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1. Introduction

National and international freshwater policies have been adopted in
recent decades to improve the ecological status of surface waters and re-
verse their past degradation. The United Nations Sustainable Development
Goal (SDG) 6 on Clean Water and Sanitation (UN, 2018) seeks to improve
water quality by reducing pollution and use of hazardous chemicals (SDG
target 6.3) and to protect water-related ecosystems (SDG target 6.6). In
the European Union, the Water Framework Directive (WFD, 2000/60/
EC) was established in 2000 and requires the member states to restore or
maintain a “good ecological status” in all surface water bodies. About
60 % of European rivers, however, still fail to achieve a good ecological
status (EEA, 2018). This percentage is even higher in central European
countries such as Germany, where only 7 % of rivers reach a good ecologi-
cal status (UBA, 2017, 2022). Recent studies show that pesticide inputs in-
duced by run-off from terrestrial, agricultural environments are among the
main risk factors for stream ecosystems and pesticide-sensitive aquatic in-
vertebrates (Liess et al., 2021; Wolfram et al., 2021). In addition, nutrient
inputs and habitat degradation pose a considerable threat to stream ecolog-
ical status (Malaj et al., 2014; Vorosmarty et al., 2010).

Despite the Europe-wide WFD surface water monitoring, there is a lack
of systematic large-scale monitoring data on the ecological status of small
streams, so that it remains difficult to track the impacts of land use and
the effectiveness of environmental management and conservation policies.
WFD monitoring covers rivers and streams with catchment areas >10km?
and focuses on larger rivers (>100km?), while small streams (<10 km?) are
not included (apart from exceptional cases, Wick et al., 2019, Weisner et al.,
2022). Two thirds of the entire river network, however, consist of small
streams below 10km? (BfN, 2021; Meyer et al., 2007), which play an impor-
tant role for the conservation of plant, bird, amphibian and insect diversity.
Many insects have aquatic larval stages and depend on good freshwater
habitat quality (Dijkstra et al., 2014). Due to their small water volume
and often proximity to agricultural areas, small streams can be particularly
affected by agricultural pesticide inputs (Halbach et al., 2021; Szocs et al.,
2017). The current WFD monitoring strategy, however, leads to limited
knowledge about pesticide contaminations and overall ecological status
of small streams (Weisner et al., 2022). Refined pesticide monitoring ap-
proaches suitable to directly measure pesticide exposure (e.g. the German
monitoring of plant protection products in small streams) are restricted to
a limited number of sampling sites (Weisner et al., 2022).

To effectively monitor streams and reduce pesticide and nutrient inputs
as well as habitat degradation, active support from civil society actors as
well as citizen engagement and compliance is essential (Cardoso et al.,
2011; Jackson et al., 2016). In line with this, the WFD aims to involve citi-
zens and stakeholders into water resource and ecosystem management
(EPA, 2006). Citizen science (CS) not only has the potential to generate im-
portant large-scale data to assess ecological trends (Bowler et al., 2021), but
also to foster environmental learning, civic engagement (Turrini et al.,
2018) and social license for conservation (Kelly et al., 2019). In the fresh-
water realm, CS programs offer potential to fill gaps in official monitoring
schemes and to enhance research on ecological pressures and management
measures (Carvalho et al., 2019; Jackson et al., 2016; Maasri et al., 2022).
Simultaneously, CS can raise public awareness and harness expertise from
society to implement freshwater conservation measures (Brooks et al.,
2019; Huddart et al., 2016).

Macroinvertebrates are widely used as biological indicators of freshwa-
ter health (Brooks et al., 2019; Chessman et al., 2007; Moffett and Neale,
2015). Due to their life spans from several months to years and their sensi-
tivity to various environmental factors, macroinvertebrate communities
provide an integrated assessment of water and habitat quality over time
(Friberg et al., 2011). The biological indicator SPEARegticides iS @ trait-
based indicator based on the relative abundance of pesticide-sensitive
macroinvertebrate taxa at a stream site (Liess and Von Der Ohe, 2005).
Depending on the occurrence of functional traits (physiological sensitivity
to pesticides, generation time, life cycle or hatching time, and ability to mi-
grate and recolonize), each taxon is categorized as either “SPEcies At Risk”
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(SPEAR) or “SPEcies not At Risk” (SPEnotAR). The SPEAR ,cgticides index
mainly reacts to pesticide exposure and is mostly independent of other
stressors such as oxygen deficiency or nutrient load (Knillmann et al.,
2018; Liess et al., 2008, 2021). Therefore, the indicator is a suitable method
for identifying pesticide exposure and establishing dose-effect relationships
at large spatial scales. It is used for pesticide indication in the German Na-
tional Stream monitoring (Liess et al., 2021) and in the German WFD
stream assessment (LAWA and UBA, 2022). The indicator has also been
shown to provide accurate results with macroinvertebrate data whose tax-
onomic resolution is limited to family level (Beketov et al., 2009; Liebmann
et al., 2022) and is therefore well suited for a participatory CS stream
monitoring.

To assess the ecological status of rivers and streams according to WFD
standards, European freshwater monitoring examines three components:
biological communities, hydromorphology and physicochemical status.
Hence, to gain a comprehensive picture about stream ecological status, CS
programs should also consider those three monitoring components. Several
existing CS water monitoring data sets have been shown to provide useful in-
sights into the physicochemical status of streams and the impact of land use
change over wide temporal and spatial scales (Abbott et al., 2018; Albus
et al., 2020; Safford and Peters, 2018). Studies from the US (Fore et al.,
2001; Nerbonne and Vondracek, 2003), from New Zealand (Moffett and
Neale, 2015; Storey and Wright-Stow, 2017) and the UK (Brooks et al.,
2019) found that if citizen scientists are provided with appropriate training
and robust protocols, they can provide valid macroinvertebrate data. To
our knowledge, however, there is no evidence yet on the applicability of CS
for quantifying stream pesticide contamination based on sampled macroin-
vertebrate community composition. Moreover, the applicability of CS for of-
ficial freshwater monitoring is still often questioned due to concerns about
data accuracy (Albus et al., 2019; Quinlivan et al., 2020a; Safford and
Peters, 2018). In addition, many CS programs are not yet properly aligned
with standard monitoring and reporting processes (Fritz et al., 2019;
Stepenuck and Genskow, 2018). As a result, many existing CS freshwater
datasets remain unused or cannot be taken into account by political and
environmental decision makers (Carlson and Cohen, 2018).

