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ARTICLE INFO ABSTRACT

Keywords: Imidacloprid is a neonicotinoid insecticide that has received particular attention due to its widespread use and
Insecticides potential adverse effects for aquatic and terrestrial ecosystems. Its toxicity to aquatic organisms has been eval-
Ama%on X uated in central and southern Europe as well as in (sub-)tropical regions of Africa and Asia, showing high toxic
I/[r:f;cczi;‘;ommml(’gy potential for some aquatic insects and zooplankton taxa. However, its toxicity to aquatic organisms represen-

tative of tropical regions of Latin America has never been evaluated. To fill this knowledge gap, we carried out a
mesocosm experiment to assess the short- and long-term effects of imidacloprid on freshwater invertebrate
communities representative of the Ecuadorian Amazon. A mesocosm experiment was conducted with five weekly
applications of imidacloprid at four nominal concentrations (0.01 pg/L, 0.1 pg/L, 1 pg/L and 10 pg/L). Toxic
effects were evaluated on zooplankton and macroinvertebrate populations and communities, as well as on water
quality parameters for 70 days. Given the climatic conditions prevailing in the study area, characterized by a
high solar radiation and abundant rainfall that resulted in mesocosm overflow, there was a rapid dissipation of
the test compound from the water column (half-life: 4 days). The macroinvertebrate taxa Callibaetis pictus
(Ephemeroptera), Chironomus sp. (Diptera), and the zooplankton taxon Macrocyclops sp., showed population
declines caused by the imidacloprid treatment, with a 21-d Time Weighted Average No Observed Effect Con-
centrations (21-d TWA NOEC) of 0.46 pg/L, except for C. pictus which presented a 21-d TWA NOEC of 0.05 pg/L.
In general terms, the sensitivity of these taxa to imidacloprid was greater than that reported for surrogate taxa in
temperate zones and similar to that reported in other (sub-)tropical regions. These results confirm the high
sensitivity of tropical aquatic invertebrates to this compound and suggest the need to establish regulations for the
control of imidacloprid contamination in Amazonian freshwater ecosystems.

Freshwater invertebrates

1. Introduction

The intensification of agricultural production practices in tropical
countries of Latin America has led to an increase on the use of pesticides
necessary for pest control (Carriquiriborde et al., 2014; Lewis et al.,
2016). Ecuador, for example, went from using 6 thousand tons of pes-
ticides in 2013 to 19 thousand tons in 2021 (FAO, 2023), partly driven
by a sharp increase in crops destined for export (bananas, cut flowers,
and cocoa) which have replaced traditional agriculture (Andrade-Rivas
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et al., 2023). The combination of intensive pesticide use and the heavy
precipitation events characteristic of the region contribute to the
transport of pesticide residues from soil and vegetation to aquatic eco-
systems (Ramirez-Morales et al., 2021; Cabrera et al., 2023). Several
studies have reported the presence of pesticides (e.g. carbamates,
neonicotinoids, triazines and organophosphates) in surface waters of
Ecuador (Andrée et al., 2021; Cabrera et al., 2023; Deknock et al., 2019;
Villegas et al., 2021) and other tropical freshwater ecosystems of Latin
America (Echeverria-Saenz et al., 2021; Merga & Van den Brink, 2021).
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Of these pesticides, imidacloprid was one of those that generated the
greatest concerns, being found in concentrations of up to 3 pg/L in the
Amazonian region (Cabrera et al., 2023).

Imidacloprid is a neonicotinoid insecticide patented in 1985
(Tomizawa & Casida, 2005) which has been registered in more than 120
countries for over 140 crop uses (Jeschke et al., 2011). Imidacloprid has
a systemic action against piercing-sucking insects. Additionally, it has
proven to be highly effective in controlling fleas on cats and dogs
(Tomizawa & Casida, 2005). Imidacloprid operates by blocking the
nicotinic neuronal pathway in the insect nervous system, causing insect
excitation, paralysis and ultimately death at effective doses (Chen et al.,
2014; Jeschke et al., 2011; Tomizawa & Casida, 2005). The European
Union banned the outdoor use of imidacloprid in 2018, due to is po-
tential impact on pollinators (EU Regulation, 2018/783). The U.S. EPA
and New York State Department of Environmental Conservation have
restricted the use of imidacloprid products labelled for widespread
outdoor and foliar application, and seed treatment (US EPA, 2020).
However, Ecuador and many other countries of tropical regions have not
implemented any restrictions on the use of imidacloprid. For example,
Ecuador has recently authorized 99 formulations with the active
ingredient imidacloprid alone or in combination with other insecticides
or fungicides for different types of applications (MAGAP, 2023).

