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was carried out according to Water Framework Directive standards as part of the citizen science freshwater
monitoring program FLOW in spring and summer 2021, 2022 and 2023. The biological indicator SPEAR pesticides
was used to assess pesticide exposure and effects based on macroinvertebrate community composition. Overall,
58 % of the agricultural monitoring sites failed to achieve a good ecological status in terms of macroinvertebrate
community composition and indicated high pesticide exposure (SPEARpesticides Status class: 29 % “moderate”, 19

% “poor”, 11 % “bad”). The indicated pesticide pressure in streams was related to the proportion of arable land in
the catchment areas (R = 0.23, p < 0.001). Also with regards to hydromorphology, monitoring results revealed
that 65 % of the agricultural monitoring sites failed to reach a good status. The database produced by citizen
science groups was characterized by a high degree of accuracy, as results obtained by citizen scientists and
professionals were highly correlated for SPEARpesticides index ®R%= 0.79, p < 0.001) and hydromorphology index
values (R? = 0.72, p < 0.001). Such citizen-driven monitoring of the status of watercourses could play a crucial
role in monitoring and implementing the objectives of the European Water Framework Directive, thus
contributing to restoring and protecting freshwater ecosystems.

1. Introduction
1.1. Current status of river protection and monitoring in Europe

With the Water Framework Directive (WFD, European Commission,
2000) and the European Green Deal (European Commission, 2019a), the
European Union has adopted ambitious policies to protect freshwater
ecosystems. The WFD’s goal is to conserve or to restore the good
ecological status of all surface waters and to restore a good ecological
potential in heavily modified water bodies (EPA - Environmental Pro-
tection Agency, 2006). A “good ecological status” according to WFD is
achieved in rivers and streams when hydromorphology, physico-
chemical status and biotic communities (i.e., macrophytes/algae, mac-
roinvertebrates and fish) are in a near-natural condition specific to the
relevant ecoregion and river type. Several ecosystem services essential
for human well-being, such as water storage and purification, conser-
vation of (semi)-aquatic biodiversity and recreational qualities, are
closely linked to good status of rivers and streams (Grizzetti et al., 2019;
Chung et al., 2021).

To date, however, EU member states have repeatedly failed to meet
freshwater protection targets (EEA - European Environment Agency,
2018; European Commission, 2019b; IPBES, 2019). As evidenced by
recent freshwater monitoring studies and agency reports, about 60 % of
river water bodies in Europe (EEA - European Environment Agency,
2018) and >80 % of rivers sampled in Germany are in a poor ecological
status (Liess et al.,, 2021; UBA — Umweltbundesamt, 2022). WFD
monitoring focuses on large rivers and streams with catchment areas
over 10 km?, while smaller streams below 10 km? are generally not
investigated. The ecological status of rivers is affected by multiple
stressors (Lemm et al., 2021), particularly pesticide and nutrient inputs,
human-made changes in hydromorphology, and climate change (Liess
etal., 2021; Wolfram et al., 2021; Vorosmarty et al., 2010). Due to these
anthropogenic stressors, aquatic biodiversity (Beketov et al., 2013) and
stream-based ecosystem services such as leaf and organic matter
decomposition (Schafer et al., 2012; Bock et al., 2018) are strongly
impaired.

Small streams account for two thirds of the entire river network in
Germany (Meyer et al., 2007; BfN - Bundesamt fiir Naturschutz, 2021)
and thus play an important role for freshwater and biodiversity con-
servation. Due to their small water volume and in many cases, proximity
to agricultural land use, they can be especially affected by pesticide and
nutrient inputs (Szocs et al., 2017). Studies have shown that there is a
lack of systematic large-scale monitoring data on small streams in Ger-
many, since these small streams with catchment areas below 30km? are
only rarely monitored and streams below 10km? are not taken into ac-
count in the official WFD monitoring scheme (Szocs et al., 2017; Wick
et al., 2019). The situation is similar in other European countries and, as
a result, little is known about the chemical and ecological status of
Europe’s small streams (Weisner et al., 2022).

In order to reduce the drastic loss of biodiversity, habitat and
ecosystem services at EU level, and to ensure the implementation of the

EU Green Deal, the European Commission has recently adopted pro-
posals for the “Nature Restoration Law” (NRL, European Commission,
2022a) and “Regulation on the sustainable use of plant-protection
products” (SUR, European Commission, 2022b). These state that at
least 30 % of degraded habitats in terrestrial, coastal, freshwater and
marine ecosystems should be restored to a good ecological status by
2030. The use of pesticides and the associated ecological and health risks
are to be reduced by 50 % by 2030, and pesticides are to be completely
banned in sensitive areas. In an appeal to EU policymakers, scientists
have stressed the urgency of implementing these mitigation and resto-
ration measures (Pe’er et al., 2023). In order to achieve an evidence-
based and accountable implementation of the Water Framework
Directive, the Restoration Law and the Sustainable Use Regulation, the
ecological status of freshwater ecosystems of all sizes needs to be
assessed on a broad spatio-temporal scale. The data can then be used to
identify effective restoration priorities and measures.

1.2. Macroinvertebrates as biological indicators for pesticide exposure

Macroinvertebrates have long been used as biological indicators to
assess the ecological status of rivers and streams (Kolkwitz and Marsson,
1909; Chessman et al., 2007; Friberg et al., 2011). They are sensitive to
several ecological stressors, relatively easy to sample, and have been
shown to be suitable biological indicators in the context of citizen sci-
ence stream monitoring projects (Storey et al., 2016; Brooks et al., 2019;
Moolna et al., 2020).

