are often characterized by high agricultural inten-

river management, including the increased likelihood of unpredict-

sities (Hypothesis 2.1). The opposite, however, was the case: nutrient

able ‘ecological surprises’ (Carvalho et al., 2019; Côté et al., 2016).
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4.5 | Managing Europe's river status under
multiple stress
According to our analysis, the problems affecting Europe's waters
are quite similar, independent from region or river size. Though stress
intensity differs greatly between regions (Grizzetti et al., 2017), as
also reflected by river ecological status (Figure 1), the same stressor
types are relevant across Europe. Almost all European river types
are affected, to a varying degree, by riparian land use, hydrological changes, nutrient enrichment and the input of toxic substances
including stressor interactions. This does not necessarily mean that
each individual river is affected by all stressors, but on larger scales
they are all relevant.
Our results suggest that the efforts required to reach the ambitious targets of the European Water Framework Directive can best
be made using a holistic concept of water quality assessment and
management, that includes the ‘classical’ pressures (such as nutrient pollution by single substances like nitrogen or phosphorous)
but also a comprehensive assessment of mixtures of different pollutants. Small-scale and isolated rehabilitation measures, such as
physical restoration measures and the treatment of point sources,
can certainly contribute to reduce morphological, nutrient and toxic
stress while catchment-scale approaches are required to reduce the
impact of riparian land use and diffuse pollution with nutrients and
pesticides. The improvement of ecological status is, therefore, a
long-term objective that requires a comprehensive approach to impact diagnosis and management solutions that acknowledge the key
combination of site-specific pressures.
AC K N OW L E D G E M E N T S
This paper is a result of the European research projects MARS (Managing
Aquatic ecosystems and water Resources under multiple Stress; http://
www.mars-project.eu) and SOLUTIONS (Solutions for present and
future emerging pollutants in land and water resources management;
http://www.solutions-project.eu) funded by the European Union under
the 7th Framework Programme for research, technological development and demonstration, grant agreement no: 603378 and 603437.
Contributions from RIVM were partly funded by the Dutch program
‘Water Quality Knowledge Impulse, project: Toxicity’. Open access
funding enabled and organized by ProjektDEAL.
DATA AVA I L A B I L I T Y S TAT E M E N T
The data that support the findings of this study are openly available
in Zenodo at https://doi.org/10.5281/zenodo.4322819.
ORCID
Sebastian Birk

https://orcid.org/0000-0002-2597-8692

REFERENCES
Alexander, A. C., Culp, J. M., Baird, D. J., & Cessna, A. J. (2016). Nutrient–
insecticide interactions decouple density-dependent predation
pressure in aquatic insects. Freshwater Biology, 61, 2090–2101.
https://doi.org/10.1111/fwb.12711