To examine the applicability of CS for assessing the ecological status
and pesticide contamination of small streams, we launched the CS stream
monitoring program FLOW in Germany (https://flow-projekt.de). The
FLOW program provides training, support and field equipment for citizen
scientists to generate data on macroinvertebrate community composition
and taxa abundance to calculate the bio-indicator SPEAResticides, Stream
hydromorphology, and physicochemical status. As a criterion for CS data
accuracy (i.e. the “degree to which data are correct overall”, Kosmala
et al., 2016:552) we applied the concept of fitness for use (Bowser et al.,
2020). To be considered accurate enough to meet our research goals, the
CS stream data should provide assessments of stream ecological status
that are comparable and highly correlated with professional data under var-
ious environmental conditions. Consequently, we investigated (i) to what
extent data on macroinvertebrate communities, stream hydromorphology
and physicochemical status collected by trained citizen scientists compared
to professionally gathered data. More specifically, we assessed (ii) how CS
generated macroinvertebrate data compared to professional data in
terms of identification and counting accuracy as well as recording of
SPEAR ,gticides functional traits. Since error and variation exist in both CS
and professional data, it is also important to assess both CS and professional
data against a common, known reference (Kosmala et al., 2016; Specht and
Lewandowski, 2018). Therefore, we analyzed (iii) to what extent CS and
professionally generated SPEAR sticides index values aligned with event-
driven measurements of pesticide exposure at our stream sample sites.

2. Material and methods
2.1. Study design and site selection

We selected a total of 30 lowland and highland stream sample sites
distributed over Central Germany with catchment sizes up to 30 km?.
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Catchments were characterized by a gradient of agricultural land (mean
agricultural land cover 67 % =+ 30 %) and <5 % of urban areas to focus
on agricultural diffuse source pollution (for detailed site characteristics
see appendix Table A1.1-2, Fig. Al). Each site was sampled once by a
group of 8 to 15 trained citizen scientists between April and early July
2021, the main pesticide application time for most crops (Szdcs et al.,
2017). During the same time period, professional sampling was conducted
by ecotoxicologists from Helmholtz Center for Environmental Research -
UFZ as part of the German monitoring of plant protection products in
small streams (Liess et al., 2021). For the comparison of CS and professional
data (Sections 3.1-3.3), we excluded two stream sites in which CS and
professional sampling conditions were not comparable because streams
dried out between the CS and professional monitoring days (sample size
n = 28). To analyze the relationship between CS and professional
SPEARcsticides index values and measured peak pesticide toxicity
(Section 3.4), we excluded all sites in which macroinvertebrate communi-
ties were severely affected by low flow velocity (<0.05 m/s) or drought
in the period from April to July, so that accurate pesticide bioindication
was not possible (sample size n = 21, see Liess et al., 2021, Table A1.1).

2.2. Citizen science training

We recruited 30 citizen scientist groups (13 regional groups of Friends
of the Earth Germany, 8 senior high school classes, 5 angling clubs, and 4
groups consisting of students and agency employees), with a total of 303
participants aged 15 to 65 years (mean 32.3 *+ 12 years).

In this study, the term “citizen scientists” encompasses a variety of indi-
vidual backgrounds (Fitzel et al., 2017). A large majority of citizen scien-
tists were interested newcomers with little to no prior experience in
ecological stream assessment. At the same time, eight local freshwater ex-
perts (with in-depth taxonomic or ecological knowledge gained through
long-term voluntary engagement) participated in the CS monitoring as
group leaders (for details on participants see Table A2.1). In contrast, the
term “professionals” is used in this study to refer to experienced
ecotoxicologists who acquired expertise in limnology as part of their profes-
sion as full-time researchers.

Before the monitoring events, all citizen scientists participated in a half-
day training led by the FLOW team in methods of stream assessment and in
macroinvertebrate identification to family level. After looking at distin-
guishing features of the most important macroinvertebrate families, the
citizen scientists practiced sorting and identifying voucher specimens
with a stereomicroscope. To consolidate learning content from the training,
all citizen scientists received a project booklet with field protocols and fur-
ther learning material (i.e. video tutorials, identification booklet, online
quiz on macroinvertebrate identification and the assessment of stream
hydromorphology). For details on the adaptation of official monitoring
guidances to the CS context, see Table A2.2-3.

2.3. Data collection

At each site, two representative 50 m stream sections were chosen for a.
CS and b. professional sampling (with 20 m distance between them to avoid
the sampling events influencing each other).

For macroinvertebrate sampling, citizen scientists first recorded stream
bed substrates (Meier et al., 2006) to ensure standardized multi-habitat
sampling according to WFD. For each stream section, substrate type distri-
bution was documented on a percentage basis (smallest unit 5 %). Based on
this, a total of 20 subsamples were divided proportionally between the oc-
curring substrate types: Each subsample substrate unit (5 %) was sampled
by kick sampling ten times using a net with a surface of 0.0625m? and a
mesh size of 0.5 mm (Liess et al., 2021). The sampled organisms were sep-
arated from the coarse organic debris using a column sieve set. Individuals
were sorted into white trays with tweezers. Then, the citizen scientists iden-
tified the sampled macroinvertebrates alive and on site at least to family
level and counted them using stereomicroscopes with 20-fold magnifica-
tion. The taxonomic and abundance data were entered into the SPEAR
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calculator (https://www.systemecology.de/indicate/) to determine a
SPEAResicides Value and a corresponding biological status class for each
site. Afterwards, the CS samples were preserved in 90 % ethanol and re-
identified in the laboratory by professionals to examine CS identification
accuracy.