The biological indicator SPEARpesticides has been developed to
quantify ecological effects of pesticide exposure in agriculturally influ-
enced streams based on macroinvertebrate community composition
(Liess and von der Ohe, 2005; Liess et al., 2021). SPEAR is a trait-based
indicator based on the relative abundance of pesticide-sensitive mac-
roinvertebrate taxa at a stream site (Liess and von der Ohe, 2005). Based
on four ecological functional traits (physiological sensitivity to pesti-
cides, generation time, life cycle or hatching time, and ability to migrate
and recolonize), each macroinvertebrate taxon is categorized as either
“SPEcies At Risk” (SPEAR) or “SPEcies not At Risk” (SPEnotAR). The
SPEAR indicator has been shown to be a suitable method for identifying
pesticide exposure and establishing dose-effect relationships at large
spatial scales. It mainly reacts to pesticide exposure and is mostly in-
dependent of other stressors such as oxygen deficiency or nutrient load
(Liess et al., 2008; Knillmann et al., 2018; Liess et al., 2021). SPEAR-
pesticides is used for pesticide indication in the German WFD stream
assessment (LAWA and UBA, 2022). Previous research has shown that
the indicator provides accurate results with macroinvertebrate data
whose taxonomic resolution is limited to family level (Beketov et al.,
2009; Liebmann et al., 2022) and is therefore well suited for citizen
science stream monitoring (von Gonner et al., 2023a).

1.3. Potential of citizen science

Effective freshwater monitoring and protection is a multi-faceted,
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challenging task. It requires not only scientific expertise and practical
knowledge, but also the involvement of local communities, different
stakeholders and the compliance of large parts of society with fresh-
water protection measures (EPA - Environmental Protection Agency,
2006; Carvalho et al., 2019; BMUV, 2023).

Citizen science, the active participation of interested citizens in
research processes, holds great potential to advance ecological stream
monitoring and restoration (Storey et al., 2016; Brooks et al., 2019; von
Gonner et al., 2023a). By collecting data on riverine species or the status
of freshwater ecosystems, citizen scientists can provide new knowledge
as a basis for scientific analyses (Bowler et al., 2021; Maasri et al., 2022).
Simultaneously, research has shown that citizen science projects in
water monitoring can raise awareness for freshwater ecosystems and
their services (Storey et al., 2016). Citizen science can foster social li-
cense for conservation (Kelly et al., 2019), promote stewardship for local
streams and enable citizens to engage in stream protection (Brooks et al.,
2019; Huddart et al., 2016; Edwards et al., 2018).

In Germany, freshwater ecology is also anchored in the upper sec-
ondary school curriculum, but rarely practiced in the field. Therefore,
citizen science could be a valuable tool for raising students’ awareness of
aquatic ecosystems and their stressors, and for increasing their self-
efficacy in freshwater conservation through research-based, hands-on
outdoor learning (see Ballard et al., 2017).

1.4. Current study

Citizen science is considered as a promising tool to complement
official monitoring programs (Maasri et al., 2022; Kuehne et al., 2023)
and to fill data gaps, such as the lack of data on small streams (Wick
et al., 2019). Both the WFD (European Commission, 2003, WFD Article
14) and the German National Water Strategy (BMUV, 2023) recognize
public participation as an important tool for ensuring sustainable water
resource management and effective protection of freshwater ecosys-
tems. However, there have been too few efforts so far to implement
citizen participation in the WFD (Irvine and O’Brien, 2009). To date,
there is very little evidence on how to implement practical, successful
approaches for engaging civil society actors in freshwater protection.
Existing initiatives to involve civil society actors in river basin man-
agement have been criticized mainly because process outcomes have
rarely been implemented in practice (Schiitze and Kochskamper, 2017).
To address these challenges and knowledge gaps and to co-create new
knowledge on the ecological status of streams, we developed the citizen
science stream monitoring program FLOW in Germany (https://flow-p
rojekt.de; von Gonner et al., 2023a). The FLOW program provides
learning material, training, support, field equipment and a digital data
management system for citizen scientists to generate WFD compliant
data on stream hydromorphology and macroinvertebrate community
composition. FLOW specifically focuses on small streams with catch-
ment sizes below 30 km? to complement the official WFD stream
monitoring. To assess pesticide exposure at the stream sample sites, the
macroinvertebrate data is used to calculate the bioindicator SPEARes-
ticides- FLOW mobilized a total of 96 citizen science groups between 2021
and 2023 with over 900 participants who assessed the ecological status
of their local stream monitoring sites. Our previous study on the accu-
racy of citizen science data (von Gonner et al., 2023a) showed on a
smaller sample of 28 streams that personally trained citizen scientists
can correctly identify macroinvertebrates to the family level and provide
valid data on the SPEARpesticides index and stream hydromorphology.
Here, based on a larger sample, we aim to provide additional, detailed
evidence of the accuracy of citizen science freshwater monitoring data
compared to professional assessments of SPEAResicides and hydro-
morphology index values. On this basis, we assess the ecological and
hydromorphological status of our stream sample sites. Thus, our study
provides the first and most comprehensive citizen science-based over-
view of the ecological status and pesticide exposure of small water
bodies in Germany. Based on three years of citizen science stream
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monitoring across Germany, we address the following two main
research questions:

- To what extent does citizen science data for macroinvertebrate
communities, SPEAR pesticides and hydromorphology agree with data
collected by professional ecologists?

- What proportion of stream monitoring sites achieve a good ecolog-
ical status with regards to macroinvertebrate community, hydro-
morphology and physico-chemical status?

Based on the results, we discuss possible reasons for stream moni-
toring sites not achieving good ecological status. We provide an outlook
on how citizen science freshwater monitoring can contribute to greater
accountability for agreed government conservation targets and, poten-
tially, support restoration efforts.

