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Résumé
Depuis leur introduction dans les années 1990, les néonicotinoïdes sont rapidement devenus les pesticides
les plus utilisés dans l'industrie phytosanitaire. Leurs effets néfastes sur les milieux naturels et la faune sont

reconnus depuis longtemps mais sont encore peu étudiés. Ce travail analyse la présence et la prévalence de

cinq néonicotinoïdes dans quatre différents taxons d'invertébrés aquatiques de la rivière du Seyon, en Suisse. Pour

ce faire, deux méthodes ont été combinées : le protocole d'indice de la biodiversité IBCH pour l'échantillonnage,
et la Chromatographie liquide à haute performance couplée à la spectrométrie de masse en tandem (HPLC-MS/
MS) pour l'analyse. Tous les échantillons analysés étaient contaminés par au moins un néonicotinoïde. Les

néonicotinoïdes présents dans les échantillons avaient une concentration moyenne de 0,148 ng/g (SD 27,8 %,
n 14) (valeur extrême exclue), illustrant l'omniprésence de ces pesticides dans l'environnement et l'exposition
chronique à laquelle sont soumis les invertébrés. Deux des quatre néonicotinoïdes trouvés dans les échantillons
avaient été interdits d'utilisation en extérieur neuf mois avant l'échantillonnage, ce qui indique leur grande
persistance. Une valeur extrême de 7,375 ng/g, presque dix fois plus élevée que les autres, a été trouvée dans

un échantillon, suggérant une forte contamination de certaines populations d'invertébrés. Ces résultats sont

inquiétants et révèlent la nécessité de poursuivre les recherches sur le sujet. Les invertébrés aquatiques jouent un
rôle clé dans la chaîne alimentaire et dans la qualité de l'eau de leurs habitats et sont particulièrement exposés aux
grands dommages que causent les néonicotinoïdes dans les milieux naturels. Ce travail contribue à documenter

cette exposition critique et propose des méthodes expérimentales qui pourront être utilisées dans de futures études.

Abstract
Since their introduction in the 1990s, neonicotinoids have rapidly become the most widely used pesticides in
the crop protection industry. Their harmful effects on natural environments and wildlife have been recognised
for a long time but are understudied. This work analyses the presence and prevalence of five neonicotinoids
in four different taxa of aquatic invertebrates from the Seyon River, in Switzerland. To do this, two methods

were combined: the Swiss Biodiversity Index (IBCH) protocol for biodiversity sampling and high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) for analysis. All the analysed samples were
contaminated with at least one neonicotinoid. The neonicotinoids in the samples had an average concentration
of 0.148 ng/g (standard deviation [SD] 0.0411 ng/g [27.8%], n 14; extreme value excluded). This

provides evidence of the ubiquity of these pesticides in the environment as well as the chronic exposure to
which invertebrates are subjected. Two of the four neonicotinoids found in the samples had been banned from
outdoor use 9 months prior to the sampling, indicating their high persistence. An extreme value of 7.375 ng/g,
nearly tenfold higher than the others, was found in one sample, which suggests high contamination of some
invertebrate populations. These results are worrisome and reveal the need for more research on the subject.

Aquatic invertebrates play key roles in the food chain and in the water quality oftheir habitats and are particularly
exposed to the great damage that neonicotinoids cause in natural environments. This work contributes to

documenting this critical exposure and proposes experimental methods that could be used in future studies.

Zusammenfassung
Seit ihrer Einführung in den 1990er Jahren haben sich dieNeonicotinoide schnell zuden am häufigsten verwendeten
Pestiziden in der Pflanzenschutzindustrie entwickelt. Ihre schädlichen Auswirkungen auf die natürliche Umwelt
und die Tierwelt sind seit langem bekannt, aber noch wenig erforscht. In dieser Arbeit wird das Vorhandensein
und die Prävalenz von fünfNeonicotinoide in vier verschiedenen Taxa von wirbellosen Wassertieren aus dem

Seyon in der Schweiz analysiert. Zu diesem Zweck wurden zwei Methoden kombiniert : das IBCH-Protokoll
für die Probenahme und eine Hochleistungsflüssigkeitschromatographie-Massenspektrometrie (HPLC-MS/
MS) für die Analyse. Alle untersuchten Proben waren mit mindestens einem Neonicotinoid kontaminiert.
Die Neonicotinoide in den Proben hatten eine durchschnittliche Konzentration von 0,148 ng/g (SD 27,8%,
n 14) (Extremwert ausgeschlossen). Dies ist ein Beleg für die Allgegenwart dieser Pestizide in der Umwelt
und die chronische Exposition, der die wirbellose Tiere ausgesetzt sind. Zwei der vier in den Proben gefundenen
Neonicotinoide waren neun Monate vor der Probenahme für die Verwendung im Freien verboten worden,
was auf ihre hohe Persistenz hinweist. In einer Probe wurde ein Extremwert von 7,375 ng/g gefunden, der fast
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das Zehnfache der anderen Werte beträgt, was auf eine hohe Kontamination einiger Wirbellosenpopulationen
schließen lässt. Diese Ergebnisse sind besorgniserregend und zeigen, dass weitere Forschungsarbeiten zu diesem

Thema erforderlich sind. Wirbellose Wassertiere spielen eine Schlüsselrolle in der Nahrungskette und für die

Wasserqualität ihrer Lebensräume und sind den großen Schäden, die Neonicotinoide in der Natur verursachen,

besonders ausgesetzt. Diese Arbeit trägt dazu bei, diese kritische Exposition zu dokumentieren und schlägt

experimentelle Methoden vor, die in zukünftigen Studien verwendet werden können.