In the professional monitoring, macroinvertebrates were sampled twice
per site (once in April and once in June 2021 as explained above), pre-
served in 90 % ethanol and identified in the laboratory. While the citizen
scientists had only one afternoon per sample site to complete the sorting,
counting and identification, professionals had more time and worked
with high resolution microscopes. As such, counting and identification ef-
fort was higher in the professional monitoring than in the CS monitoring.
For the pairwise comparisons of CS and professional macroinvertebrate
samples, we selected the professional samples that were closest in time to
the CS samples. The average time interval between the CS and professional
macroinvertebrate samples was 14.4 days (sd 9.3).

Stream hydromorphology was recorded according to the official
protocol by the German Water Working Group of the Federal States
(LAWA, 2019) in both CS and professional monitoring. Citizen scientists
used an illustrated and annotated version of the official protocol
(see Table A2.3). Like in the professional monitoring, they quantified all
hydromorphological criteria required under the WFD, including meander-
ing 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 river stretch of the sample site (European Commission, 2000).
Citizen scientists determined hydromorphology index values using
prepared excel spreadsheets for stream type-specific index calculation ac-
cording to WFD. Index values were classified into one of the five WFD
hydromorphology status classes.

As an additional information, citizen scientists measured physicochem-
ical water parameters (i.e. nitrite, nitrate, pH, water temperature, dissolved
oxygen, electrical conductivity) once per site in the afternoon of the CS
sampling day. In the professional monitoring, pH values and nutrient con-
centrations were measured at intervals of three weeks (five times per
site). Dissolved oxygen, water temperature and electrical conductivity
were continuously measured from April to July in a three-minute interval
using multi-parameter probes. For information about measuring devices,
sampling days and methods to compare the CS and professional physico-
chemical data, see appendix Table A7 and Fig. A3.1-2.

The professional monitoring included two sampling methods for pesti-
cide detection (Liess et al., 2021). Grab samples were taken regularly in a
three-week cycle (following governmental monitoring practices under the
WEFD, regardless of weather conditions). Automatic rain Event-Driven
Samplers (EDS) captured runoff-induced exposure peaks associated with
heavy rainfall (Liess et al., 1999). Pesticide concentrations were deter-
mined by liquid chromatography-electrospray ionization-mass spectrome-
try (Halbach et al., 2021, see Table A8 for details on measured target
substances). Based on the 50 % lethal concentration (LC50) in acute stan-
dard laboratory test systems (Daphnia magna or Chironomus sp.), measured
pesticide concentrations were converted to macroinvertebrate toxicity
(Toxic Units, TU). The peak pesticide exposure (TUmax) was calculated
according to Liess et al. (2021) and describes the highest single substance
toxicity measured in the water samples per site.

2.4. Statistical analysis

For each type of variable (biological, hydromorphological and physico-
chemical), we compared the CS data to the professional data to assess CS
data accuracy. We analyzed two major components of accuracy: 1) data
precision, i.e. the amount of variation in the data, using Pearson's or
Spearman's correlation coefficient, and 2) data bias, i.e. systematic under-
or overestimation of variables, using the concordance correlation coeffi-
cient CCC (Lin, 1989). To quantify bias, CCC supplements Pearson's corre-
lation coefficient with a bias correction factor. The bias correction factor
measures how far the best-fit line deviates from a line at 45 degrees, with
a value of 1 indicating no deviation. CCC was calculated using the epi.ccc
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function in the R package “epiR” (Version 2.0.41, Steven and Sergeant,
2022). Because the CS and professional data could lie on the 1:1 line but
still differ in absolute values, we also used linear and general linear mixed
effect models, including site as a random effect, to compare CS and profes-
sional sampled data. Both LMM and GLMM were calculated with the R
package “lme4” (Version 1.1-29, Bates et al., 2015).

To analyze macroinvertebrate identification accuracy, we calculated
the mean number of macroinvertebrate taxa recorded per site (on order,
family, genus and species levels) by citizen scientists and by professionals.
We tested for differences between taxon numbers per site recorded in the
CS and professional monitoring with a linear mixed effect model (LMM).
By re-identifying the preserved CS macroinvertebrate samples, we analyzed
which proportion of taxa (on order, family, genus and species level) had
been identified correctly by the citizen scientists.

Differences between CS and professional macroinvertebrate total abun-
dance counts (summed across taxa) were tested using a generalized linear
mixed effect model (GLMM), assuming a negative binomial error structure
because of the overdispersion in the abundance counts. For those macroin-
vertebrate taxa recorded by both citizen scientists and professionals, we
assessed the agreement of CS and professional abundance counts on family
and order level (on relative scales) using Pearson's rank correlation coeffi-
cient and the concordance correlation coefficient.

We also examined whether the distribution of functional traits in the
macroinvertebrate communities recorded by citizen scientists and profes-
sionals differed. For this, we extracted trait information for each recorded
taxon from the SPEAR calculator (https://www.systemecology.de/
indicate/). Then, we calculated community weighted means (mean of
trait values weighted by their log abundance) with the site-level data for
each of the four SPEAR eicides macroinvertebrate traits: (i) Physiological
sensitivity to pesticides (measured as the 50 % lethal concentration for
each taxon on a log scale, normed by reference organism Daphnia magna);
(ii) Generation time in years; (iii) Pesticide exposition (classified sensitive
if taxon has aquatic stages in spring and early summer); and (iv) Refuge
(classified sensitive if taxon cannot migrate and recolonize from refuge
habitats).

To quantify the agreement between CS and professional SPEAResticides
or hydromorphology or physicochemical values, we used Pearson's or
Spearman's (when the data were not normally distributed) correlation coeffi-
cients and the concordance correlation coefficient CCC as a measure of bias.
We tested for differences in the CS and professional community weighted
mean values and index values (on absolute scales) using LMMs (non-normally
distributed, proportional variables were arcsine-transformed).

To examine which factors could have influenced the accuracy of CS
SPEARcesticides and hydromorphology index values, we first calculated the
site-specific differences between CS and professional index values. We
then fitted multiple linear regression models including three numeric pre-
dictors (CS group size, average age of the CS group, number of days gap
between the CS and the professional monitoring) and two categorical pre-
dictors (CS group category- see Section 2.2.- and prior experience of CS
group - FLOW training excluded). Model residuals were checked with diag-
nostic plots and intercorrelation of the predictors was examined using the
variance inflation factor. We also determined which proportion of stream
sites had been assigned to the same WFD status class by citizen scientists
and professionals with regards to hydromorphology and SPEAR egticides-

Finally, we used single linear regression models to analyze the relation-
ship between CS or professional SPEAR egticides Values and peak pesticide
concentrations (TUmax) measured directly at the stream sites. All statistical
analyses were done with R (R Core Team, 2022, Version 4.1.2).