11

Alfieri, L., Salamon, P., Bianchi, A., Neal, J., Bates, P., & Feyen, L. (2014).
Advances in pan-European flood hazard mapping. Hydrological
Processes, 28, 4067–4077. https://doi.org/10.1002/hyp.9947
Altermatt, F., Little, C. J., Mächler, E., Wang, S., Zhang, X., & Blackman, R.
C. (2020). Uncovering the complete biodiversity structure in spatial
networks: The example of riverine systems. Oikos, 129, 607–618.
https://doi.org/10.1111/oik.06806
Bates, P. D., & de Roo, A. P. J. (2000). A simple raster-based model for
flood inundation simulation. Journal of Hydrology, 236, 54–77.
https://doi.org/10.1016/S0022-1694(00)00278-X
Beermann, A., Elbrecht, V., Karnatz, S., Ma, L., Matthaei, C. D., Piggott,
J. J., & Leese, F. (2018). Multiple-stressor effects on stream macroinvertebrate communities: A mesocosm experiment manipulating salinity, fine sediment and flow velocity. Science of the
Total Environment, 610, 961–971. https://doi.org/10.1016/j.scito
tenv.2017.08.084
Beketov, M. A., Kefford, B. J., Schäfer, R. B., & Liess, M. (2013).
Pesticides reduce regional biodiversity of stream invertebrates.
Proceedings of the National Academy of Sciences of the United
States of America, 110, 11039–11043. https://doi.org/10.1073/
pnas.1305618110
Berger, E., Haase, P., Kuemmerlen, M., Leps, M., Schäfer, R. B., &
Sundermann, A. (2017). Water quality variables and pollution
sources shaping stream macroinvertebrate communities. Science
of the Total Environment, 587, 1–10. https://doi.org/10.1016/j.scito
tenv.2017.02.031
Birk, S. (2019). Detecting and quantifying the impact of multiple stress
on river ecosystems. In S. Sabater, R. Ludwig, & A. Elosegi (Eds.),
Multiple stress in river ecosystems. Status, impacts and prospects for
the future (1st ed., pp. 235–253). Academic Press.
Birk, S., Bonne, W., Borja, A., Brucet, S., Courrat, A., Poikane, S., Solimini,
A., van de Bund, W., Zampoukas, N., & Hering, D. (2012). Three
hundred ways to assess Europe's surface waters: An almost complete overview of biological methods to implement the Water
Framework Directive. Ecological Indicators, 18, 31–41. https://doi.
org/10.1016/j.ecolind.2011.10.009
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.,
… Hering, D. (2020). Impacts of multiple stressors on freshwater biota across spatial scales and ecosystems. Nature Ecology
and Evolution, 4, 1060–1068. https://doi.org/10.1038/s41559020-1216-4
Carvalho, L., Mackay, E. B., Cardoso, A. C., Baattrup-Pedersen, A., Birk,
S., Blackstock, K. L., Borics, G., Borja, A., Feld, C. K., Ferreira, M.
T., Globevnik, L., Grizzetti, B., Hendry, S., Hering, D., Kelly, M.,
Langaas, S., Meissner, K., Panagopoulos, Y., Penning, E., … Lyche
Solheim, A. (2019). Protecting and restoring Europe's waters: An
analysis of the future development needs of the Water Framework
Directive. Science of the Total Environment, 658, 1228–1238. https://
doi.org/10.1016/j.scitotenv.2018.12.255
Chase, J. W., Benoy, G. A., & Culp, J. M. (2017). Combined effects of nutrient enrichment and inorganic sedimentation on benthic biota in
an experimental stream system. Water Quality Research Journal, 52,
151–165. https://doi.org/10.2166/wqrj.2017.038
Copernicus Land Monitoring Service [CLMS]. (2019). Riparian zones land
use land cover. Retrieved from https://land.copernicus.eu/local/
riparian-zones/land-cover-land-use-lclu-image?tab=metadata
Côté, I. M., Darling, E. S., & Brown, C. J. (2016). Interactions among ecosystem stressors and their importance in conservation. Proceedings
of the Royal Society B: Biological Sciences, 283, 20152592. https://
doi.org/10.1098/rspb.2015.2592
Couto, T. B. A., & Olden, J. D. (2018). Global proliferation of small hydropower plants – Science and policy. Frontiers in Ecology and the
Environment, 16, 91–100. https://doi.org/10.1002/fee.1746