Mots-Clés : néonicotinoïdes ; pesticides ; pollution des eaux ; invertébrés aquatiques ; écotoxicologie.

Keywords : neonicotinoids ; pesticides ; water pollution ; aquatic invertebrates ; ecotoxicology.

INTRODUCTION

Neonicotinoids have recently become a key
topic in public discussions. In Switzerland, the

topic is more relevant than ever with two
popular federal initiatives voted in 2021 calling for
the ban of synthetic pesticides and the protection
of the purity of food and drinking water. After
a partial ban introduced in 2012, three neoni-
cotinoid molecules - imidacloprid, clothianidin,
and thiamethoxam - were banned from
outdoor use in 2018 in Switzerland (Office fédéral
de l'agriculture [OFAG], 2018). Despite these

bans, neonicotinoids remain the most widely
used insecticides today, both in Switzerland
and worldwide (Simon-Delso et al., 2015).
Scientific attention is also focussed on the

following subject: in countless studies, researchers

have shown that these insecticides act on the insect

nervous system and are extraordinarily harmful to

our environment (Pisa et al., 2017) and to human
health (Cimino et al., 2017). Special attention has

been drawn to the recent decline of pollinators
linked to broad neonicotinoid use, especially of
bees (European Food Safety Authority [EFSA],
2013; Mitchell et al., 2017). However, much
less is known on the impact of neonicotinoids on
the aquatic environment. This work provides a

preliminary overview of the contamination of the
invertebrate fauna of the Seyon River.

Pesticides and neonicotinoids :

a briefchronology

Alongside the development of organic
chemistry at the end of the First World War,

pesticides such as dichlorodiphenyltrichlo-
roethane (DDT) and other organochlorine
molecules paved the way for the rise of synthetic
pesticides in the early 1940s. About two decades

later, following the work of Rachel Carson and

the publication ofher book Silent Spring in 1962,
the scientific community began to document the

toxicity of synthetic pesticides. The discussion
around their effects on non-target wildlife marked
the beginning of public awareness regarding the

great harmfulness of synthetic pesticides to the

environment and human health. Along with this
debate, DDT was progressively banned from use
in the 1970s. Despite this ban, the agrochemical
industry began to develop an array of various

crop-protection products (MCaffee, 2017).

Neonicotinoids entered the race in the
late 1980s. Chemically, they are derivatives of
nicotine, a natural molecule produced by tobacco
to defend itselfagainst pests. The mode ofaction
of these insecticides targets nicotinic receptors
in the insect central nervous system, which leads

to overstimulation of these receptors and causes

paralysis and eventual death of the organism
(Tomizawa & Casida, 2011). In the 1990s,
the first companies to develop these formulas

on a larger scale were Bayer CropScience,
Syngenta, and Sumitomo Chemical. These

companies have kept their monopoly over the
market until today, with active ingredients like
acetamiprid, clothianidin, dinotefuran,
imidacloprid, nitenpyram, thiacloprid, and
thiamethoxam (Bass et al., 2015). Since their discovery,
neonicotinoids have become the most successful
and fastest growing pesticides on the market in
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record time. It is estimated that by 2015, they
accounted for 25% of the total pesticides sold
worldwide (Bass et al., 2015).

Aquatic contamination

This work focusses on neonicotinoids
present in the Seyon River, which flows between
Villiers andNeuchâtel in north-west Switzerland
(see fig. 1). According to preliminary studies,
the Seyon is one of the most polluted rivers in
Neuchâtel (Aebi, unpublished data). This high
contamination can be explained by the ease by
which neonicotinoids are propagated in natural
environments during the treatment of the fields
of Val-de-Ruz. Neonicotinoids are systemic,
that is, they can propagate in the vascular system

of plants; this characteristic enables crop
treatment by seed coating, applying the product

to the surface of the seed before sowing it. As
the plant germinates and grows, the neonicoti-
noid is distributed throughout the whole plant,
which allows optimisation of the quantity of the

product used and facilitates the treatment
process, resulting in a more efficient way of fighting

pests. This method was intended to allow
a very deliberate and precise application - for
example, to spare non-target wildlife. However,
the seed coating method is less effective than

thought at the time of its popularisation. Studies
have shown that only about 5% - 20% of the

coating appears to be absorbed by the seed (Sur &

Stork, 2003). This leaves 80% - 95% of the

applied neonicotinoid in the soil and subsurface

water (Goulson, 2013). Because of the

high hydrophilicity of neonicotinoids, water is

very easily contaminated with these residues.
The water on the fields then collects in larger
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Figure 1. Map of the Seyon River (blue), running across the canton of Neuchâtel.
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streams by running off on the surface or travelling

underground, or infiltrates directly into the

groundwater (Borsuah et al., 2020). In the case
of the Seyon, the contaminated runoff water is

easily and efficiently infiltrated due to the very
porous and calcareous characteristics of the Val-
de-Ruz region (Office fédéral de topographie
[OFT] Swisstopo, n.d.). This factor, combined
with the high agricultural density of the river's
drainage area, makes the Seyon particularly
prone to neonicotinoid contamination.