3. Results
3.1. Macroinvertebrate sampling and identification
The average number of taxa recorded per site (n = 28) was significantly

higher in the professional monitoring (mean 27.3, sd 9.5) than in the CS
monitoring (mean 17.9, sd 5.2; estimate of fixed effects 9.36, SE 1.68,
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df = 27, p < 0.001). In the CS taxa lists, genus level was the most precise
level of identification for most taxa (51 %), while 26 % were recorded at
family level, 22 % at species level and 1 % on order level. In the professional
monitoring, most taxa could be identified to species level (46 %), while
25 % each were recorded at genus and family level and 4 % at order level
(Fig. ).

The re-identification of conserved CS macroinvertebrate samples in the
laboratory showed that the rate of correct CS identifications was very high
at the order and family level (99 % and 91 % respectively). At genus and
species level, correct CS identification rates were lower (65 % and 61 %
respectively). On average, 42 % of the macroinvertebrate families recorded
per sample site were documented in both the CS and professional taxa lists
(sd 9.6 %). 25 % of the families were only recorded by the citizen scientists
(sd 9.7 %), whereas 34 % (sd 12.0 %) were unique to the professional taxa
lists.

The average total macroinvertebrate abundance recorded per site
(n = 28) was much higher in the professional monitoring (mean 1488.8,
sd 1351.6) than in the CS monitoring (mean 511.1, sd 281.5; estimate of
fixed effects = 1.07, SE = 0.19, z = 5.46, p < 0.001). For the macroinver-
tebrate taxa recorded in both CS and professional taxa lists, the CS and pro-
fessional abundance counts were significantly correlated when taking into
account the differences in sampling effort by calculating relative abundance
counts (Fig. 2). Nonetheless, the line of best fit deviated systematically from
the 1:1 line due to less variation in relative abundance counts in the CS data
than in the professional data (Fig. 2). The concordance of CS and profes-
sional abundance counts CCC was higher for common macroinvertebrate
families (i.e. families recorded at numerous sites) than for rare macroinver-
tebrate families (recorded at fewer sites, Fig. 3). The (log-transformed)
commonness of macroinvertebrate taxa was a significant predictor for
the concordance of CS and professional abundance counts on family level
(R? = 0.21, F (1,56) = 14.79, estimate 0.30, p < 0.001).

3.2. Distribution of macroinvertebrate functional traits

Testing for differences in macroinvertebrate functional traits, we ob-
served no significant difference between CS and professional community
weighted means for physiological sensitivity to pesticides (estimate =
—0.03, SE = 0.3, df = 27,t = —0.86, p = 0.4) and migration ability
(i.e. refuge taxa; estimate = 0.01, SE = 0.02, df = 27,t = 0.65,p =
0.52; see Fig. 4A 4+ C). Community weighted means for the traits generation
time (estimate = —0.04, SE = 0.02, df = 27,t = —2.12,p = 0.04) and
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pesticide exposition (estimate = —0.04, SE = 0.02, df = 27,t = —1.95,
p = 0.06) were slightly higher in the macroinvertebrate communities re-
corded by citizen scientists than in the communities recorded by profes-
sionals (Fig. 4B + D). This did not result in a higher number of recorded
pesticide-sensitive taxa, as only macroinvertebrate taxa classified sensitive
with regards to all four SPEAR ,gticides traits (Fig. 4A-D) are counted as
pesticide-sensitive SPEAR taxa (Liess and Von Der Ohe, 2005). In total,
both CS and professional monitoring recorded an average of 20 %
pesticide-sensitive SPEAR taxa at the n = 28 stream sites. Overall, we
found no significant difference in CS and professional community weighted
means for SPEAR taxa (estimate = —0.008, SE = 0.03, df = 27, t =
—0.27, p = 0.78; see Fig. 4E).

3.3. Agreement of SPEAR,cgicidess hydromorphology and physicochemical data

We found that CS and professional SPEAR csticides Values (n = 28 stream
sites) were highly correlated (Pearson's r = 0.76, p < 0.001, Fig. 5A). Bias
was small (CCC = 0.75) and we observed no significant difference between
average CS and professional SPEARpegticides Values (CS mean 0.4, sd 0.23,
professional mean 0.4, sd 0.26; estimate of fixed effects = —0.005, SE =
0.03,df = 27,t = —0.17, p = 0.86). The results also showed that 61 %
of the stream sites had been rated with the same SPEAR status class by
both citizen scientists and professionals, while 32 % of the sites were
rated one SPEAR class apart and 7 % were rated two SPEAR classes apart
(appendix Fig. A2.1). As such, CS and professional SPEAR assessments
agreed in 90 % 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
I1). The multiple regression modeling showed that none of the analyzed pre-
dictors was significantly related to the difference between CS and profes-
sional SPEAR ,egicides Values (appendix Table A5).

Science of the Total Environment 857 (2023) 159607

CS and professional hydromorphology assessments agreed on whether
a stream achieved a good ecological status according to WFD in 82 % of
the cases. In detail, we found that 50 % of the stream sites (n = 28)
were rated with the same status class by both monitoring teams, while
the other 50 % were rated one status class apart (appendix Fig. A2.2).
The CS and professional hydromorphology index values were highly
correlated (Pearson's r = 0.72, p < 0.001, see Fig. 5B). Bias was moderate
(CCC = 0.68) and we found that citizen scientists assessed stream
hydromorphology slightly more negatively than professionals did (CS
mean 4.13, sd 0.97; professional mean 3.77, sd 0.99; estimate of fixed ef-
fects = —0.36, SE = 0.14, df = 27,t = —2.62,p = 0.01). Differences be-
tween CS and professional hydromorphology index values were not
explained by hypothesized variables as CS group category, time between
CS and professional monitoring day or prior experience of the CS group,
but there was marginal evidence for an effect of CS group size (appendix
Table A6).