Several studies have shown that imidacloprid poses high toxic po-
tential to non-target aquatic insects, affecting development, survival,
and emergence. The most sensitive taxa to imidacloprid are Ephemer-
optera and some Diptera larvae (Colombo et al., 2013; Merga & Van den
Brink, 2021; Montano-Campaz et al., 2023; Raby et al., 2018a; Raby
et al., 2018b; Rico et al., 2018; Sumon et al., 2018); although other
studies have pointed at Odonata (Hayasaka et al., 2019; Jinguji et al.,
2013), and zooplankton such as cyclopoid and rotifer taxa (e.g. Keratella
sp.) as highly sensitive to this compound (Dimitri et al., 2021; Rico et al.,
2018; Sumon et al., 2018). Studies published within the last few years
show that subtropical and tropical aquatic ecosystems may be more
sensitive to imidacloprid as compared to temperate ones (Merga & Van
den Brink, 2021; Rico et al., 2018; Sumon et al., 2018). This increased
sensitivity can be attributed to various factors, being higher temperature
one of the most prominent ones. Mangold-Doring et al. (2022) found
that the LC50 values of imidacloprid to Gammarus pulex significantly
decreased with increasing water temperature. One of the reasons for this
is the greater uptake of imidacloprid with increasing water temperature
(Camp & Buchwalter, 2016). In addition, temperature increases the rate
of imidacloprid biotransformation and therefore accelerates the gener-
ation of the metabolite imidacloprid-olefin, which has been found to be
more harmful than the parent compound, increasing the individual ef-
fects of imidacloprid exposure over time (Huang et al., 2023; Huang
et al., 2021; Mangold-Doring et al., 2022). Other factors that may affect
the vulnerability of tropical aquatic ecosystems to imidacloprid are
related to differences in species composition and species interactions.
For example, tropical aquatic insects usually have shorter generation
times, which may result in larger energy expenditure and lower detox-
ification capacity, increasing toxicant sensitivity. At the same time, such
ecological traits confer opportunities for faster recolonisation from
un-exposed sites and population recovery (Liess et al., 2008; Rico & Van
Den Brink, 2015). Previous experiments have shown that imidacloprid
contamination in freshwater mesocosms exposed to high temperatures
may induce cyanobacterial blooms. These cyanobacteria blooms could
represent a significant public health and environmental concern due to
their potential toxicity and impact on aquatic ecosystems, including
altered nutrient dynamics and significant changes on the structure of
aquatic communities (Dimitri et al., 2021).

So far, the ecotoxicological effects of imidacloprid to aquatic pop-
ulations and communities has been assessed in micro- and mesocosm
experiments performed under temperate conditions (Ratte & Memmert,
2003; Colombo et al., 2013; Hayasaka et al., 2012 & Mohr et al., 2012)
and under (sub-)tropical conditions of Asia (Sumon et al., 2018 &
Dimitri et al., 2021) and Africa (Merga & Van den Brink, 2021), while
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there have been no assessments performed in tropical regions of Latin
America. As pointed out above, differences in temperature, but also in
community composition, may yield to differences in the sensitivity and
recovery capacity of aquatic ecosystems to imidacloprid across different
climatic and biogeographic regions. Therefore, this study aimed to
evaluate the long-term effects of imidacloprid on freshwater inverte-
brate communities representative of the Ecuadorian Amazon and to
compare these results with the outcomes of similar studies performed in
other parts of the world.