Today, neonicotinoids are everywhere in the
environment - as vapours in the air, in the soil,
or in the water - because of their properties and
their extensive use (Bonmatin et al., 2019;
Goulson, 2013). While at the beginning of their
widespread use neonicotinoids were thought to
have little influence on non-target biodiversity
around crops, they are now known to have a

considerable impact on non-target organisms,
particularly invertebrates (Pisa et al., 2017).
The chronic exposure to these substances that is

mainly observed today in natural habitats results
in cumulative effects for exposed invertebrates,
including limited growth (Henry et al., 2012)
as well as respiratory (Lukancic et al., 2009),
reproductive (Charpentier et al., 2014), and

motor (Girolami etal., 2009) disorders. It is also
known that chronic exposure to neonicotinoids
at very low doses can be just as dangerous as

acute exposure at high doses (Van der Brink et
al., 2015). Once in natural environments,
neonicotinoids have varying half-lives, depending
on the compound, ecosystem, and across studies.

For example, the half-lives range from 200
to more than 1000 days in the soil (Goulson,
2013). These long half-lives increase the likelihood

of persistence in surrounding ecosystems,
including aquatic ecosystems. In water, the half-
lives are shorter and range from a few days to 63

(Morrissey et al., 2015), but ecotoxicologically
relevant concentrations (0.1 - 0.2 (ig/L) can be
found a year after application (Kanrar et al.

2006), depending on conditions like low
temperatures and low pH (Guzsvâny et al., 2006).

In this work, we evaluated the presence
and prevalence of neonicotinoids in the

invertebrate fauna of the Seyon. To do so,
we analysed the concentrations of different
neonicotinoids in benthic macroinvertebrates
(aquatic invertebrates > 0.5 mm), which play
a key role in their environment as decomposers

and as a food source. This research
provides appropriate experimental methods to be

applied in future studies. While our main goal
was method development, the results can be
used to hypothesise about the different factors
involved in invertebrate contamination and the

impact it has on their ecosystem. Finally, the
results allow us to illustrate the current state of
neonicotinoid contamination in the Seyon.

METHODS

Field methods

The following sampling method is based on
the Swiss Biodiversity Index (IBCH) method
(Office fédéral de l'environnement [OFEV],
2019).

Sampling. Three benthic macroinverte-
brate samplings were carried out for this work
in October 2019 (2, 7, and 16 October 2019).
They were carried out in the Seyon River,
near the Prés Maréchaux in Vauseyon (see

fig. 2). Survey sites were different for each

of the three sampling days to maximise the

diversity of the samples. Five sampling sites

were selected per sampling day to maximise

the number of species and to obtain the
most accurate invertebrate representation
and distribution in the samples. The selected
sites had to be as diverse as possible: they
mainly differed in substrate type, current, and

vegetation.

Samples were collected by using the

kick-sampling method, which consists of
catching benthic fauna in a net by lifting the
bottom of the riverbed with foot work on a

square foot area. Large organic debris and
rocks were removed, the water was filtered
out, and the remaining material was placed in
Falcon tubes and submerged in ethanol (70%).
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Figure 2. Map of the three sampling sites, between Engollon and Vilars 1 : sampled 2 October 2019 ; 2 :

sampled 7 October 2019 ; 3 : sampled 16 October 2019).

Sorting. All organisms in the samples were
separated from the remaining organic waste
and sorted - they were always kept in alcohol
to prevent desiccation. Organisms were sorted
into morpho-groups, that is, into approximate
and temporary groups based on their appearance,

without formal determination. The
factors of morpho-group sorting are the
invertebrate's size, the symmetry, the number of
legs, or the presence of gills.

Identification. Preservation varied according

to the organisms and their exposure to

light or heat. The sampling and the determination

of the organisms should be conducted not
more than 2 weeks apart. In this time, the samples

should be kept protected from direct light

exposure to minimise putrefaction or other
degradation. The identification was carried
out with a binocular magnifying glass and a

Petri dish covered with ethanol. According to
the different states of preservation, the
identification was carried out up to the genus or
the taxonomic family. Only the taxa of
morpho-groups that had more than 30 representatives

for each sampling day were determined.
After identification, the samples were sorted

according to their sampling day and taxon and
returned to Eppendorf tubes. A census of the
collected organisms was also carried out. A
precise count was made only for those
organisms whose taxa were abundant (> 30
representatives) and thus relevant to use in our
chemical analysis, whereas the other counts
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were rounded off to the dozen, to be used in a

simplified IBCH analysis (see Chapter 4). For
some samples with more than 100 individuals,

the number was approximated. This rough
census was crucial in determining the number
of invertebrates present in the final analysed
samples. The number of invertebrates was
also used to determine a biodiversity index
(IBCH) of the analysed river reach to estimate
the degree of pollution of the water in which
these invertebrates live.

Sample processing

The neonicotinoid concentrations were
determined by using high-performance
liquid chromatography coupled to tandem
mass spectrometry (HPLC-MS/MS). The

objective was to measure the concentrations
of five different neonicotinoids in the samples.

Four taxa were selected for analysis
based on their abundance in the collected
water samples and their diversity, considering

factors like food web position, tolerance
to neonicotinoids and morphology. The
selected taxa were (order, family, genus):
Amphipoda, Gammaridae, Gammarus and

Echinogammanis ; Ephemeroptera Baetidae

Centroptilum (mayflies); Trichoptera,
Hydropsychidae, Hydropsyche (caddisflies) ;

and Arynchobdellida, Arhynchobdellidae,
Erpobdella (leeches) (fig. 3).The HPLC-MS/
MS protocol was adapted from the steps
described in the methodological paper written

for neonicotinoid contamination in honey
samples by Kammoun et al. (2019). The sample

processing had to be adapted to the studied
invertebrates.