Regarding physicochemical water parameters (n = 28 sites, appendix
Fig. A3.1-2), CS and professional data for water temperature (r = 0.94,
p < 0.001) were strongly correlated, whereas other parameters such as pH
(rho = 0.57, p < 0.01), dissolved oxygen (tho = 0.57, p < 0.05), electrical
conductivity (r = 0.53, p < 0.05), flow velocity (r = 0.42, p < 0.05) and nu-
trient measurements (nitrate rho = 0.46, p < 0.05, nitrite rho = 0.45, p <
0.05) were only moderately to weakly correlated. Here, measuring bias
(quantified as CCC values) was moderate to high (appendix Fig. A3.1-2).

3.4. Relationship between citizen science generated SPEARpessiciges values and
measured pesticide toxicity

For both the CS and the professional SPEARpesticides Values (n = 21), we
found a clear negative relationship between SPEAR cgticiges and measured
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peak pesticide concentrations (TUmax, Fig. 6). The CS generated
SPEAR pesticides Values explained 28 % of the variance in TUmax values
(R* = 0.28, F(1,19) = 7.21, estimate = —0.12, SE = 0.04,t = —2.68,
p = 0.01, res. SE = 0.16) while the professional SPEARpegticides Values
explained 33 % of the variance in TUmax values (R? = 0.33,F(1,19) =
9.28, estimate = —0.18, SE = 0.06,t = —3.05,p = 0.007, res. SE =
0.21). We also analyzed to which degree professional re-identification to
species level of the CS invertebrate samples in the laboratory changed the
relationship between CS SPEAR egiicides Values and measured pesticide tox-
icity. The resulting corrected CS SPEAR ,csticides Values explained 37 % of the
variance in TUmax (see appendix Fig. A4).

4. Discussion

Through an in-depth assessment of citizen science (CS) monitoring data
accuracy and comparison with professional monitoring data for 28 stream
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Fig. 6. Relationship between citizen science and professional SPEAR esticides index
values and measured peak pesticide toxicity (TUmax) at n = 21 stream sites.
Status classes according to Water Framework Directive (WFD): I: “high”, II:
“good”, III: “moderate”, IV: “poor”, V: “bad”.

sites, we show that trained citizen scientists can provide accurate data on
pesticide exposure and hydromorphology that compare well with profes-
sional assessments. Citizen scientists were able to correctly identify macro-
invertebrates at order and family level, which was sufficient for calculation
of the bio-indicator SPEAR pegticides- CS and professional relative macroin-
vertebrate abundance counts agreed especially well for common or easy-
to-identify taxa. Further, SPEAR jegticides Values derived from CS taxa lists
performed almost as well as professionally generated SPEARpeticides data
when related to measured pesticide toxicity (TUmax). Based on these find-
ings, we discuss opportunities, limitations and specific requirements of CS
in stream monitoring.

4.1. Accuracy of citizen science macroinvertebrate identification

Identification accuracy of citizen scientists depended on taxonomic res-
olution and commonness of the invertebrate taxa. Correct CS identification
rates were especially high at order (99 %) and family level (91 %). Several
experienced participants were eager to record taxa at genus or species level,
although we indicated that family level was sufficient. Yet, the lower cor-
rect CS identification rates at genus and species level (65 % and 61 %,
respectively) clearly show a trade-off between taxonomic resolution and
identification accuracy (Moffett and Neale, 2015). Similar to results pre-
sented by Fore et al. (2001) and Reid et al. (2016), average taxon richness
and invertebrate abundance counts recorded per site were significantly
lower in the CS than in the professional monitoring. Differences between
the CS and professional taxa lists most likely occurred during macroinverte-
brate identification: Accurately sorting out macroinvertebrates from a net
sample and correctly identifying them to genus or species level usually re-
quires months of intensive practice and experience. Moreover, for the citi-
zen scientists, time for invertebrate sorting, identification and counting
was restricted to one afternoon in the field and CS identification equipment
(simple identification booklet, stereomicroscopes with 20-fold magnifica-
tion suitable for field use) was not designed to equal professional lab
equipment.

Consequently, CS projects and researchers should consider that with
growing complexity and taxonomic precision of the required identification
task, identification error rates are likely to increase. Regarding the field
sampling method, the re-identification of CS invertebrate samples by pro-
fessionals in the laboratory showed that the process of kick sampling does
not seem to have caused relevant differences between the CS and profes-
sional taxa lists (see Fig. A4). Similarly, Fore et al. (2001) showed that
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macroinvertebrate samples taken in a standardized way by trained citizen
scientists did not differ significantly from professionally taken samples.

When taking into account the differences in CS and professional sam-
pling effort (in terms of sorting, identification and counting), abundance
counts of invertebrate orders and families recorded at the same sites by
both citizen scientists and professional were highly correlated (Fig. 2), espe-
cially for common families (Fig. 3). We assume that this is partly because
several of the common invertebrate families are relatively large and/or
easy to recognize through their conspicuous body shape or type of move-
ment, and were pointed out specifically in the CS identification trainings
(e.g. Gammaridae, Limnephilidae, Asellidae, Dytiscidae, Baetidae). Moreover,
for common families with numerous abundance data points, deviating CS
and professional abundance counts on the site level can be compensated
by averaging across sample sites. In contrast, spotting small and sometimes
motionless insect larvae in the debris requires practice and a well-trained
eye. Beginners tend to focus on picking out large (>10 mm), moving indi-
viduals, while smaller (1-10 mm), immobile specimens are sometimes
overlooked (Nerbonne and Vondracek, 2003; Storey and Wright-Stow,
2017). Besides, some invertebrate traits relevant for identification (like
mouthparts or the shape of gill filaments) are often difficult to recognize
in small organisms with a 20-fold magnification. For rare taxa, the averag-
ing effect of CS and professional abundance counts does not apply as much
as for common taxa. Accordingly, we observed lower concordance (CCC)
values for CS and professional abundance counts for many of the small in-
vertebrate families (e.g. Diptera such as Simuliidae, Chironomidae, Dixidae)
and for rare taxa only recorded at few sites (e.g. Sialidae, Rhyacophilidae,
Dixidae and Hydraenidae, see Fig. 3).