2. Materials and methods
2.1. Experimental design

The experiment was conducted at the outdoor mesocosm station of
the Universidad Regional Amazonica Ikiam (Napo, Ecuador) between
May and August of 2023. The mesocosms were made of cylindrical
polyvinyl chloride tanks (diameter: 115 cm; height:108 cm) covered on
the contour with 60% polyshade mesh to prevent overheating (Fig. S1).
The mesocosms were filled up with 5 cm of sediment collected from the
Colonso river and 400 L of well water. The water was previously ana-
lysed to ensure that imidacloprid was not present. Each mesocosm had
two pebble baskets with leaves and two stone traps for the sampling of
macroinvertebrates. The mesocosms were inoculated with macroinv
ertebrate species collected from unpolluted water bodies close to the
Colonso Chalupas Biological Reserve, and 500 mL of concentrated
plankton collected from the same sampling locations as a source of
phytoplankton and zooplankton (further details are provided in the
Supplementary Material, Text S1). Then, the mesocosms were left for 4
weeks to allow the establishment of the biological communities prior to
the start of the experiment. During this period, 20% of the water was
exchanged between the mesocosms every two weeks in order to ho-
mogenize the structure of the aquatic communities. Nitrogen (1.4 mg/L
of N, as NH4NO3) and phosphorus (0.18 mg/L of P, as KHoPO4) were
added to the mesocosms every three weeks following Merga & Van den
Brink (2021) and Rico et al. (2014) to stimulate phytoplankton growth.

The experiment was conducted with 15 mesocosms randomly
distributed within five different treatments, with three replicates per
treatment. Imidacloprid was applied once per week at the dose of 0 pg/L
(Control), 0.01 pg/L, 0.1 pg/L, 1 pg/L and 10 pg/L during 5 weeks
(starting May 5, 2023). After the application period, the imidacloprid
concentrations, the water quality parameters, and the response of the
biological communities were evaluated for seventy days since the first
imidacloprid application. Additionally, 25 L of water was removed
weekly from each mesocosm to maintain the initial volume (400 L) and
prevent excess overflow. The methods used for the imidacloprid anal-
ysis, the water quality analysis, and the analysis of the biological pop-
ulations and communities are described in the following sections.

2.2. Imidacloprid application, sampling and analysis

Imidacloprid was purchased from Sigma-Aldrich in powder form
with purity >98% (Pestanal, analytical standard). Concentrated solu-
tions were prepared from a stock solution of imidacloprid (250 mg/L)
prepared in Milli-Q water. The concentrated solutions were poured over
the water column of the mesocosms on day 0, 7, 14, 21 and 28 relative to
the first application and mixed with the water using a wooden stick.
Water samples from the mesocosms were collected in 500 mL amber
glass bottles. Samples were taken 1 h after each application in the 0.1, 1
and 10 pg/L treatments and on days 7, 14, 21, 28 before to imidacloprid
dosing. Additionally, samples of the 1 and 10 pg/L treatments were
collected on days 29, 30, 31 and 32 to evaluate the dissipation of imi-
dacloprid in the mesocosms after the last application. Samples from the
controls and the 0.01 pg/L treatment were taken on days 0 and 21 before
and after the imidacloprid application.

The imidacloprid samples from the 1 pg/L (after application) and the
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10 pg/L treatments were directly injected into an UPLC-Qtof/MS (Wa-
ters Model Xevo G2 QTOF) for quantification, while the samples from
the controls and the 0.01 pg/L, 0.1 pg/L, and 1 pg/L (before application)
treatments were subjected to solid phase extraction (SPE). For this, Oasis
HLB cartridges (Waters, 6 cc, 200 mg) were preconditioned with 6 mL of
MeOH and 6 mL of MilliQ Water. Next, the cartridges were rinsed with
10 mL of MilliQ water and dried for 5 min under full vacuum (10 bar) to
eliminate residual water. Then, 250 mL of the water sample were passed
through the SPE cartridges and analytes were eluted with 6 mL of
methanol. The extracts were concentrated with nitrogen for approxi-
mately 2 h, reconstituted with 1 mL of acetonitrile:water (10:90, v/v)
and vortex stirred for 1 min. The reconstituted samples were transferred
to an amber glass vial for analysis, using the same equipment as
described above. Operation parameters for analytical equipment are
shown in Table S1, while the retention times (Tr), instrumental detec-
tion and quantification limits (LOD, LOQ) and methodological limits
(MDL, MQL) of the validation at a FC250 pre-concentration factor for
imidacloprid are provided in Table S2.