12

|

Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive and cumulative effects of multiple human stressors in marine systems.
Ecology Letters, 11, 1304–1315. https://doi.org/10.1111/j.14610248.2008.01253.x
De Laender, F. (2018). Community- and ecosystem-level effects of multiple environmental change drivers: Beyond null model testing.
Global Change Biology, 24, 5021–5030. https://doi.org/10.1111/
gcb.14382
De Zwart, D., & Posthuma, L. (2005). Complex mixture toxicity for single and multiple species: Proposed methodologies. Environmental
Toxicology and Chemistry, 24, 2665–2676. https://doi.org/10.1897/
04-639r.1
Derville, S., Constantine, R., Baker, C. S., Oremus, M., & Torres, L. G.
(2016). Environmental correlates of nearshore habitat distribution
by the critically endangered Maui dolphin. Marine Ecology Progress
Series, 551, 261–275. https://doi.org/10.3354/meps11736
Elbrecht, V., Beermann, A. J., Goessler, G., Neumann, J., Tollrian, R.,
Wagner, R., Wlecklik, A., Piggott, J. J., Matthaei, C. D., & Leese, F.
(2016). Multiple-stressor effects on stream invertebrates: A mesocosm experiment manipulating nutrients, fine sediment and flow
velocity. Freshwater Biology, 61, 362–375. https://doi.org/10.1111/
fwb.12713
Elith, J., Leathwick, J. R., & Hastie, T. (2008). A working guide to boosted
regression trees. Journal of Animal Ecology, 77, 802–813. https://doi.
org/10.1111/j.1365-2656.2008.01390.x
European Commission. (2000). Directive 2000/60/EC of the European
Parliament and of the council of 23rd October 2000 establishing a framework for community action in the field of water policy.
Official Journal of the European Communities, L327/1. European
Commission, Brussels. Retrieved from https://eur-lex.europa.
eu/legal-conten t/EN/T X T/HTML/?uri=CELEX: 320 0 0L 0 060
&from=EN
European Communities. (2005). Common implementation strategy
for the Water Framework Directive (2000/60/EC). Guidance
Document No 13. Overall Approach to the Classification of
Ecological Status and Ecological Potential. Office for Official
Publications of the European Communities, Luxembourg. Retrieved
from https://ec.europa.eu/environment/water/water-framework/
facts_figures/guidance_docs_en.htm
European Environment Agency [EEA]. (2012a). EEA Catchments and
Rivers Network System ECRINS v1.1. Rationales, building and improving for widening uses to Water Accounts and WISE applications. EEA Technical Report No7/2012. EEA, Copenhagen, 111 pp.
Retrieved from https://www.eea.europa.eu/ds_resolveuid/P2Z9F
5AHUV
European Environment Agency [EEA]. (2012b). European waters –
Assessment of status and pressures. EEA Report No 8/2012. EEA,
Copenhagen, 96 pp. Retrieved from https://www.eea.europa.eu/
public ations/european-waters-assessment-2012
European Environment Agency [EEA]. (2015). Riparian Zone-Final delivery report. Issue 3.3. Retrieved from https://land.copernicus.eu/
local/riparian-zones/riparian-zones-delineation
European Environment Agency [EEA]. (2018a). European waters –
Assessment of status and pressures 2018. EEA Report No 7/2018.
EEA, Copenhagen. Retrieved from https://www.eea.europa.eu/
public ations/state-of-water
European Environment Agency [EEA]. (2018b). WISE Water Framework
Directive Database. Retrieved from https://www.eea.europa.eu/
data-and-maps/data/wise-wfd-3
Fuller, I. C., & Death, R. G. (2018). The science of connected ecosystems: What is the role of catchment-scale connectivity for healthy
river ecology? Land Degradation and Development, 29, 1413–1426.
https://doi.org/10.1002/ldr.2903
Gieswein, A., Hering, D., & Feld, C. K. (2017). Additive effects prevail: The response of biota to multiple stressors in an intensively

LEMM et al.