2. Methods
2.1. Study design and site selection

We used a two-tiered approach for selecting stream sample sites. For
the first FLOW monitoring campaign in 2021 (pilot phase), we selected
30 agricultural stream monitoring sites in central Germany with catch-
ment sizes up to 30 km? to test and fine-tune the citizen science moni-
toring alongside professional monitoring (for details see von Gonner
etal., 2023a). In the 2022 and 2023 monitoring campaigns, we extended
the FLOW monitoring across Germany (see Fig. 2). Monitoring sites were
chosen according to the following criteria: catchments smaller than 30
km?; priority to agricultural streams with at least 20 % agricultural land
cover in their catchments; possibility to assess streams with <20 %
agricultural land cover in catchment as a comparison baseline (referred
to as non-agricultural streams); as few urban areas as possible in
catchment and no wastewater treatment plants upstream to focus on
agricultural diffuse pollution (Liess et al., 2021). For the selection of
monitoring sites, the catchments were delineated from a digital eleva-
tion model (EEA - European Environment Agency, 2016) and intersected
with CORINE land cover data (class 2: agricultural areas) (EEA - Euro-
pean Environment Agency, 2020) according to Liess et al. (2021).
Catchments of the monitoring sites were characterized by a gradient of
agricultural land (mean agricultural land cover 53 % =+ 29 %). 57 % of
the monitoring sites were located in highland streams (primarily types 5,
6, and 7) and 43 % in lowland streams (primarily types 14, 18, 11, and
16). For details on ecoregions and stream types of the sample sites, see SI
Fig. 1; SI Table 1.

2.2. Citizen science training

Over the years, we recruited 96 citizen scientist groups (42 local
environmental NGO groups, 26 local citizen initiatives, 18 senior high
school classes, and 10 angling clubs), with a total of over 900 partici-
pants. A large majority of the participating citizen scientists were
interested newcomers with little to no prior experience in ecological
stream assessment. To foster high quality monitoring, several local
freshwater experts (with in-depth taxonomic or ecological knowledge
gained through long-term voluntary engagement) participated in the
citizen science monitoring as group leaders. The term “professionals” is
used in this study to refer to experienced ecologists who acquired
expertise in limnology as full-time researchers.

In the pilot phase of the FLOW project (2021, von Gonner et al.,
2023a), all citizen science groups were trained directly by the FLOW
team and also accompanied during the stream monitoring events to
clarify open questions and help with any problems. In 2022 and 2023,
we used a multiplier approach (“train-the-trainer”) to ensure that all
citizen science groups across Germany were well-prepared for the
stream assessments: First, all citizen scientists participated in a 2-hour
online training where we introduced and discussed the stream
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assessment methods. Subsequently, all citizen science group leaders
attended an additional full day on-site training on macroinvertebrate
identification down to family level. During the identification training,
citizen science group leaders learned about the distinguishing charac-
teristics of the major macroinvertebrate families and practiced sorting
and identifying voucher specimens using a stereo microscope. For re-
view and further practice, we provided additional learning materials for
all participants: a project booklet with field protocols and background
information on stream ecology, six short video tutorials on the FLOW
stream monitoring methods, an identification booklet characterizing
about 200 native macroinvertebrate taxa with photos and illustrations,
and an online quiz on macroinvertebrate identification and hydro-
morphological assessment (for details on the training materials, see von
Gonner et al., 2023a and SI Table 2). After the identification training,
citizen science group leaders organized preparatory meetings with their
local groups to practice macroinvertebrate identification. Some group
leaders contacted experienced biologists in their region for assistance
with the field work. This proved to be a very effective method of sup-
porting citizen scientists in the field with sampling and identification.

2.3. Data collection and preparation

Citizen scientists assessed macroinvertebrate community composi-
tion, hydromorphology, and physico-chemical status at a total of 137
stream monitoring sites in 2021, 2022 and 2023, including 113 agri-
cultural sites and 24 non-agricultural sites. Most sites (57 %) were
sampled once in one of the three monitoring years by a group of 5 to 15
trained citizen scientists between April and early July, the main pesti-
cide application period for most crops (Szocs et al., 2017). Citizen sci-
ence groups with sufficient time capacity sampled their sample sites
twice (in April and June of one year, 23 % of sample sites) or more
frequently (in two or three subsequent years, 20 % of sample sites) to
document seasonal changes and changes over time.

For the analysis in this study, we selected the most recent sampling
result from the sampling period of May and June for all sites that were
sampled two or more times. Previous analyses (Liess and von der Ohe,
2005) had shown that macroinvertebrate community composition in
early summer best reflected current pesticide exposure. Including mean
values for sites with multiple sampling events did not significantly
change the result patterns. For the analysis of SPEARpesticides bio-
indicator values, we excluded all sites where macroinvertebrate com-
munities were severely affected by a lack of flow (dried out or flow
velocity < 0.05 m/s) in the period from April to July so that accurate
bioindication was not possible (Liess et al., 2021). This resulted in a
sample of n = 120 sites for the analysis of SPEAR pesticides Values (i.e., 101
agricultural and 19 non-agricultural sites).

Citizen scientists sampled macroinvertebrates using standardized
multi-habitat sampling according to the WFD: they first recorded stream
bed substrates (Meier et al., 2006) and documented the distribution of
substrate types on a percentage basis (smallest unit 5 %). A total of 20
subsamples was then divided proportionally between the occurring
substrate types present: Each subsample substrate unit (5 %) was
sampled by kick sampling ten times using a net with an opening surface
of 0.0625 m? and a mesh size of 0.5 mm (Liess et al., 2021). Kick sam-
pling was conducted in an area equal to the net opening. Due to the 20
subsamples per site, the total area of the streambed sampled per site was
1.25 m2 For data analysis, macroinvertebrate abundances were con-
verted to 1 m?.