2.3. Water quality parameters

Water pH, temperature (T), electric conductivity (EC), total dis-
solved solids (TDS) and dissolved oxygen (DO) were measured at 8 h a.
m. and 5 h p.m. on days -7, 0, 7, 14, 21, 28, 35, 42, 49, 56, 63 and 70
relative to the first imidacloprid application. Measurements were per-
formed using a WTW multiparameter at a water depth of 30 cm.

Water samples (500 mL) were collected from each mesocosm for the
analysis of ammonia (NHY), nitrate (NO3), nitrite (NO3), orthophos-
phate (PO37), and chlorophyll-a. These samples were taken on day —7,
14, 28, 42, 56 y 70 relative to the first application. NO3, NO3, PO%’ and
NHj were analysed in the laboratory using an ion chromatograph
equipped (Prominence Shimadzu, Japan) according to Pfaff (1996) and
Thomas et al. (2002). For the analysis of the chlorophyll-a, 200 mL of the
microcosm water was filtered through a Whatman GF/C glass-fibre filter
(mesh size: 0.45 pm) and measured using ultraviolet-visible (UV-VIS)
spectrophotometer (UV-3600 PLUS Shimadzu, Japan) according to
APHA, (2012).

2.4. Zooplankton and macroinvertebrates

Zooplankton and macroinvertebrate samples were collected on days
—7, 14, 28, 42, 56 and 70 relative to the first imidacloprid application.
Details regarding their sampling and identification are provided in the
Supplementary Material (Text S1).

2.5. Data analyses

The half-life (DT50) of imidacloprid in the mesocosms was calcu-
lated by Ln (2) divided by the dissipation coefficients (k), which were
calculated assuming first order kinetics. Time-weighted average con-
centrations (TWAC) of imidacloprid in the mesocosms were calculated
with the equations described by Roessink et al. (2013).

To effects of imidacloprid on the zooplankton and the macro-
invertebrate communities were analysed using the Principal Response
Curve (PRC) method (Van den Brink & Braak, 1999) with the CANOCO
software version 5.0 (Braak et al., 2012). The PRC diagram represents
the temporal differences in species composition between treatments and
the control (Cqp), and the affinity of each taxon with the PRC (by), so that
the species with the highest by values show a population decline, and the
species with negative by values a population increase related to the
chemical concentration (for further details see Van den Brink & Braak,
1999). To assess the statistical significance of the treatment effects, a
Monte Carlo permutation test employing redundancy analysis (RDA)
was conducted on each sampling day. Calculated p-values <0.05 indi-
cate significant effects of the treatment on the community composition
for a given sampling day. NOECs (No-observed-effect-concentrations) at
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the community level were calculated using the Williams test (Van Den
Brink et al., 1996) with the sample scores obtained by a Principal
Component Analysis (PCA) for each individual sampling day.

NOECs and their respective Minimum Detectable Difference (MDD)
values were calculated to assess the effect of imidacloprid on water
quality parameters, abundance of zooplankton and macroinvertebrate
taxa. The MDD provides a power analysis for the concentration-response
relationships underlying the calculated NOECs. It is defined as the dif-
ference between the means of a treatment and the control that must exist
to detect statistically significant effects. The MDDs mainly depend on the
number of replicates and the variance of the measured endpoint. The
lower the MDD value, the higher the statistical robustness of the
calculated NOEC. On the other hand, MDDs >100% indicate that the
power of the statistical test used to derive the NOEC is too low to
demonstrate treatment-related effects (Brock et al., 2015). The effects of
the treatment on the sampled populations (i.e., NOEC calculation) and
the corresponding MDDs were calculated for each sampling day,
including the sampling prior to the application of imidacloprid (day —7)
to determine any possible statistically significant differences that were
randomly occurring and were not related to the imposed treatments. The
NOECs and MDDs were calculated with the Community Analysis com-
puter program version 4.3.05 (Hommen et al., 1994), and using the
Williams test (Williams 1971, 1972). Prior to the analyses, the
zooplankton and macroinvertebrate abundance data were In (ax + 1)
transformed as described in Van den Brink et al. (2000).

The taxa sampled in the mesocosms were classified according to their
MDD values into three categories and the effects were classified into the
classes proposed by Brock et al. (2015). For details see the Supple-
mentary Material (Text S3).