Drying. The invertebrates selected for analysis

were arranged in Petri dishes separated by
taxa and sampling day. These Petri dishes

were placed to dry lid open for 2 days in a

fume hood ventilating at low intensity. Each

petri dish was labelled as follows: ABC#
(ABC being the first three letters of the taxon
in the dish [amp, eph, tri, or arh], # being the
number of the sampling day [day 1, 2 or 3]).

Grinding. The samples were ground one by
one under liquid nitrogen using a mortar and

pestle. They were ground until the nitrogen had

completely dissipated, and a very fine powder
was obtained. The powder was then carefully
transferred into 15 mL tubes and weighed.
Aliquots between 1 and 100 mg were used for
analysis. The mass of one of the samples was
smaller than 0.001 g and it had to be excluded
from the analysis. These steps were repeated for
each sample, after disinfection of all utensils.

Extraction. Five microlitres of acetoni-
trile and 20 pL of internal standard solution
containing labelled forms of each neonicotinoid
were pipetted into each sample tube. The tubes

were then mixed with the Polytron for 3 minutes
and centrifuged at 4000 g for 5 minutes.
As much supernatant as possible was then

pipetted into the sample's corresponding ST1

(Salt Tube 1:15 mL Falcon tube, filled with
3.25 g of extraction salts). Five millilitres of
Mili-Q water were added, and the tube was
shaken vigorously for 1 minute. The tubes

were again centrifuged for 5 minutes. The

upper phase in each tube was pipetted into
the corresponding ST2s (Salt Tube 2:15 mL
Falcon tube, filled with 150 mg of MgS04,

Figure 3. The four selected taxa : Gammarus, Centroptilum, Hydropsyche, and Erpobdella (from left to right).
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100 mg of primary-secondary amine [PSA],
and 100 mg of octyldecylsilane [Cl 8]). The
tubes were shaken vigorously for 30 seconds
and then centrifuged. The supernatants from
the tubes were carefully collected and deposited
into 13 x 100 mm glass tubes. All glass tubes

were then left in a Speedvac vacuum for
5 hours to evaporate to dryness. Five hundred
microlitres of H,0:methanol 75 %:25 % (v/v)
were added to each tube and vortexed for
20 seconds. The tubes were finally put in an
ultrasonic bath for 1 minute. The contents of
the glass tubes were transferred to Eppendorf
tubes, centrifuged for 2 minutes at maximum
speed, and filtered through polytetrafluoro-
ethylene (PTFE) hydrophilic filters into an
F1PLC flask with a 250 pL conical insert.

Analysis

Analysis of the samples was carried out
by Dr Gaétan Glauser at the Neuchâtel
platform of analytical chemistry, at the Faculty
of Sciences of Neuchâtel. It is based on
HPLC-MS/MS analysis. This process allows
separation of the different neonicotinoids
dissolved in the samples and their identification
and quantification. For this work, 10 samples
of invertebrate pools were analysed.

PRELIMINARY ANALYSIS
OF THE BIODIVERSITY

OF THE SEYON

The IBCH, computed for a given river
section, is an evaluation of the water quality of
said river according to the biodiversity of its

aquatic macroinvertebrate wildlife. An adapted
version of the IBCH was used to interpret my
sampling results. The IBCH value depends on
two factors: the faunistic group (FG) and the

variety class (VC). The FG is evaluated based

on the presence of specific taxa in the studied
sample. The taxa have a variable affinity for
polluted waters. Depending on the invertebrate
taxa present in the samples, a grade from 1 to 9

is given to the stream. The VC is evaluated

based on the diversity of the invertebrates in
the sample. A grade from 1 to 14 is given to the

sample accordingly. The IBCH is then
computed with the formula IBCH (FG + VC) - 1,

resulting in a grade from 1 (worst) to 14 (best)
(OFEV, 2019).

The IBCH is usually determined with an
exhaustive list of each taxon represented in
each sample, as well as an exact count of the
number of individuals of each taxon. In this
work, only a basic census was done during
sample sorting, but an IBCH grade can still
be approximated rather precisely. It allows
a more comprehensive understanding of the
water quality of the Seyon and puts the results
in perspective.

RESULTS

The IBCH obtained with the preliminary
analysis was a 6 on a scale of 1 to 14. This
value indicates poor water quality (HWI
between 5 and 8). Such a low value, while not
solely due to the presence of neonicotinoids
in the water, underlines the importance of
conducting chemical analyses to investigate
a river's contamination with neonicotinoids.
This value is also consistent with previous
results on the water quality of the Seyon. The
HPLC-MS/MS analysis provided the concentrations

in ng/g invertebrate of five different
neonicotinoids in my 10 samples. The five
substances were thiamethoxam, clothianidin,
imidacloprid, acetamiprid, and thiacloprid
(table 1). As replicate measures were not
done for my samples, an error range cannot
be calculated or estimated precisely. For error
ranges of comparable studies, several papers
with similar methods are available in literature

(Kammoun et al., 2019 ; Schläppi et al.,
2020).

Thiamethoxam was not found in any sample.