Sampled macroinvertebrates were separated from the coarse organic
debris using a kitchen sieve or, where available, a column sieve set.
Tweezers were used to sort the macroinvertebrates into white trays.
Citizen scientists then identified and counted the sampled macro-
invertebrates at least to family level using stereo microscopes with 20-
fold magnification. The identification of live animals was conducted
on-site directly at the monitoring sites. Thus, citizen scientists had only
one afternoon to complete the macroinvertebrate sorting, counting, and
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identification. A subsample of n = 81 macroinvertebrate samples were
preserved in 90 % ethanol and determined to the highest possible
taxonomic resolution in the laboratory by professional freshwater sci-
entists. Regarding the accuracy of the citizen science macroinvertebrate
sampling method, previous studies have shown that when citizen sci-
entists are properly trained in standardized stream monitoring, the kick
sampling process usually does not lead to relevant differences between
citizen science and professionally collected macroinvertebrate samples
(Fore et al., 2001; von Gonner et al., 2023a).

To assess stream hydromorphology and derive corresponding index
values, citizen scientists used an illustrated and annotated version of the
official protocol for small to medium-sized streams of the German Water
Working Group of the Federal States (LAWA - Bund/Lander Arbeitsge-
meinschaft Wasser, 2019, see von Gonner et al., 2023a). All hydro-
morphological criteria required by the WFD were quantified, including
meandering of the watercourse, variation in stream depth and width,
flow diversity as well as bed habitat structure, riparian conditions and
land use within a 100 m stretch of the stream sampling section (Euro-
pean Commission, 2000).

For additional information on stream stressors, citizen scientists also
measured physico-chemical water parameters (i.e., nitrite, nitrate,
phosphate, pH, water temperature, dissolved oxygen, electrical con-
ductivity, flow velocity) once per site in the afternoon of the citizen
science sampling day. Repeated citizen science measurements were not
possible in most cases for logistical reasons (see SI Table 3 for infor-
mation on measuring devices).

In 2021, citizen scientists entered their monitoring data into pre-
pared Excel spreadsheets or the SPEAR calculator (https://www.syste
mecology.de/indicate/) to generate the relevant index values and to
determine biological, hydromorphological and physico-chemical status
classes according to the WFD (von Gonner et al., 2023a). In 2022 and
2023, citizen scientists used the FLOW web application hosted by the
Helmholtz Centre for Environmental Research (https://webapp.ufz.de/
flow/) to upload and evaluate their stream monitoring data. This digital
citizen science data management system is used to generate SPEAR and
hydromorphology index values and to assign the monitoring results for
all three quality elements to one of the five water status classes ac-
cording to WFD. It also serves as a platform for data visualization,
download and archiving. For the present study, all SPEARpesticides Values
were recalculated according to the online SPEAR calculator version
2023.08 (for details see SI Table 7).

2.4. Assessment of citizen science data accuracy

To assess citizen science macroinvertebrate identification accuracy,
we re-identified a subsample of n = 81 citizen science macroinvertebrate
samples (n = 30 samples from 2021, n = 30 samples from 2022 and n =
21 samples from 2023) in the laboratory to generate corrected macro-
invertebrate taxa lists. To verify citizen science hydromorphology as-
sessments, we re-assessed the six subcategories of hydromorphology (i.
e., water course, longitudinal profile, transverse profile, bed structure,
bank structure, land use) for the same monitoring sites (n = 79) based on
voucher photos taken by the citizen scientists. We then generated pro-
fessional hydromorphology index values to compare them to the citizen
science hydromorphology data. For measurements of physico-chemical
water parameters no professional reference data was available.

We calculated linear regressions for SPEARpesicides and hydro-
morphology index values generated by the citizen scientists and the
professionals, checking residuals for normality and homoscedasticity.
To quantify bias, we additionally calculated the Concordance Correla-
tion Coefficient (CCC) for SPEARpegticides and hydromorphology index
values provided by citizen scientists and professionals using the epi.ccc
function from the epiR R package (version 2.0.62, Stevenson and Ser-
geant, 2023).

To validate our approach of using SPEAR pesticides @s an indicator of
pesticide pressure, we performed a multiple linear regression with
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Fig. 1. Correlation between citizen science and professional stream assessments for A. SPEAR egticides index values (n = 81) and B. hydromorphology index values (n
= 79). SPEARegiicides index values are colored according to the percentage of correct citizen science identifications of macroinvertebrate families per stream
monitoring site. The solid line represents the regression line, the dashed line the 1:1 line. CCC = Concordance Correlation Coefficient.

SPEAR pesticides as the response and TUy,ax and hydromorphology index as
explanatory variables, based on the 21 monitoring sites from 2021 for
which we have pesticide measurements (see von Gonner et al., 2023a for
details).

2.5. Field data analysis

To statistically analyze the citizen science monitoring data, we took
two main steps:

First, we performed a descriptive analysis of index values and status
classes for SPEARpesticides and hydromorphology as well as physico-
chemical parameters, separately for agricultural and non-agricultural
sites. The classification of the sites was based on the proportion of
agricultural land-use in their catchments. Sites with >20 % agricultural
area in their catchment were classified as “agricultural”, sites with <20
% agricultural area as “non-agricultural” (Liess et al., 2021). To deter-
mine agricultural land cover, the catchments were delineated from a
digital elevation model (EEA - European Environment Agency, 2016)
and intersected with land-use data (EEA - European Environment
Agency, 2020).

Second, we performed linear regressions to assess the influence of
arable land (CORINE class 2.1: Arable land) in the catchments of the
monitoring sites on SPEARpesticidess Residuals were checked for
normality and homoscedasticity.

Depending on the relevant stream type, individual measurements of
physico-chemical parameters were compared with regulatory thresholds
from the German Surface Waters Ordinance (BGBI - Federal Law
Gazette, 2016) and LAWA - Bund/Lander Arbeitsgemeinschaft Wasser
(1998). We also tested for differences between measurements in agri-
cultural and non-agricultural streams using t-test for normally distrib-
uted data and Wilcoxon test for non-normally distributed data.

All statistical analyses were performed using R software (version
4.3.1, R Core Team, 2023). Graphical visualizations were created using
the ggplot2 R package (version 3.4.2, Wickham, 2016). Maps were
produced using QGIS (version 3.32.1, QGIS Development Team, 2023).