monitored watershed. Science of the Total Environment, 593–594,
27–35. https://doi.org/10.1016/j.scitotenv.2017.03.116
Globevnik, L., Koprivsek, M., & Snoj, L. (2017). Metadata to the MARS
spatial database. Freshwater Metadata Journal, 21, 1–7. https://doi.
org/10.15504/fmj.2017.21
Grizzetti, B., Pistocchi, A., Liquete, C., Udias, A., Bouraoui, F., & van
de Bund, W. (2017). Human pressures and ecological status of
European rivers. Scientific Reports, 7, 205. https://doi.org/10.1038/
s41598-017-00324-3
Hering, D., Borja, A., Carstensen, J., Carvalho, L., Elliott, M., Feld, C. K.,
Heiskanen, A.-S., Johnson, R. K., Moe, J., Pont, D., Solheim, A. L., &
van de Bund, W. (2010). The European Water Framework Directive
at the age of 10: A critical review of the achievements with recommendations for the future. Science of the Total Environment, 408,
4007–4019. https://doi.org/10.1016/j.scitotenv.2010.05.031
Hijmans, R. J., Phillips, S., Leathwick, J., & Elith, J. (2017). dismo: Species
Distribution Modeling. R package version 1.1-4. Retrieved from
https://CRAN.R-projec t.org/package=dismo
Huđek, H., Žganec, K., & Pusch, M. T. (2020). A review of hydropower
dams in Southeast Europe – Distribution, trends and availability
of monitoring data using the example of a multinational Danube
catchment subarea. Renewable and Sustainable Energy Reviews, 117,
109434. https://doi.org/10.1016/j.rser.2019.109434
Jackson, M. C., Loewen, C. J. G., Vinebrooke, R. D., & Chimimba, C. T.
(2016). Net effects of multiple stressors in freshwater ecosystems:
A meta-analysis. Global Change Biology, 22, 180–189. https://doi.
org/10.1111/gcb.13028
Kampa, E., & Hansen, W. (2004). Definition of good ecological potential. In Heavily modified water bodies (pp. 153–163). International
and European Environmental Policy Series. Springer. https://doi.
org/10.1007/978-3-642-18647-9_10
Lemm, J. U., & Feld, C. K. (2017). Identification and interaction of multiple stressors in central European lowland rivers. Science of the Total
Environment, 603–604, 148–154. https://doi.org/10.1016/j.scito
tenv.2017.06.092
Liess, M., Foit, K., Knillmann, S., Schäfer, R. B., & Liess, H. D. (2016).
Predicting the synergy of multiple stress effects. Scientific Reports,
6, 32965. https://doi.org/10.1038/srep32965
Lindström, G., Pers, C., Rosberg, J., Strömqvist, J., & Arheimer, B. (2010).
Development and testing of the HYPE (Hydrological Predictions
for the Environment) water quality model for different spatial
scales. Hydrology Research, 41, 295–319. https://doi.org/10.2166/
nh.2010.007
Lorenz, A. W., & Feld, C. K. (2013). Upstream river morphology and riparian land use overrule local restoration effects on ecological status
assessment. Hydrobiologia, 704, 489–501. https://doi.org/10.1007/
s10750-012-1326-3
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. Science of the Total Environment, 697, 134043. https://doi.
org/10.1016/j.scitotenv.2019.134043
Malaj, E., von der Ohe, P. C., Grote, M., Kühne, R., Mondy, C. P., UsseglioPolatera, P., Brack, W., & Schäfer, R. B. (2014). Organic chemicals
jeopardize the health of freshwater ecosystems on the continental scale. Proceedings of the National Academy of Sciences of the
United States of America, 111, 9549–9554. https://doi.org/10.1073/
pnas.1321082111
Matthaei, C. D., Piggott, J. J., & Townsend, C. R. (2010). Multiple stressors
in agricultural streams: Interactions among sediment addition, nutrient enrichment and water abstraction. Journal of Applied Ecology,
47, 639–649. https://doi.org/10.1111/j.1365-2664.2010.01809.x
Moriasi, D. N., Gitau, M. W., Pai, N., & Daggupati, P. (2015). Hydrologic
and water quality models: Performance measures and evaluation

LEMM et al.