Clothianidin was detected in six samples
and all four studied taxa were contaminated,
with concentrations ranging from 0.028 to
0.140 ng/g. Imidacloprid was detected in four
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Table 1. Raw results of the high-performance liquid chromatography coupled to tandem mass

spectrometry (HPLC-MS/MS) analysis (concentrations of neonicotinoids, ng/g).

ampl 0,000 0,028 0,000 0,000 0,019

amp2 0,000 0,000 0,000 0,000 0,000

amp3 0,000 0,140 0,197 0,026 0,000

ephl 0,000 0,000 0,000 0,000 0,000

eph2 0,000 0,144 0,806 0,000 0,000

eph3 0,000 0,000 0,000 0,000 0,000

tri2 0,000 0,134 0,000 0,000 0,000

tri 3 0,000 0,133 7,375 0,000 0,000

aryl 0,000 0,000 0,000 0,000 0,054

ary2+3 0,000 0,034 0,257 0,020 0,085

samples and is represented in all four taxa. The
three lowest concentrations ranged from 0.197
to 0.806 ng/g, but one sample was well above
this range, with a concentration of 7.375 ng/g.
This last value will not be considered in the

following graphs and statistics because it
would overwhelm all other data. However,
it will be given special attention during the
discussion of the results. Acetamiprid was
present in two samples, with concentrations
of 0.020 and 0.026 ng/g. Thiacloprid was
detected in three samples, with concentrations
ranging from 0.019 to 0.085 ng/g.

Discussion and limitations
of the methods

One of the objectives of this work was
to establish a methodological test for future
studies on the same subject.

Method adaptations

Sampling. The IBCH sampling needed little
adaptation and allowed a diverse sampling ofthe
invertebrate fauna and is adapted to a work like
ours. The Seyon was an apt sampling site choice
for this initial study, thanks to its proximity but

also regarding the results ofpreliminary studies,
which highlighted its strong contamination.

The sampling for this work was carried
out during the month of October. A
sampling in April would have been optimum to
avoid extreme temperatures or floods that
would disturb the usual wildlife. Sampling
shortly after neonicotinoid field treatments or
sowing of treated seeds would also be more
representative of the maximum doses experienced

by the aquatic organisms. In our case,
the Neuchâtel Wildlife Service forbid us from
taking samples between November and May
to protect the aquatic fauna.

Between the sampling and the analysis, the

invertebrate samples were stored in an etha-

nol solution to limit putrefaction. This storage
method might allow interaction between the

neonicotinoids and ethanol, thereby reducing the

amounts ofpesticides recovered for the analysis.
Thus, an unknown fraction of neonicotinoids
could have already been extracted from the

samples before their processing, meaning that

our data are actually conservative. For a future
study, to prevent this involuntary extraction, the

invertebrates should rather be frozen and stored

at a low temperature until their analysis.
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Sample processing. To maintain the diversity

of the samples, we were careful to select
four taxa for analysis that were as diverse as

possible, both in sensitivity and development.
These differences are to be considered during
the discussion of the results.

Analysis. The chemical protocol used for
this work had never been used on invertebrates.

An objective of this work was to see
whether it was adaptable to organisms other
than fish. Filtration and chemical treatments
prior to analysis were very effective with
invertebrates. The adaptations made were
adequate and allowed for pure samples. The
HPLC-MS/MS methods used have been
verified to be accurate and precise in a
previous study on invertebrates (Kammoun et
al., 2019; Schläppi et al., 2020). The
analytical method is therefore very suitable for
invertebrates. These values could be used to
determine the effects of the neonicotinoids on
the contaminated organisms themselves, but
usually the values used to determine this are
environmental concentrations like the median
lethal dose (LC50), not internal ones. However,
our results could be used to determine the

dynamics of neonicotinoid contamination in a

specific environment - for example, how the
contamination varies following the food web.
This point will be considered in the discussion
of the results.

Limitations

The main limitation of this work is the
number of samples. Only three sampling
sessions were carried out due to limited time,
resources, and the scope of this work (a high
school project). The three samplings were
very close in time, but at irregular intervals
(5 and 9 days), and were all carried out in the
same river stretch. The results of our analysis,
while being good first indicators of the
situation, are therefore not representative of the
overall state of the waters and invertebrates of
the Seyon. For these methods to be valuable
and for the results obtained to be significant,

it would first be necessary to carry out a much
more exhaustive sampling in space (different
locations) and time. A primary focus ofa study
investigating the influence of geographic, tax-
onomic, or seasonal factors on contamination

should also be chosen and the sampling
should be tailored accordingly. This approach
would allow for a more precise study.

Another limitation of these methods is that
they only consider the initial form of
neonicotinoids prior to any degradation. Metabolites
of neonicotinoids derived from their degradation,

particularly those of imidacloprid, could
be just as dangerous to invertebrates as the

original substance (Tomizawa & Casida,
2011). Although these metabolites are rarely
considered in neonicotinoid analytical methods
used in research, their significance must be

recognised.

DISCUSSION

The analyses were carried out on sets

of invertebrates, the number of which varies
between 22 and 280, depending on their mass.
The exact meaning of the results is difficult
to understand : the environment studied in this
work has been considered to only a limited
extent in previous studies and there are
not much data available in the literature.
Moreover, our limited sampling does not
allow us to generate complete hypotheses
on the contamination of the subjects studied.
However, we have made several observations
on the contamination of the section of river
and its invertebrates by comparing the
different concentrations detected in the samples.
The results could ultimately be used to illustrate

ground truths of neonicotinoid contamination

elsewhere.