3. Results
3.1. Citizen science data accuracy

The re-identification of n = 81 citizen science macroinvertebrate
samples in the laboratory showed that the rate of correct citizen science
identifications was high at the family level (Mean = 84 %, SD = 13.4 %,
Fig. 1A). For the re-identified citizen science macroinvertebrate sam-
ples, we found that citizen science and professional SPEARpesticides
values were highly correlated R? = 0.79, p < 0.001, CCC = 0.87,
Fig. 1A). 64 % of the re-examined monitoring sites were rated with the
same SPEAR status class by both citizen scientists and professionals,
while 33 % of the sites were rated one SPEAR class apart. On average,
citizen scientists rated SPEAR index slightly more positively (mean
index value = 0.55, SD = 0.31) than professionals (mean index value =
0.50, SD = 0.26, W = 2117, p < 0.05, see also SI Fig. 4). Overall, citizen
science and professional SPEAR assessments agreed in 84 % of the cases
on whether a stream achieved a good status in terms of pesticide
exposure (i.e., classification as SPEAR status class I or II).

The re-examination of citizen science hydromorphology data for 79
sites revealed that citizen science and professional hydromorphology
index values were highly correlated ®R? = 0.72, p < 0.001, CCC = 0.85,
Fig. 1B). In detail, we found that 65 % of the stream monitoring sites
were rated with the same status class by both citizen scientists and
professionals, while 35 % were rated one status class apart (SI Fig. 5).
We found no significant difference between citizen science hydro-
morphology index values (Mean = 3.85, SD = 1.05) and professional
index values (Mean = 3.77, SD = 1.02, W = 1741, p = 0.43). Overall,
citizen science and professional hydromorphology assessments agreed
in 85 % on whether a stream achieved a good ecological status according
to WED.

Multiple linear regression results confirmed the specificity of the
SPEAResticides indicator to respond primarily to pesticide pressure (p <
0.05, see also Liess et al., 2021). Hydromorphology had no significant
effect on the SPEARpesticides Values (p = 0.23).
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3.2. Macroinvertebrate communities and SPEARpesicides index

In total, we analyzed macroinvertebrate communities and SPEAR-
pesticides index values for 120 stream monitoring sites (Fig. 2). Of the 101
agricultural monitoring sites, 58 % did not achieve good ecological
status with respect to macroinvertebrate communities according to the
SPEAR pesticides bioindicator. At these sites, SPEARpesticides index values
were assigned to status classes III “moderate” (29 %), IV “poor” (19 %)
or V “bad” (11 %), indicating that macroinvertebrate communities were
negatively affected by pesticide inputs (Fig. 3A). Meanwhile, 23 % of the
sites were assigned to status classes II (“good”) and 19 % to status class I
(“high™) (Fig. 3A).

Of the 19 non-agricultural monitoring sites, 37 % did not reach good
ecological status and were assigned to SPEARpesticides Status classes
“moderate” (16 %), “poor” (16 %) or “bad” (5 %).

Catchment land cover mattered. SPEAResticides Showed a significant
association with the proportion of arable land cover within the catch-
ments (R? = 0.23, p < 0.001). SPEARpesticides Values decreased as the
proportion of arable land increased, indicating higher pesticide pres-
sures (Fig. 4).

3.3. Assessment of stream hydromorphology

In terms of stream hydromorphology, 65 % of the agricultural stream
monitoring sites (n = 113) did not reach a good status (Fig. 3B), clas-
sified as status classes III “moderate” (37 %), IV “poor” (22 %) and V
“bad” (6 %). Of the 24 non-agricultural sites, 58 % did not achieve good
status and were assigned to hydromorphology status classes “moderate”
(25 %) or “poor” (33 %). For details on the assessment of hydro-
morphology subcomponents, see SI Fig. 3.

3.4. Assessment of physico-chemical water status

For physico-chemical parameters, individual measurements excee-
ded at least one regulatory threshold for a good ecological status ac-
cording to BGBI - Federal Law Gazette (2016) and LAWA - Bund/Lander
Arbeitsgemeinschaft Wasser (1998) in 96 % of the stream water bodies
(Fig. 5, SI Table 6). Most frequently, the nutrients phosphate (79 %),
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nitrate (73 %), nitrite (42 %) and ammonium (32 %) concentrations
exceeded the respective threshold values. Oxygen concentrations did not
meet the criteria for a good ecological status in 25 % of the streams. Less
frequently, the thresholds for pH (7 %) and chloride (3 %) were
exceeded.

On average, nitrate concentration were two times higher in agri-
cultural streams than in non-agricultural streams and nitrite concen-
trations even three times higher (nitrate concentrations agricultural:
mean = 2.76 mg N/L, non-agricultural: mean = 1.32 mgN/L, W = 1669,
p < 0.05; nitrite concentrations agricultural: mean = 0.041 mgN/L, non-
agricultural: mean = 0.013 mgN/L, W = 1880, p < 0.001). Water
temperatures (mean = 14.6 °C), oxygen concentrations (8.2 = mg/L),
conductivity (523 pS/cm) and flow velocity (mean = 0.5 m/s) were
similar in agricultural and non-agricultural streams. The nutrients
ammonium (mean = 0.17 mgN/L) and phosphate (mean = 0.36 mgP/L)
as well as chloride (25 mg/L) also showed no significant differences.

4. Discussion

Based on a large sample of lowland and highland stream monitoring
sites in agricultural and non-agricultural catchments across Germany,
our study provides the first comprehensive citizen science-based insight
into the ecological status and pesticide exposure of small water bodies in
Germany.