Thus, CS is a particularly well suited monitoring approach if the indica-
tor system in question is mainly based on common taxa and does not de-
pend too much on rare taxa. For some rare families, however, we still
found comparatively high concordance values (Fig. 3). These families
have typical identification features that make them easy to distinguish
(e.g. Nemouridae: small but broad-bodied, often dark colored and bristly
stonefly larvae with divergent wing pads; Leptophlebiidae: mayfly larvae
with finely divided, tree- or thread-shaped gill filaments; Goeridae:
caddisfly larvae with small lateral ballast stones attached to its case;
Tabanidae: large, segmented wormlike horsefly larvae with fleshy rings
and pseudopods circling the body).

4.2. Assessment of stream biological status and pesticide exposure with citizen
science generated invertebrate data

The strong correlation between CS and professional SPEARpesticides
index values (r = 0.76) demonstrates that citizen scientists can accurately
capture macroinvertebrate functional traits and community composition
in different ecological conditions. Storey et al. (2016) who compared CS
and professional macroinvertebrate samples taken at the same sites and
dates and observed a slightly stronger correlation between macroinverte-
brate metrics (r = 0.85). Meanwhile, Moffett and Neale (2015) found a
weaker correlation (r = 0.54) for CS and professional samples taken at
slightly different times and dates. These results indicate that it is difficult
to compare correlation coefficients across different study designs, macroin-
vertebrate metrics and data ranges. Since our comparison of CS and profes-
sional invertebrate community weighted means for SPEARegticides traits
(Fig. 4) is based on a relatively small sample size (n = 28), future studies
might re-examine potential differences on a larger scale. Because of the ob-
served inconsistencies between CS and professional SPEAR csticides Status
class assignments (in 39 % of the sample sites), we propose to additionally
consider the more general and largely consistent classification of sites into
“good” or “unsatisfactory” biological status (appendix Fig. A2.1B) or to
apply more relaxed, “fuzzy” status class boundaries as demonstrated by
Storey and Wright-Stow (2017).

Invertebrate communities are affected by multiple stressors, including
pesticide and nutrient inputs and altered hydromorphology, and
many taxa are sensitive to several different stressors. Therefore it is
often challenging to quantify the effect of individual stressors based on
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biological metrics (Lemm et al., 2019). Various studies have shown
that SPEARcsticiaes Teliably indicates pesticide pressure across different
biogeographical regions, but the bio-indicator also responds to a small
degree to deficient hydromorphology (Liess et al., 2021; Liebmann et al.,
2022).

The CS generated SPEAR ,csticides Values in our study explained the mea-
sured pesticide toxicity almost equally well as the professional data (28 %
and 33 % of explained variance, Fig. 6). Thus, the coarser CS taxonomic
identification levels and lower average CS taxon richness only slightly
reduced the ability of the bio-indicator to indicate pesticide stress. These re-
sults corroborate findings from Beketov et al. (2009) and Liebmann et al.
(2022) showing that SPEAR egticides WOrks well with family level data. Iden-
tification to family level is sufficient for determining valid SPEAR egticides
values in many cases since traits are characterized at family level for most
freshwater invertebrate taxa and traits determining pesticide sensitivity
are thought to show little variation within invertebrate families
(Liebmann et al., 2022). Moreover, our results confirm findings from
Liebmann et al. (2022) who observed that SPEAR eicides also relates well
to pesticide pressure when it is based on less accurate abundance data
(e.g. abundance class data). Still, potential data users should take into ac-
count the trade-off between identification effort and pesticide indication
accuracy when working with CS generated SPEAR egicides data.

In our study, R? values for the association between CS or professional
SPEARgesticides and TUmax are slightly lower than in a previous study
where professionally generated SPEARcicides Values forn = 101 lowland
stream sample sites explained 43 % of the variance in measured pesticide
toxicity (R? = 0.43,p < 0.001, Liess et al., 2021). Our sample size was com-
paratively smaller with n = 21 per monitoring team (initially n = 30 each,
excluding nine sites each because of drought and very low flow velocity).
With a smaller sample size, probability increases that the invertebrate sam-
ples and corresponding SPEARegticiqes Values from a given total population
randomly yield a different R? (smaller or higher). Additionally, changes in
pesticide use may have led to a slight underestimation of toxicity in our pes-
ticide measurements: In April 2018, the EU adopted a comprehensive re-
striction of use for neonicotinoid insecticides. Since then, pyrethroids,
which exert toxic effects on insects even in small quantities, have been
increasingly used as substitute active substances. In our study, pyrethroids
could not be analyzed, so that the determined TUmax values could be too
low to represent the actual toxic effects on the macroinvertebrate commu-
nities, resulting in slightly weaker correlations between SPEAR index and
measured toxicity.

4.3. Assessment of stream hydromorphology

Hydromorphology assessments require a high level of judgment and the
variability of hydromorphological stream classifications has been shown to
be quite high even among professional observers (Clapcott, 2015; Storey
et al., 2016). Against this background, the observed correlation coefficient
between CS and professional index values (r = 0.72) and the 82 % agree-
ment rate of stream classifications into good or unsatisfactory ecological
status (appendix Fig. A2.2B) is very satisfactory. Storey et al. (2016)
found a similar correlation between CS and professional hydromorphology
assessments (r = 0.7), while observing stronger correlations for some as-
pects of stream hydromorphology (e.g. technical changes in waterway, ri-
parian components), and lower correlations for some other aspects which
appear to be more difficult to assess for beginners (e.g. bank erosion and
stability, sediment deposition and flow type). This demonstrates the impor-
tance of specific training and clarification of technical terms to prepare cit-
izen scientists for the assessment of stream hydromorphology. Bias for CS
hydromorphology data was stronger than for SPEARpesticides data when
compared to professional data. Storey et al. (2016) showed that CS data ac-
curacy could be improved by averaging repeated CS hydromorphology as-
sessments for each site and season. In addition, cross-validation among
different CS observers could reduce bias and possibly optimize the agree-
ment of CS and professional hydromorphological stream classifications
into the five WFD status classes.
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4.4. Assessment of physicochemical status

Unlike the hydromorphology and SPEAR egiicides assessments, the CS
physicochemical water data (except for water temperature) were only mod-
erately to weakly correlated to the professional data (appendix Fig. A3.1-2,
possible explanations are listed in appendix Table A7).