The ubiquity ofneonicotinoids

Overall, each sample analysed was
contaminated by at least one neonicotinoid (fig. 4),
demonstrating the ubiquity of these pesticides
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Figure 4. Average concentrations of neonicotinoids per taxon, all days (n) combined. The taxa are called

by their order name.

in our environment: in one way or another,
each organism is contaminated by phytosani-
tary products, albeit to a variable degree. This
observation highlights the ease of propagation
of neonicotinoids. They flow easily from
cultivated areas to various springs/streams/water
bodies, from which they infiltrate the entire
surface water network of the region. The Seyon
is especially exposed to neonicotinoid contamination

because it flows through an intensely
agricultural area with calcareous soil.

Chronic exposure

Because of the variable weight of the
analysed aliquots, the limit of quantification of
the method also varied slightly depending on
the samples, but it was estimated to be up to
0.05 ng/g. Several concentrations found in the

samples are below this limit, meaning that
they could be due to neonicotinoid exchanges
between invertebrates in the samples, possibly

facilitated by the conservation alcohol.

Overall (extreme sample tri3 excluded), the

rest of the concentrations are quite low and do

not exceed 0.806 ng/g. These results match the
values obtained in a 2016 study of pesticide
concentrations in aquatic invertebrates in the
Danube River, with insecticide concentrations
ranging from 0.1 to 0.53 ng/g (Shahid et al.,
2018). However, the contamination of aquatic
invertebrates illustrated in these samples
remains minimal compared with, for example,

contamination of pollinators. In 2016,
a study conducted on honeybee contamination

rates shows concentrations of 53 ng/g
for imidacloprid and 32 ng/g for acetamiprid
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Figure 5. Average concentration per substance, all days and taxa combined (number of samples 10).

(CalataYUD-Vernich et al., 2016). By
comparison, the aquatic invertebrate exposure to
neonicotinoids is clearly lower. As mentioned
in the introduction, such low exposure, if
chronic, may still have an impact on invertebrate

populations.

High persistence

The concentrations of five different
neonicotinoids in each of the samples were
obtained, and it is interesting to compare the

concentrations of these different substances.

Of the five neonicotinoids analysed, three
substances have been banned from outdoor
use in Switzerland since January 2019 by
the OFAG: thiamethoxam, clothianidin, and

imidacloprid. Thiamethoxam is no longer
present in the analysed invertebrates, but
clothianidin and imidacloprid are the two
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most concentrated substances in the samples

(fig. 5), showing the high persistence
of these two substances in our environment.
However, clothianidin and imidacloprid are
considered fast-degrading substances in water
(Pena et al., 2011): their presence in
invertebrates 9 months after their ban proves that
neonicotinoids can be stored for a long time
in the soil, where their half-life is extended,
before gradually diffusing into aquatic
environments. Imidacloprid, for example, can
have a persistence of up to 1000 days in

crop soils (Bonmatin et al., 2015). The use

of these three neonicotinoids is still allowed
in permanent, strictly closed greenhouses. In
addition to their high remanence, their
presence in the samples could also indicate that
neonicotinoids applied indoors could reach
natural ecosystems despite the restrictions,
by drainage or wastewater. A 2010 study
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conducted on several stream draining areas
with greenhouses in Sweden found imidaclo-
prid concentrations substantially higher than
in other outdoor cultivation sites, indicating
probable leaking (Kreuger et al., 2010).

Bioaccumu/ation and biomagnification

Even with our restricted sampling,
comparing the samples according to the four
taxa analysed could be an interesting
illustration of how neonicotinoids are distributed

in an ecosystem. The taxa will be

referred to with the name of their order:
Amphipoda, Ephemeroptera, Trichoptera and

Arynchobdellida.

Figure 6 is a comparative table of the
arithmetic means of the concentrations of
all neonicotinoids present in the different
taxa. However, this ranking is not very
representative of the real situation : to discuss
the effective neonicotinoid contamination of
the organisms, the diversity of compounds in

the samples must also be considered. Indeed,
neonicotinoids are known for their synergic
effects, which emerge when several of these
molecules are mixed. This property has been

recognised by scientific research (Maloney
et al., 2017) and agrochemical manufacturers,

for example, Bayer CropScience AG. It
is important to take this into account in this
discussion.

To consider the diversity of substances

present in each taxa, a second table can be

designed, for which each taxon's average
concentration is multiplied by the number of
compounds found in each taxon. The table

represents the neat concentrations and diversity

of neonicotinoids, and thus the ranking
of the taxa's contamination changes
considerably (fig. 7). Arhynchobdellida are now the

most affected by neonicotinoids, as they are
contaminated by four different compounds
at high concentrations. They are followed by
Ephemeroptera, contaminated by only two
compounds but with a high concentration
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Figure 6. Average concentrations per taxa, all days (n) and substances combined.
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of imidacloprid. Amphipoda are
contaminated by four different compounds but at

low concentrations. Finally, Trichoptera are
contaminated by only one compound at a low
concentration (the extreme value tri3 is not
considered in these calculations).

Bioaccumulation. One hypothesis to
explain such differences in contamination is
the bioaccumulation capacity of each taxon.
The bioaccumulation of an organism is its
capacity of progressive absorption of a

substance present in its environment. This capacity

can vary from taxon to taxon and even
from one individual to another, depending on

age, health, or genetic reasons. The different
capacities of neonicotinoid absorption of the

analysed taxa could explain why the same
concentrations are not found in each taxon.