Analyzing citizen science stream monitoring data for a total of n =
137 monitoring sites across 13 German federal states, we found that 58
% of the monitored agricultural sample sites did not meet good
ecological status in terms of macroinvertebrate communities according
to Water Framework Directive (WFD). At these monitoring sites,
SPEARpesiicides bioindicator values were classified as status classes III
“moderate”, IV “poor” or V “bad”, indicating that macroinvertebrate
communities were negatively affected by pesticide inputs. Regarding
stream hydromorphology, monitoring results revealed that 65 % of the
agricultural stream monitoring sites did not achieve good status. Citizen
science data for macroinvertebrate communities (bioindicator SPEAR-
pesticides) and stream hydromorphology showed a high level of agreement
with professional assessments.

These validated citizen science data on small streams are suitable to

B Hydromorphology

Hydromorphology
status class

O I EEDmENE
<

agricultural

>
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Fig. 2. Map of Germany showing citizen science A. SPEAResticides (N = 120) and B. hydromorphology status class (n = 137). For the analysis of SPEARpegticides, We
excluded n = 17 sites with very low flow velocity (<0.05 m/s) where accurate bioindication was not possible (see Section 2.3). The symbols are colored according to
the ecological status class. Agricultural sites are shown as a dot, non-agricultural sites as a triangle.
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Fig. 3. Proportion of A. SPEAReticides Status classes (nra1 = 120; 101 agricultural catchments, 19 non-agricultural catchments) and B. hydromorphology status
classes (na1 = 137; 113 agricultural catchments, 24 non-agricultural catchments). For the analysis of SPEARegticides; We excluded n = 17 sites with very low flow
velocity (<0.05 m/s) where accurate bioindication was not possible (see Section 2.3).
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Fig. 4. Relationship between the share of arable land and SPEARpegticides index
values. A lower SPEARcsticides index indicates a higher pesticide pressure. The
black line represents the regression line. The grey band corresponds to the 95 %
confidence interval.

complement official WFD reporting by environmental agencies on the
ecological status of freshwater ecosystems. By involving diverse stake-
holders such as environmental NGO groups, anglers and high schools in
tracking land use impacts and restoration effects in small streams, citi-
zen science stream monitoring can support local decision making for
sustainable water management and stream protection.

4.1. Accuracy of citizen science stream monitoring data

We have demonstrated that, with appropriate training and guidance,
citizen scientists are able to provide valid data on stream

hydromorphology and on macroinvertebrate community composition as
an indicator for pesticide exposure applying the bioindicator SPEAR-
pesticides- As identified in a previous study, data accuracy in citizen sci-
ence stream monitoring depends on the taxonomic level analyzed and
the commonness of the different macroinvertebrate taxa (von Gonner
et al., 2023a). The FLOW methodology works primarily at the family
level, with a small percentage of specimens identified at the genus level
by experienced citizen scientists, or at the order level, for example if
specimens are damaged. The proportion of correctly identified macro-
invertebrates was high at family level in the majority of citizen science
samples analyzed in this study (84 % on average), and we found a highly
significant relationship (R?> = 0.79) between citizen science and pro-
fessional SPEAR pesticides Values. However, in 17 % of the citizen science
samples, the proportion of correct citizen science family identifications
was relatively low (<70 %, see Fig. 1), likely due to lower levels of
experience among the respective citizen science groups. Previous
research on citizen science shows that volunteer performance and data
accuracy in citizen science projects are influenced by participants’ level
of prior experience and citizen science training, social interaction among
participants, feedback on project tasks, perceived enjoyment and
meaning, and the degree of recognition for citizen science engagement
(Zhou et al., 2020, Peter et al., 2021). These factors, as well as partici-
pants’ intrinsic motivation and time capacity to implement the moni-
toring methods, naturally vary among the FLOW groups across
Germany, which are led by individual citizen science group leaders.
However, we do not have specific evidence on the “less-performing”
groups because a FLOW participant survey we carried out to assess
knowledge gain and motivation (von Gonner et al., unpublished results)
had to be anonymous for data protection reasons. Nevertheless, the
overall high agreement between citizen science and professional
SPEARpesticides Values indicates that the SPEAR index can provide a
useful assessment of macroinvertebrate community composition, even
when based on coarser functional trait data (comparable to order-level
data, Liebmann et al., 2022). SPEARpesticides Values provided by citizen
scientists averaged slightly higher than professional SPEAR values
because some common macroinvertebrate taxa are classified as
pesticide-sensitive at the family level (e.g., Limnephilidae, Goeridae)
but are classified as pesticide-insensitive at the genus or species levels (e.
g., Anabolia sp., Silo sp.), which were mostly not recorded by citizen
scientists. All in all, this study demonstrates that trained citizen scien-
tists can provide valid information on macroinvertebrate community
composition in different ecological conditions (see also von Gonner
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Fig. 5. Distribution of citizen science measurements of physico-chemical parameters across the 137 sample sites. Asterisks indicate significant differences between
measurements in agricultural and non-agricultural streams (* < 0.5, *** < 0.001). Regulatory thresholds associated with good physico-chemical status (BGBI -
Federal Law Gazette, 2016 and LAWA - Bund/Lander Arbeitsgemeinschaft Wasser, 1998) are indicated with dashed lines. For visualization purposes, the threshold
values are shown for the most common stream type in our investigations (type 5: Small coarse substrate dominated siliceous highland rivers). Thresholds for other

stream types used to calculate exceedance frequencies may differ.

et al., 2023a; Storey et al., 2016).

The citizen scientists’ hydromorphology status class assessments
agreed with those of the professional ecologists in two thirds of the
sample sites. This exceeds the results of our previous study with a
smaller sample of n = 28 stream monitoring sites (von Gonner et al.,
2023a). Although the citizen science and professional site classifications
into good (classes I or II) or poor hydromorphological status (classes III,
IV or V) were consistent for 85 % of the sample sites in the present study,
we observed that citizen scientists tended to rate stream hydro-
morphology more often as “moderate” then professional ecologists did
(Fig. 1B), which we still estimate to be in acceptable observer error
margins. We acknowledge that it may take some field experience and
practice at different stream monitoring sites to arrive at more consistent
hydromorphological assessments, which citizen scientists may acquire
over time.