To reduce bias caused by differences in CS and professional measuring
equipment, CS test kits and measuring devices should be calibrated with
professionally used systems before use. Moreover, internationally recog-
nized protocols or “Standard Operating Procedures” for CS physicochemi-
cal water measurements (Quinlivan et al., 2020b) and a standardized set
of user-friendly, inexpensive test kits should be provided that comply
with the assessment ranges of international reporting systems (e.g. WFD
or SDG 6.3.2). Newly developed, easy-to-use technologies for evaluating
nutrient tests (as described in Zheng et al., 2022, based on a smartphone
app and digital image colorimetry) could also help to improve CS physico-
chemical data accuracy.

Several studies that compared large-scale CS and professional data sets
with numerous data points for each site and parameter found good agree-
ment between CS and professional physicochemical water data despite
differences in measuring times and devices (Albus et al., 2020; Dyer et al.,
2014; Safford and Peters, 2018; Shupe, 2017). For CS to be a useful and
reliable approach to physicochemical water status assessment, citizen sci-
entists need to be incentivized to visit each sample site multiple times per
season to conduct repeated measurements of each physicochemical param-
eter (i.e. in three-week intervals as done in the professional monitoring).
This was not feasible in our study because citizen scientists had to travel
up to 40 km to visit the sample sites preselected for the pesticide and profes-
sional measurements. For CS practitioners in structured monitoring pro-
grams, we recommend to provide key criteria for sample site selection to
ensure data comparability and usability (McGoff et al., 2017). At the
same time, citizen scientists should be encouraged to suggest suitable sam-
ple sites themselves to maintain motivation and feasibility and thereby en-
sure sufficient sampling effort (Scott and Frost, 2017). CS programs that
need or want to focus monitoring effort on one to two comprehensive
stream assessments per site and season and are capable of providing
appropriate CS training should focus on biological indicators, such as
SPEAResticidess that are less variable within a season.

4.5. Opportunities, limitations and future outlook for citizen science stream
monitoring

Innovative, large-scale monitoring approaches are needed to advance
research on pesticide exposure and the ecological status of rivers and
streams, and to efficiently track the effects of EU environmental policies
and freshwater management interventions (Bieroza et al., 2021; Carvalho
etal., 2019).

As we demonstrate, well-designed, appropriately managed CS stream
monitoring programs can generate accurate macroinvertebrate and
hydromorphology data that agree well with professional data. Therefore,
CS data as produced in our study are well suited to fill data gaps and com-
plement official stream monitoring programs, especially for small streams
under 10km? that are not covered by WFD monitoring and reporting
(Wick etal., 2019). This could be facilitated by new methods for integrating
different data streams together to produce biodiversity indicators (Isaac
et al., 2020).

Since pesticide inputs are a dominant stressor for sensitive insects in
streams and of raising concern for environmental management, regular
pesticide-specific biomonitoring is necessary (Liess et al., 2021). Therefore,
using SPEAR cticides in @ CS context with family level data is a valuable ap-
proach to enable citizens to quantify pesticide pressure at local and large
spatio-temporal scales and support the implementation of pesticide-
specific management measures. Experiences from the UK Anglers' Riverfly
Monitoring Initiative (Brooks et al., 2019) show that setting catchment-
specific “trigger levels” for biological metrics is a successful approach for
environmental authorities to use and benefit from CS data. For instance,
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the responsible authorities could be notified if CS SPEAR pegticides index
values within a certain catchment systematically fall into status classes IV
(poor) or V (bad). In addition, as SPEAR ,egicides i not designed for assessing
overall ecological status, researchers and other stakeholders may also use
the standardized CS invertebrate data to calculate integrative indices such
as the biological monitoring working party (BMWP) index or the Average
Score Per Taxon (ASPT). Providing a holistic ecological assessment, these
indices have been shown to identify the community's response to multiple
stressors based on family-level data (Moolna et al., 2020). Additionally,
CS hydromorphology data could be used to flag stream sites where de-
graded habitat quality severely affects stream ecological functioning.
Thus, if it was expanded to other regions, the CS stream monitoring could
produce up-to-date information on the regional realization of WFD goals
(in terms of pesticide exposure and overall ecological status) with higher
spatio-temporal resolution than is currently possible in official monitoring
schemes.

By raising awareness and encouraging environmental stewardship
among citizen scientists and other project stakeholders, CS monitoring is
also a valuable tool to foster civic advocacy for biodiversity and freshwater
conservation (Ballard et al., 2017; McKinley et al., 2017; Peter et al., 2021).
CS programs can improve the citizens' valuation and scientific understand-
ing of freshwater ecosystems (Ballard et al., 2017) and positively develop
their sense of place and connectedness to local rivers and streams
(Church et al., 2019; Haywood et al., 2016, 2020). Several CS programs
have already made important contributions to uncovering the causes of
water pollution, for example the citizen monitoring initiative during the
Flint Water crisis (Pieper et al., 2018) or the international program
FreshwaterWatch (Earth Watch, 2020). Likewise, by reporting bad or dete-
riorating ecological conditions to local authorities in a timely fashion, citi-
zen scientists participating in the stream monitoring program FLOW
could initiate official investigations and actions to mitigate pesticide pollu-
tion hotspots that might otherwise not be detected (Brooks et al., 2019;
Edwards, 2016). Similarly, they could be empowered to monitor the effects
of recent environmental regulation or of river restoration projects (Edwards
et al., 2018; Huddart et al., 2016).