Biomagnification. Another factor of
contamination could be variations in diet. The
taxon most affected by neonicotinoids in
the samples is carnivorous. The next two
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most affected taxa are detritivores and the
least affected one is algivorous-detritivore/
carnivore. This alignment of different diets
could indicate a biomagnification phenomenon.

Biomagnification refers to the increase
in concentrations of certain substances at
each stage of the food web ; a predator eating
its prey also absorbs the toxins that they
have accumulated over their lifetime, which
gradually accumulate in the predator's fatty
tissues. Neonicotinoids have been
documented to show biomagnifying properties
(Berlioz-Barbier et al., 2014; Tennekes et
al., 2011). Arhynchobdellids exclusively eat

living invertebrates, which themselves store
various neonicotinoids in varying
concentrations. During their digestion, neonicotinoids

that were in their prey accumulate in
leeches and add to those that the leeches have
absorbed environmentally. Ephemeroptera
and Amphipoda are detritus feeders and
consume organic waste from debris of decaying
plants or other invertebrates. Remnants of
accumulated neonicotinoids may still be
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present in the carcasses of the invertebrates
on which they feed. Ephemeroptera and

Amphipoda are thus subject to the same bio-
magnification phenomenon as leeches, but
on a smaller scale. Finally, Trichoptera are
for the most part algivorous, so they are less

susceptible to biomagnification.

Extreme value

The sample analysis shows an extreme

imidacloprid concentration of 7.375 ng/g in
a Trichoptera sample (tri3), a value almost
10 times higher than the second highest value.
Because all samples were analysed simultaneously

in the same machine and the concentrations

of the other four neonicotinoids in the

sample were normal, this value is experimentally
valid. It should, however, be taken with caution,
as it cannot be repeated for confirmation.

For the discussion of this result, it is

important to highlight that the samples
analysed consist of pools of, on average, a few
dozen invertebrates. Sample tri3 represents
a pool of about 76 individuals of the taxon
Hydropsychidae Hydropsyche, collected on
16 October 2019. This high concentration is
therefore not an isolated case of a single
individual but the average of a small population
of Hydropsyche, all collected on the same day
within a few metres. The other Trichoptera
sample obtained on 7 October 2019 had an

imidacloprid concentration close to zero.
In view of the time lag between the two
Trichoptera samples, it is probable that the
extreme value in sample tri3 could have
been caused by a sudden acute exposure to
imidacloprid, for example, by spilling
substances from the stream. However, the other
taxa analysed on the same day did not show a

comparable change in the imidacloprid
contamination, and even a regression in the concentrations

in the case of Ephemeroptera.

This value could also indicate extreme
contamination at the scale of the entire
Trichoptera populations. The 76 Trichoptera

in this sample are indicative of at least a

portion of the population with a very high
imidacloprid concentration. This hypothesis

is alarming as it would indicate a much
higher population contamination than
previously suspected. Neonicotinoid levels in
some individuals would exceed many of the
threshold concentrations allowed for aquatic
ecosystem health. It is also possible that this
is the case for the other taxa analysed. Our
sampling would then have captured only the
less contaminated part of the population (the
majority), and the highly contaminated portion

would have escaped sampling (except for
sample tri3).

Louise Barbe also observed a similar peak
imidacloprid concentration when evaluating

neonicotinoid contamination of fish in
Switzerland, conducted in parallel to this work.
There was an imidacloprid concentration of
14.184 ng/g in a sample of chub liver caught
in the Jura on 27 August 2019. This peak is

just as extreme compared with other fish as
the extreme from this study compared with
other invertebrates. It must be also noted that
Barbe's sampling is much more extensive than
the invertebrates, with a few hundred samples.
The extreme contamination of this fish is therefore

more likely to be an isolated case than in
the Trichoptera sample. These irregularities in

imidacloprid concentration are observed in two
distinct but linked food chain levels, namely
algivorous-detritivore invertebrates and fish,
a predator. Trichoptera are preyed upon by a

variety of fish, and occasionally by the chub
tested by Barbe. A biomagnification phenomenon

is again possible to explain such a peak
in fish. With the biomagnification hypothesis,
one can explain the extreme fish sample by
speculating that it had, some time before the

sample was taken, eaten a population ofaquatic
invertebrates (possibly Trichoptera), which
itselfwas contaminated due to high exposure to
imidacloprid. This also explains why the concentration

in fish was higher than the concentration
found in insects. These two extreme values in
parallel studies indicate that such concentration
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peaks are probably observable at all levels of the
food web in an aquatic environment.

Impacts on invertebrates

Neonicotinoid concentrations that are too
high can have disastrous effects on the
contaminated environment (Pisa et al., 2017). In
general, these effects are measured in relation
to environmental concentrations of substances,
not in relation to concentrations within
organisms as measured in this work. The LC50 and
halfmaximal effective concentration (EC50) for
specific invertebrates are used for analysis.