Citizen science point measurements of physico-chemical water pa-
rameters should only be considered as a snapshot of water quality on the
respective citizen science stream sampling days, mainly due to the
limited measurement frequency (see Section 4.2. below, von Gonner
et al., 2023a).

Overall, the generation of scientifically valid citizen science fresh-
water monitoring data requires hands-on training and feedback for cit-
izen scientists and, in the case of novices, assistance with fieldwork by
experienced biologists (von Gonner et al., 2023a). As demonstrated by
the evaluation of citizen science data accuracy in this study, multiplier
training is an appropriate method to adequately prepare a large number
of spatially dispersed citizen science groups for standardized stream
monitoring.

4.2. Ecological status of streams

Our sample of 137 stream monitoring sites covers a gradient of
agricultural land use and a wide range of stream types in different
ecoregions. Therefore, the present citizen science monitoring results
provide a comprehensive insight into the status of small streams in

Germany and are a valuable complement to the WFD monitoring, which
focuses on large rivers and streams. The citizen science monitoring data
analyzed here confirm the results of previous studies on the ecological
status of rivers and streams (EEA - European Environment Agency, 2018;
UBA — Umweltbundesamt, 2022; Liess et al., 2021): They show that a
large proportion of the monitored streams, especially in agricultural
catchments, are negatively affected by pesticide and nutrient inputs and
changes in hydromorphology. As a result of these stressors and other
anthropogenic pressures, many streams still fail to achieve good
ecological status according to the WFD.

The SPEARpesticides bioindicator indicates that macroinvertebrate
communities in 58 % of the agricultural streams investigated are
adversely affected by pesticide residues (corresponding to a moderate to
bad SPEARpesticides class). This is in line with the results of a recent
survey of small water bodies representative for the gradient of agricul-
tural land use in Germany, which found that 83 % of agricultural
streams did not meet ecological targets related to pesticides and 81 % of
sites had pesticide concentrations exceeding the regulatory acceptable
concentrations (Liess et al., 2021). The lower proportion of streams
severely affected by pesticides in our study may be attributed to a
relatively lower proportion of agricultural land cover in the agricultural
monitoring site catchments investigated here (mean = 62 % compared
to 77 % in Liess et al., 2021). Similar to previous studies (Liess et al.,
2021; Szocs et al., 2017), our results show that pesticide pressure (here
quantified by the SPEAResticides bioindicator) increased with the share
of arable land use in the catchments of the stream monitoring sites
(Fig. 4). The weak relationship found could possibly be explained by
differences in cultivation intensity, for example in the use of pesticides
(Schiirings et al., 2024).

We also found that stream hydromorphology was strongly affected
by human activities in 65 % of the agricultural and in 58 % of the non-
agricultural monitoring sites, in line with previous monitoring results of
poor habitat quality in many Central European rivers and streams
(Lorenz et al., 2004, 2009; UBA — Umweltbundesamt, 2022). In partic-
ular, substrate diversity, riparian vegetation, and longitudinal profile
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including flow diversity and habitat continuity, which are essential for
many macroinvertebrates and (semi)-aquatic vertebrates, were often
classified as severely altered or depleted by the citizen scientists (SI
Fig. 3).

The distributions of physico-chemical measurements show, similar
to previous monitoring results on rivers (Poikane et al., 2021;
Sadayappan et al., 2022; UBA — Umweltbundesamt, 2023), that a ma-
jority of the sampled streams are affected by high nutrient concentra-
tions (especially phosphate and nitrate). This can promote accelerated
primary production, i.e., excessive algal growth, which can lead to ox-
ygen depletion and harm aquatic organisms (Hilton et al., 2006).
However, the citizen science point measurements of physico-chemical
parameters should be interpreted as supplemental information only, as
single measurements are of limited significance and may under- or
overestimate exceedance frequencies of annual thresholds. For a
representative analysis of physico-chemical status, the frequency of
citizen science measurements should be increased and citizen science
test kits should be regularly calibrated with field methods and envi-
ronmental agency test procedures (Quinlivan et al., 2020; von Gonner
et al., 2023a).

Another limitation of our study is that the citizen science project
FLOW does not investigate all endpoints for assessing overall ecological
status under the WFD (macrophytes, algae and fish are not included),
and the bioindicator SPEAResticides assesses macroinvertebrate com-
munities specifically in relation to pesticide exposure. Therefore, our
results are not directly comparable with the results of the German
Environment Agency (UBA — Umweltbundesamt, 2022), which shows
that only 8 % of the officially monitored river water bodies are in good
condition.

The poor ecological status of surface waters severely compromises
ecosystem services that are essential for human well-being: high quality
water supply and storage, the filtering function and flood protection
provided by near-natural floodplains, the conservation of biodiversity,
as well as the provision of cultural services such as recreation in near- or
semi-natural, aesthetic landscapes (Bock et al., 2018). The impairment
of these freshwater ecosystem services affects all sectors of society from
private households to companies, municipalities and federal states
(BMUV, 2023). In terms of biodiversity conservation, numerous insects
depend on ecologically intact streams with good water and habitat
quality (Dijkstra et al., 2014). Many sensitive mayfly, stonefly and
caddisfly larvae only tolerate low levels of toxic pesticides or oxygen
depletion and require a structurally rich streambed with a variety of
substrates such as dead wood and gravel of varying sizes for feeding and
reproduction. Streams in poor ecological condition therefore cannot
fulfill their function as “lifelines” in the intensively used cultural
landscape.