3. Results and discussion
3.1. Imidacloprid concentrations and dissipation in the test mesocosms

The measured concentrations of imidacloprid in the treatments 1 h
after the first application were between 93% and 113 % the intended
concentrations (Table S3). After 7 days of exposure, the concentrations
of imidacloprid in the water of the mesocosms decreased to approxi-
mately 80% (Fig. 1; Table S4). No imidacloprid residues were found in
the controls during the experiment. The calculated DT50 for imidaclo-
prid in the experiment was, on average, 4.0 = 1.9 days (Table S3).
Merga & Van den Brink (2021) reported a DT50 > 10 days under
tropical climatic conditions in Ethiopia (temperature range of
16.6-20.9 °C). Sumon et al. (2018) reported a DT50 of approximately
7-10 days with a mean temperature of 28 °C under sub-tropical condi-
tions in Bangladesh. Rico et al. (2018) reported a DT50 of approximately
10 days under Mediterranean climatic conditions (temperature range of
16-25 °C), and Duchet et al. (2023) reported a DT50 of 15 days in
temperate climate conditions of the USA. This means that the dissipation
of imidacloprid in our study was about 2—4 times faster than the dissi-
pation rates shown in other mesocosm studies (including studies in the
tropical region). This could be influenced by the forced and unforced
overflow of the mesocosms, which eliminated at least 1/8 of the imi-
dacloprid concentration per week, and the environmental conditions
during the experiment, which were: average ambient temperature: 25 °C
(max 36 °C; min 18 °C); average precipitation: 2.1 mm/day (max 21
mm/day; min 0 mm/day); and average solar radiation: 233 W/m? (max
736 W/m? min 58 W/m?) (Fig. $2). Lu et al. (2015) argued that the
dissipation of imidacloprid from water occurs mainly by photolysis, and
the high ambient temperature favour this process. Solar radiation was
probably the most important cause explaining the differences between
the dissipation rate observed in our study and other studies performed in
tropical and subtropical regions, where mesocosms were covered with
greenhouse plastic sheets to prevent overheating. Due to the rapid
dissipation rate of imidacloprid in our mesocosms, the TWAC concen-
trations of the different treatments are a more suitable measure to assess
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Fig. 1. Measured concentrations of imidacloprid in the 0.1 pg/L treatment (a) and in the 10 pg/L treatment (b). Data are expressed as mean =+ standard deviation
(dots). The dashed line shows the predicted imidacloprid concentration based on the calculated dissipation rate constant for each treatment assuming first

order kinetics.

chronic exposure. The TWACs ranged between 0.007 and 5.86 pg/L for
the first 21 days of experiment (which allow comparison with other
studies), and between 0.003 and 0.6 for the whole experimental period
(Table S3).

3.2. Indirect effects of imidacloprid on water quality parameters

Mean water temperature in the mesocosms was 24 °C (max 25 °C;
min 22 °C) in the morning and 27 °C (max 29 °C; min 24 °C) in the
afternoon. The mean dissolved oxygen concentration was 7 mg/L (max
9 mg/L; min 4 mg/L) in the morning and 9 mg/L (max 11 mg/L; min 6
mg/L) in the afternoon (92%-103% saturation). The mean pH was 7
(max 9; min 4) in the morning and 9 (max 11; min 6) in the afternoon,
and the mean electric conductivity was 14 pS/cm (max 17 pS/cm; min
11 pS/cm) in the morning and 18 pS/cm (27 pS/cm; min 12 pS/cm) in
the afternoon (Fig. S3). The mean concentration of nutrients was 0.1
mg/L (max 0.85 mg/L; min < LOD mg/L) of NHZ, 1.4 mg/L (max 3.4
mg/L; <LOD min 6 mg/L) of NO3, and 0.09 mg/L (max 0.22 mg/L; min
< LOD mg/L) of POz> over the time of investigation.