Ephemeroptera and Trichoptera are considered

to be insect orders that are highly sensitive

to neonicotinoids (Morrissey et al., 2015),
with very low LC50 values. In Amphipoda, the
Gammaridae family is more resistant, and the

impact of neonicotinoids on leeches has been

poorly studied. The minimum EC50 values of
three of the four taxa analysed (Trichoptera,
Ephemeroptera, and Gammaridae, all
neonicotinoids combined) found in a 2018 study
are below the 10 pg/'L threshold (Raby et al.,
2018). These values are below the neonicotinoid

concentration of the Seyon, estimated at
9.79 pg/L by Alex Aebi in preliminary research

(Aebi, unpublished data). Moreover, these EC50
values were calculated for acute exposures,
whereas invertebrates in the Seyon are subject
to mostly chronic exposures ; it has been shown
that chronic exposure to the same substances
decreases the LC50 and EC50oforganisms
considerably, with chronic LC50 values between 3

and up to 800 times lower than acute LC.0
values, going from an exposure time of 24 to
only 96 hours (Van der Brink et al., 2015).
Thus, it is very likely that the average EC50
values for Trichoptera, Ephemeroptera, and
Gammaridae in the Seyon were reached and
their populations were impacted by the presence
of neonicotinoids in their environment.

Such contamination in aquatic invertebrates

can have disastrous consequences for
the whole environment. Detritus-feeding and

algivorous benthic macroinvertebrates, such as

Ephemeroptera, Trichoptera, and Gammaridae,
are extremely important players in the recycling
of organic matter that is deposited in waterways.

This recycling is crucial for the diet of
many aquatic organisms, but also to maintain
the quality of the water itself (Covich et al.,
1999). Macroinvertebrates also form the basis of
the food web in their environment and thus are

necessary for the survival of other invertebrates
and fish. If the exposure to neonicotinoids is too
high, whether acute or chronic, it can reduce
the benthic invertebrate population - either by
causing the death of individuals or by affecting
their reproduction (Sanchez-Bayo & Goyka,
2006; Hayasaka et al., 2012). The gradual
disappearance of these populations dismpts the
entire food web balance of their environment
and lowers the quality of that same environment
(Sànchez-Bayo et al., 2016).

CONCLUSION

This work allowed us to develop and test a
method adapted to the analysis of neonicotinoid

contamination of a river and the aquatic
invertebrates living there. Using these methods,
samples were collected and analysed to study
the presence and prevalence of neonicotinoids
in aquatic invertebrates. By interpreting the
results obtained, we were able to produce pilot
observations of the situation of the Seyon and

of four common taxa of its fauna.

The quality of the results validated the IBCH
and HPLC-MS/MS methods used. The adapted
methods proved to be efficient, accurate, and

adapted to the analysis of aquatic invertebrates.
These methods can therefore be used in
subsequent research. However, for such methods
to be truly valuable, they must be applied to
sample a wider range than what we have
sampled. A weekly follow-up of a particular site

over the long term, or sampling more sites, to
analyse the geographical factors that influence
the contamination of aquatic invertebrates,
could be considered. Finally, the choice of taxa
analysed should also be modified: research
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should either focus on a single taxon to obtain
targeted results or broaden the analyses to as

many taxa as possible, to obtain overarching
results that would cover the entire invertebrate
fauna of the environment. In this way, meaningful

and statistically supported hypotheses could
be reasonably advanced.

All samples analysed showed contamination

with at least one neonicotinoid, demonstrating

the ubiquity of these substances in the
researched environment. Four of the five neo-
nicotinoids analysed were represented in the

samples. Two ofthese four substances have been

banned from use since early 2019 (imidacloprid
and clothianidin). The time lag between this
ban and the sampling illustrates the persistence
of these substances in the Seyon as well as in
the organisms living there. The concentrations
obtained ranged from 0.0275 to 0.806 ng/g,
which indicate chronic exposure to neonicoti-
noids. Chronic exposure is still scarcely considered

in pesticide toxicity research, even though
this is the most common type ofexposure in our
environment. In addition to these low
concentrations, an extreme imidacloprid concentration
of 7.375 ng/g was found in sample tri3. A
particularly worrisome hypothesis could be that this
extreme value is a proxy for extreme contamination

of entire Trichoptera populations. Evidence
ofextreme neonicotinoid contamination in other

populations of the ecosystem, such as Barbe's
fish, suggest a systemic-scale phenomenon.
To examine this further, combined studies on
all different levels of the ecosystem would be

appropriate: it would give a complete overview

of the situation and would allow links to
be made between the data found. This is in part
studied at the University of Neuchâtel, where
studies around neonicotinoids are carried out
for various wildlife, such as bees (Mitchell
et al., 2017), ants (Schläppi, 2020), fishes

(Barbe, unpublished), and birds (Humann-
Guilleminot et al, 2019).

The aquatic environment and its fauna constitute

a compartment of our ecosystem that has

been considered little by the scientific studies to

date but deserves greater attention. The results
obtained with my limited sampling confirm
a need for further research on the subject, the
result of which would be interesting to discuss
and mobilise in future assessments of the health
of our streams. In general, studies assessing
invertebrate contamination in their natural
environments and not in laboratories are sorely
lacking. These studies, representative of the
actual state of the environment, are crucial for
the regulation of neonicotinoid use. A greater
diversity of this kind of research would allow us
to assemble a coherent and exhaustive inventory
of the presence ofneonicotinoids around us.

Finally, all research about neonicotinoids
allows us to question our use of these
substances. In Switzerland, it is a debate at the
heart of public attention, with proposals for
radical measures on the issue, such as the
initiative 'For a Switzerland free of
synthetic pesticides' launched two years ago, on
24 April 2019, which aims to ban the use of
all synthetic pesticides in Switzerland.
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