Even >20 years after the adoption of the WFD, the EU member states
are still far from implementing the WFD’s goal to conserve and restore
the good ecological status of surface waters. This has been attributed to
difficulties with reconciling multiple conflicting user interests and
integrating different water-related policies (e.g., water supply, flood
control, agriculture, recreation, nature protection); a lack of funding and
land availability for stream restoration; unclear responsibilities for
implementing river basin management plans; and too little cooperation
between environmental agencies, water associations, NGOs, and citizen
initiatives (Reese et al., 2018; Carvalho et al., 2019). In addition, the
current WFD monitoring design has been shown to be unsuitable for
detecting pesticide risks in small streams (Weisner et al., 2022), as it is
focused on larger water bodies and limited by a too small range of
substances investigated. This deficit in monitoring becomes particularly
critical in light of the European Green Deal’s goal to halve the amount
and risk of pesticide use by 2030. To address this issue, citizen science
could be an effective means to expand the spatial and temporal scale of
WEFD freshwater monitoring. Targeted fine-grain citizen science moni-
toring could be used as a “screening monitoring” to identify water bodies
strongly affected by pesticide inputs or morphological degradation.
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Based on citizen science results, more in-depth monitoring could be
conducted and appropriate mitigation measures (see Section 4.3 below)
could be designed and implemented together with local citizen groups.

4.3. Conclusions and implications for policy and practice

Our study highlights the poor ecological status of small streams in
German agricultural landscapes related to high pesticide pressures. We
could show that pesticide-induced adverse effects on macroinvertebrate
communities, as quantified by the SPEAResiticides indicator, correlate
with the proportion of arable land in the stream catchments. Our data
also show that many streams in agricultural and non-agricultural
catchments fail to achieve good hydromorphological status.

The present results of the citizen science stream monitoring program
FLOW underscore the urgency of making progress in freshwater pro-
tection. They highlight the need for rapid implementation of the goals of
the Water Framework Directive and the Nature Restoration Law at EU
level to protect aquatic biodiversity and freshwater ecosystems from
pesticide exposure and habitat degradation (Pe’er et al., 2023; Haase
et al., 2023).

Our monitoring results also emphasize the need to generate societal,
medial and political attention for freshwater protection. By integrating
citizen expertise into freshwater research and by offering opportunities
for networking and community-building, citizen science projects can
encourage local ownership for freshwater protection and restoration
(Brooks et al., 2019). Citizen science freshwater monitoring could thus
become an important tool to raise public awareness, foster collective
efficacy (von Gonner et al., 2023b) and initiate community-based
stewardship for stream health (Huddart et al., 2016). Citizen science
monitoring can enable citizens to work with NGOs and environmental
authorities to support increased recognition and implementation of
national and international freshwater conservation goals at local and
regional levels. Specifically, citizen science could be used to establish a
fine-grain monitoring network across Germany to provide an early
warning system for hydromorphological degradation and pollution of
small streams. After data collection by citizen scientists and data vali-
dation through experts, the results could be shared with local, regional,
or national environmental agencies, such as the German Environment
Agency (UBA) or the National Monitoring Centre for Biodiversity
(NMZB). Integrated modelling approaches could be used to combine
citizen science data with official monitoring data to better assess
freshwater status and pressures (Jarvis et al., 2023). Based on these new,
partly citizen science -driven insights, agencies could apply ecoregion-
specific ecological criteria for stream health according to the WFD (e.
g., at least status class II “good” for SPEARpesticides and hydro-
morphology) and initiate more detailed field investigations or
improvement measures together with local citizen science groups if
these criteria are repeatedly not met (see von Gonner et al., 2023a;
Stankiewicz et al., 2023). Thus, citizen science monitoring could become
a valuable tool to increase both social license for conservation as well as
societal pressure on decision-makers to mitigate identified stressors and
implement stream protection measures. Nonetheless, besides citizens’
support, structural and wholesale solutions need to be implemented to
effectively advance freshwater protection.

In several cases, engaged citizens have already helped identify and
report water pollution to authorities, resulting in the implementation of
water protection measures (e.g., Flint water crisis, Pieper et al., 2018;
UK Angler’s Riverfly Monitoring Initiative, Brooks et al., 2019). Like-
wise, decision-makers and media professionals could use the citizen
science-driven evidence of poor small stream health presented here to
strategically advance freshwater protection with concrete action
programs.

Experience with the WFD shows that, in addition to extensive
monitoring efforts, locally adapted, participatory planning and imple-
mentation processes are needed to restore the good ecological status of
rivers and streams (Edwards et al., 2018; Carvalho et al., 2019;
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European Commission, 2019b). Combined with ongoing citizen science
monitoring, the implementation of stream restoration measures should
also involve citizen initiatives and various relevant stakeholders,
thereby strengthening the social license for conservation (Kelly et al.,
2019). In Germany, numerous citizen groups engaged in the FLOW
project are motivated to take action in the field of stream restoration
based on their citizen science monitoring results. The poor ecological
status of many streams could be improved with low-threshold measures,
which can also be initiated by local citizen initiatives, as they generally
do not require an extensive planning approval procedure (UBA —
Umweltbundesamt, 2019). These include, for example, the planting of
native, site-specific shrubs and trees in the riparian zone to provide
shade and create a buffer against runoff from agricultural fields (vege-
tated buffer strips, see Vormeier et al., 2023); or the small-scale intro-
duction of gravel or dead wood to increase substrate and flow diversity
in streams (Madsen and Tent, 2000).

To enhance the scientific and political impact of citizen science
freshwater monitoring in tandem with official monitoring, future
research is needed to identify targeted criteria for citizen science sample
site selection. In this way, citizen science monitoring could specifically
fill gaps in official monitoring programs and monitor catchments with a
high risk of pesticide exposure or morphological degradation, or
catchments for which no official monitoring data exist. Citizen science
freshwater monitoring initiatives should be actively supported by
research policy and societal decision-makers to enable and foster col-
lective freshwater stewardship. Given the state of freshwater streams
with the majority of small agricultural streams in poor ecological status,
effective restoration and appropriate mitigation measures are needed to
meet national and international targets for functioning freshwater eco-
systems. In this way, Germany and Europe could take a major step for-
ward in maintaining and restoring the health of rivers and streams.
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