criteria. Transactions of the American Society of Agricultural and
Biological Engineers, 58, 1763–1785. https://doi.org/10.13031/
trans.58.10715
Nõges, P., van de Bund, W., Cardoso, A. C., Solimini, A. G., & Heiskanen,
A. S. (2009). Assessment of the ecological status of European
surface waters: A work in progress. Hydrobiologia, 633, 197–211.
https://doi.org/10.1007/s10750-009-9883-9
Orr, J. A., Vinebrooke, R. D., Jackson, M. C., Kroeker, K. J., Kordas, R. L.,
Mantyka-Pringle, C., van den Brink, P. J., de Laender, F., Stoks, R.,
Holmstrup, M., Matthaei, C. D., Monk, W. A., Penk, M. R., Leuzinger,
S., Schäfer, R. B., & Piggott, J. J. (2020). Towards a unified study of
multiple stressors: Divisions and common goals across research disciplines. Proceedings of the Royal Society B: Biological Sciences, 287,
20200421. https://doi.org/10.1098/rspb.2020.0421
Panagopoulos, Y., Stefanidis, K., Sanchez, M. F., Weiland, F. S., Van Beek,
R., Venohr, M., Globevnik, L., Mimikou, M., & Birk, S. (2019). PanEuropean calculation of hydrologic stress metrics in rivers: A first
assessment with potential connections to ecological status. Water,
11, 703. https://doi.org/10.3390/w11040703
Nõges, P., Argillier, C., Borja, Á., Mikel, J., Kode, V., Pletterbauer, F.,
Sagouis, A., & Birk, S. (2016). Quantified biotic and abiotic responses to multiple stress in freshwater, marine and ground waters. The Science of the Total Environment, 540, 43–52. https://doi.
org/10.1016/j.scitotenv.2015.06.045
Piggott, J. J., Lange, K., Townsend, C. R., & Matthaei, C. D. (2012). Multiple
stressors in agricultural streams: A mesocosm study of interactions
among raised water temperature, sediment addition and nutrient
enrichment. PLoS ONE, 7, e49873. https://doi.org/10.1371/journal.
pone.0049873
Poikane, S., Zampoukas, N., Borja, A., Davies, S. P., van de Bund, W., &
Birk, S. (2014). Intercalibration of aquatic ecological assessment
methods in the European Union: Lessons learned and way forward. Environmental Science and Policy, 44, 237–246. https://doi.
org/10.1016/j.envsci.2014.08.006
Posthuma, L., & De Zwart, D. (2006). Predicted effects of toxicant mixtures are confirmed by changes in fish species assemblages in Ohio,
USA, Rivers. Environmental Toxicology and Chemistry, 25, 1094–
1105. https://doi.org/10.1897/05-305r.1
Posthuma, L., de Zwart, D., & Dyer, S. D. (2019). Chemical mixtures affect freshwater species assemblages: From problems to solutions.
Current Opinion in Environmental Science and Health, 11, 78–89.
https://doi.org/10.1016/j.coesh.2019.09.002
Posthuma, L., van Gils, J., Zijp, M. C., van de Meent, D., & de Zwart, D.
(2019). Species sensitivity distributions for use in environmental
protection, assessment, and management of aquatic ecosystems
for 12 386 chemicals. Environmental Toxicology and Chemistry, 38,
703–711. https://doi.org/10.1002/etc.4373
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. Scientific Reports, 10, 14825. https://doi.org/10.1038/
s41598-020-71537-2
Rasmussen, J. J., Wiberg-Larsen, P., Baattrup-Pedersen, A., Friberg, N.,
& Kronvang, B. (2012). Stream habitat structure influences macroinvertebrate response to pesticides. Environmental Pollution, 164,
142–149. https://doi.org/10.1016/j.envpol.2012.01.007
Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson,
P. T. J., Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J.,
Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D.,
& Cooke, S. J. (2019). Emerging threats and persistent conservation challenges for freshwater biodiversity. Biological Reviews, 94,
849–873. https://doi.org/10.1111/brv.12480
Rice, J., & Westerhoff, P. (2017). High levels of endocrine pollutants in
US streams during low flow due to insufficient wastewater dilution. Nature Geoscience, 10, 587–591. https://doi.org/10.1038/
ngeo2984