Naturally, CS monitoring also has its limitations and “is no panacea”
(Metcalfe et al., 2022:4). Due to the generally lower CS taxon richness
and abundance recordings and the coarser level of CS invertebrate identifi-
cation, CS stream monitoring should not be expected to provide complete
invertebrate taxa lists with accurate taxonomic information on genus or
species level, especially in near natural streams with high invertebrate di-
versity. Detecting small differences in invertebrate community composition
requires accurate invertebrate identification at genus or species level
(Chessman et al., 2007; Fore et al., 2001). Therefore, CS monitoring
might not be suitable to record subtle differences in stream biological
condition.

To optimize CS data accuracy for hydromorphology and to enable accu-
rate CS physicochemical assessments, FLOW CS monitoring design needs to
be refined, e.g. by increasing measuring frequency.

The great potential and also main challenge of CS lays in meeting sev-
eral complex goals at once: CS programs aim to motivate citizens to actively
engage in research to generate new scientific knowledge and promote envi-
ronmental learning (Turrini et al., 2018). Since project resources and en-
gagement time of citizens are limited, it is important for CS programs to
negotiate trade-offs and enhance synergies between these scientific, educa-
tional and participatory goals. To produce valid pesticide indication data,
CS monitoring design should be closely aligned with the scientific stan-
dards for stream assessment. Since the level of CS training and learning
progress will affect CS data accuracy (Fore et al., 2001), it is important to
invest in sufficient training with experts. Further, quality assurance during
fieldwork is essential (Storey et al., 2016). In the FLOW monitoring, data
and results were checked and discussed with an experienced citizen scien-
tist or a member of the FLOW team before submission, so that open ques-
tions and problems could be clarified. Feedback by experts or scientists
helps citizen scientists gain confidence in their abilities and motivates
them to continue engaging in the monitoring activity (Storey et al., 2016;
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Weeser et al., 2018). We therefore recommend that each CS group should
be accompanied by an experienced participant or mentor during the field-
work. At the same time, for citizens to benefit from their experience and
stay motivated, it is important not to overburden them and include the
fun aspect of discovering stream biodiversity while being outdoors with
their peers. This may differ among stakeholder groups: while experienced
NGO members and anglers with prior knowledge might be capable and
keen to closely follow scientific standards, newcomers such as high school
students usually need more guidance and focus on nature discovery.

Since considerable investments in CS training and guidance are needed,
CS programs such as ours should not be expected to be cost-effective
(Capdevila et al., 2020) at least in their establishment phase. CS data accu-
racy will increase over time with the citizen scientists' experience in identi-
fying invertebrates. Therefore, it is important to invest in the long-term
retention of trained, experienced participants. If CS programs aim to en-
courage their participants to engage in freshwater conservation, sufficient
project management resources should be allocated to actively promote
this goal. Research has shown that social interaction and opportunities for
community building are particularly important motivations for citizen sci-
entists to advocate for conservation (Agnello et al., 2022; Asah et al.,
2014; Richter et al., 2018). CS projects can leverage this potential by en-
couraging monitoring in teams or groups as done in the FLOW program,
or by organizing opportunities to meet and socialize with other, like-
minded (citizen) scientists. It is also important for citizen scientists to expe-
rience that they can make a difference (Day et al., 2022; Newman et al.,
2017). For instance, inviting citizen scientists and other stakeholders to
co-design and implement local stream management measures can create
new ecological insights, help to legitimize conservation measures, and re-
duce conflicts among stakeholders (McKinley et al., 2017). While the
FLOW project's participants came from various backgrounds, we were, at
this stage, unable to recruit farmers as important stakeholders in the pesti-
cide issue. When comparing the CS to the professional data, however, we
found no evidence that the CS data interpretation was influenced by
group composition. In future, involving farmers into stream monitoring
could enrich citizen dialogue about freshwater protection and support the
development of integrative, societally supported water protection mea-
sures. By harnessing expertise of citizen scientists and different stake-
holders to monitor, evaluate and adjust stream management measures, CS
can foster a more sustainable, adaptive management of freshwater ecosys-
tems (Ballard et al., 2017; Nerbonne and Nelson, 2004; Yardi et al., 2019).

5. Conclusions

To reach conservation goals for freshwater ecosystems, large-scale mon-
itoring and reliable data on the ecological condition of streams are essen-
tial. In this context, it is important to assess drivers of change at the
terrestrial-aquatic interface, such as the effects of terrestrial pesticide pollu-
tion on aquatic ecosystems. With the FLOW project, we developed a citizen
science (CS) stream monitoring focusing on small streams aligned with
European Water Framework Directive (WFD) standards to enable maxi-
mum impact for research and policy uptake. Our results demonstrate that
macroinvertebrate and hydromorphology data collected by trained citizen
scientists are of sufficiently high accuracy to quantify stream ecological
stressors such as habitat degradation and pesticide exposure originating
from terrestrial application. These CS records are suitable to assess stream
health and ecological status according to WFD. CS invertebrate identifica-
tion accuracy was high at order and family level, while overall taxa detec-
tion rates were lower in the CS than in the professional monitoring.
Citizen scientists adequately captured the distribution of invertebrate func-
tional traits that are necessary to determine pesticide-sensitive taxa, and
thereby provided valid pesticide bio-indicator (SPEARpegticides) Values and
assessments. The overall accuracy of CS hydromorphology assessments
was good, yet we suggest that it could be further optimized through
repeated CS assessments for each monitoring site and season. For physico-
chemical point measurements, the agreement between CS and professional
data was, however, only moderate to low. We conclude that CS is only
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suitable for physicochemical water assessment if citizen scientists can be in-
centivized to conduct multiple repeated measurements per sample site and
season after being trained.

As an outlook for CS in the freshwater realm, we suggest that CS stream
monitoring could become an important, valuable tool to augment the
existing (inter-)national, scientific and regulatory stream monitoring and
management across space and time (Albus et al., 2020; Hadj-Hammou
et al., 2017; Moffett and Neale, 2015). To realize this potential, CS freshwa-
ter monitoring should be closely aligned with official monitoring standards
(e.g. WED or SDG indicator 6.3.2, see Quinlivan et al., 2020a, 2020b). Sup-
ported with appropriate training and guidance as well as data quality assur-
ance, citizen scientists can contribute new insights into stream ecological
conditions and effectively support researchers, government agencies and
NGOs in achieving freshwater research and conservation goals.
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