|

13

Richter, B., Baumgartner, J., Powell, J., & Braun, D. (1996). A method for
assessing hydrologic alteration within ecosystems. Conservation
Biology, 10, 1163–1174. https://doi.org/10.1046/j.1523-1739.1996.
10041163.x
Schäfer, R. B., Gerner, N., Kefford, B. J., Rasmussen, J. J., Beketov, M.
A., De Zwart, D., Liess, M., & von Der Ohe, P. C. (2013). How to
characterize chemical exposure to predict ecologic effects on
aquatic communities? Environmental Science and Technology, 47,
7996–8004. https://doi.org/10.1021/es4014954
Schäfer, R. B., & Piggott, J. J. (2018). Advancing understanding and prediction in multiple stressor research through a mechanistic basis
for null models. Global Change Biology, 24, 1817–1826. https://doi.
org/10.1111/gcb.14073
Skjelkvåle, B. L., Stoddard, J. L., Jeffries, D. S., Tørseth, K., Høgåsen, T.,
Bowman, J., Mannio, J., Monteith, D. T., Mosello, R., Rogora, M.,
Rzychon, D., Vesely, J., Wieting, J., Wilander, A., & Worsztynowicz,
A. (2005). Regional scale evidence for improvements in surface
water chemistry 1990–2001. Environmental Pollution, 137, 165–176.
https://doi.org/10.1016/j.envpol.2004.12.023
Søndergaard, M., & Jeppesen, M. (2015). Anthropogenic impacts on
lake and stream ecosystems, and approaches to restoration.
Journal of Applied Ecology, 44, 1089–1094. https://doi.org/10.1111/
j.1365-2664.2007.01426.x
Stubbington, R., Chadd, R., Cid, N., Csabai, Z., Miliša, M., Morais, M.,
Munné, A., Pařil, P., Pešić, V., Tziortzis, I., Verdonschot, R. C. M., &
Datry, T. (2018). Biomonitoring of intermittent rivers and ephemeral streams in Europe: Current practice and priorities to enhance
ecological status assessments. Science of the Total Environment, 618,
1096–1113. https://doi.org/10.1016/j.scitotenv.2017.09.137
Sutanudjaja, E. H., van Beek, R., Wanders, N., Wada, Y., Bosmans, J. H. C.,
Drost, N., van der Ent, R. J., de Graaf, I. E. M., Hoch, J. M., de Jong,
K., Karssenberg, D., López López, P., Peßenteiner, S., Schmitz, O.,
Straatsma, M. W., Vannametee, E., Wisser, D., & Bierkens, M. F. P.
(2018). PCR-GLOBWB 2: A 5 arcmin global hydrological and water
resources model. Geoscientific Model Development, 11, 2429–2453.
https://doi.org/10.5194/gmd-11-2429-2018
The Nature Conservancy. (2009). Indicators of Hydrologic Alteration
Version 7.1 User's Manual. Retrieved from https://www.conser vati
ongateway.org/Documents/IHAV7.pdf
Thorp, J. H. (2014). Metamorphosis in river ecology: From reaches
to macrosystems. Freshwater Biology, 59, 200–210. https://doi.
org/10.1111/fwb.12237
Tockner, K., Pusch, M., Borchardt, D., & Lorang, M. S. (2010). Multiple
stressors in coupled river-floodplain ecosystems. Freshwater Biology,
55, 135–151. https://doi.org/10.1111/j.1365-2427.2009.02371.x
Van den Brink, P., Choung, C., Landis, W., Mayer-Pinto, M., Pettigrove,
V., Scanes, P., Smith, R., & Stauber, J. (2016). New approaches
to the ecological risk assessment of multiple stressors. Marine
and Freshwater Research, 67, 429–439. https://doi.org/10.1071/
MF15111
van Gils, J., Posthuma, L., Cousins, I., Brack, W., Altenburger, R.,
Baveco, H., Focks, A., Greskowiak, J., Kuehne, R., Kutsarova, S.,
Lindim, C., Markus, A., van de Meent, D., Munthe, J., Schueder,
R., Schuurmann, G., Slobodnik, J., de Zwart, D., & van Wezel, A.
(2020). Computational material flow analysis for thousands of
chemicals of emerging concern in European waters. Journal of
Hazardous Materials, 397, 122655. https://doi.org/10.1016/j.jhazm
at.2020.122655
van Gils, J., Posthuma, L., Cousins, I. T., Lindim, C., de Zwart, D., Bunke,
D., Kutsarova, S., Müller, C., Munthe, J., Slobodnik, J., & Brack, W.
(2019). The European Collaborative Project SOLUTIONS developed
models to provide diagnostic and prognostic capacity and fill data
gaps for chemicals of emerging concern. Environmental Sciences
Europe, 31, 72. https://doi.org/10.1186/s12302-019-0248-3
Venohr, M., Hirt, U., Hofmann, J., Opitz, D., Gericke, A., Wetzig, A.,
Natho, S., Neumann, F., Hürdler, J., Matranga, M., Mahnkopf, J.,

14

|

Gadegast, M., & Behrendt, H. (2011). Modelling of nutrient emissions in river systems – MONERIS – Methods and background.
International Review of Hydrobiology, 96, 435–483. https://doi.
org/10.1002/iroh.201111331
von der Ohe, P. C., & Goedkoop, W. (2013). Distinguishing the effects of
habitat degradation and pesticide stress on benthic invertebrates
using stressor-specific metrics. Science of the Total Environment,
444, 480–490. https://doi.org/10.1016/j.scitotenv.2012.12.001
Vörösmarty, C. J., McIntyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich,
A., Green, P., Glidden, S., Bunn, S. E., Sullivan, C. A., Liermann, C. R.,
& Davies, P. M. (2010). Global threats to human water security and
river biodiversity. Nature, 467, 555–561. https://doi.org/10.1038/
nature 09440
Wagenhoff, A., Townsend, C. R., & Matthaei, C. D. (2012).
Macroinvertebrate responses along broad stressor gradients of deposited fine sediment and dissolved nutrients: A stream mesocosm
experiment. Journal of Applied Ecology, 49, 892–902. https://doi.
org/10.1111/j.1365-2664.2012.02162.x
Wallin, M., Wiederholm, T., & Johnson, R. K. (2003). Guidance on establishing reference conditions and ecological status class boundaries
for inland surface waters. CIS Working Group 2.3 – REFCOND.
Final version 7.0, 93 pp. Retrieved from https://circabc.europa.
eu/sd/a/69bc735b-ba37-40a7-841c-22255577cc0a/GD-%20-%20
REFCOND%20-%20Policy%20Summary.pdf

LEMM et al.

Zal, N., Bariamis, G., Zachos, A., Baltas, E., & Mimikou, M. (2017). Use
of Freshwater Resources in Europe 2002–2014 – An assessment
based on water quantity accounts. ETC/ICM Technical Report
1/2017. ETC/ICM, Magdeburg. Retrieved from https://www.
eionet.europa.eu/etcs/etc-icm/produc ts/etc-icm-report s/useof-freshw ater-resour ces-in-europe-2002-2014-an-assess mentbased-on-water-quantity-accounts
Zuur, A. F., Ieno, E. N., & Smith, G. M. (2007). Analysing ecological data,
statistics for biology and health New York. Springer.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Lemm JU, Venohr M, Globevnik L,
et al. Multiple stressors determine river ecological status at
the European scale: Towards an integrated understanding of
river status deterioration. Glob Change Biol. 2021;00:1–14.
https://doi.org/10.1111/gcb.15504