Generally, the Williams test indicated no significant treatment-
related effects on the evaluated water quality parameters. However,

the imidacloprid application resulted in a significant increase in pH over
time (NOEC <0.01 pg/L; Table S5). Higher pH is often associated with
higher phytoplankton biomass, due to a decreased impact of grazing
(Dimitri et al., 2021; Silva et al., 2014). Similar effects have been re-
ported in other studies performed with neonicotinoids under temperate,
sub-tropical and Mediterranean conditions (Dimitri et al., 2021; Duchet
et al., 2023; Rico et al., 2018). However, although the chlorophyll-a
concentration in our experiment varied from 0.6 to 20 pg/L, no signif-
icant differences were observed with respect to the control, probably
due to variation between replicates. In other studies in temperate, and
(sub)-tropical areas, water quality parameters did not show consistent
treatment-related effects (Kreutzweiser et al., 2007; Merga & Van den
Brink, 2021; Sumon et al., 2018).

3.3. Effects of imidacloprid on zooplankton

A total of 13 different zooplankton taxa were identified in the mes-
ocosms, distributed in Copepoda (Macrocyclops sp.), Cladocera (Moina
sp.), and Rotifera (Plationus, Lecane lunaris, Lecane bulla, Lecane luna,
Polyarthra sp., Polyarthra vulgaris, Ascomorpha sp., Anuraeopsis fissa,
Lepadella sp., Trichocerca sp., Euclanis sp). The PRC analysis only showed
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Fig. 2. Principal Response Curve (PRC) showing the effects of imidacloprid on the zooplankton community throughout the experimental period. Differences between
the treated zooplankton community and the control at various sampling dates are indicated by the sample weights (Cq4.). The species weight (by) reflects the affinity of
each taxon with the PRC. Taxa with bk values between 0.1 and —0.1 are not shown. Of all variance 26 % could be attributed to sampling day, and 26 % to the
imidacloprid treatment, out of which 29 % is displayed in the first PRC (Monte Carlo p-value = 0.06).
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marginally significant effects of imidacloprid on the zooplankton com-
munity (Monte Carlo p-value = 0.06; Fig. 2). The PRC analysis indicated
that adult Macrocyclops and its naupliar stages (nauplii) had an abun-
dance decline caused by imidacloprid (b values > 1.5), while some
Rotifera (Trichocerca sp., Polyarthra sp.) showed a population increase
related to imidacloprid (bk values < —1.5). The RDA analysis indicated
significant effects of imidacloprid on the zooplankton community on
days 28 and 42, with calculated p-values of 0.02 and 0.004, respectively.
The calculated zooplankton community NOEC for these sampling days
based on the Williams test performed with the PCA sample scores was 1
pg/L (nominal concentration). On day 56 and 70 the RDA indicated non-
significant effects suggesting that at the end of the experimental period
the zooplankton community had recovered.

The results of the Williams test performed to assess the effects of
imidacloprid on individual zooplankton taxa are shown in Table 1.
Significant effects on individual abundance were found for Macrocyclops
(adults and nauplii), Moina sp, Polyarthra sp., Anuraeopsis sp., and
Euchanis sp. For most of them, population declines were quantitatively
restricted and occurred in isolated sampling days (Effect class 2;
Table S6; Fig. 3). These corresponded to NOECs of 1 pg/L (21-d TWACs
of 0.46 pg/L), except for Euchlanis sp. that showed a NOEC of 0.1 pg/L
(21-d TWAGs of 0.05 pg/L). Macrocyclops adults showed a pronounced
short-term effect during the exposure period that was followed by re-
covery towards the end of the experiment (Effect class 3 A; Fig. 3), with a
NOEC of 1 pg/L (21-d TWACs of 0.46 pg/L), however it should be noted
that statistically significant differences between the highest treatment
level and the control were already present before to the application of

Table 1
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imidacloprid (Table 1). Some Rotifera taxa (Lecane bulla, Polyarthra
vulgaris, Ascomorpha sp. Anuraeopsis sp., Trichocerca sp.) showed
restricted population abundance increases in isolated sampling days
with calculated NOECs that ranged from <0.01 pg/L to 1 pg/L (21-
d TWACs of 0.007-0.46 pg/L; Effect class 2 or 4 A).

Cyclopoids have been shown to be amongst the most sensitive
freshwater zooplankton taxa to imidacloprid and other neonicotinoid
insecticides (Dimitri et al., 2021; Rico et al., 2018; Sumon et al., 2018).
In our study, the threshold concentration for the decline of nauplii (21-d
TWACs of 0.46 pg/L) was larger than that reported by Merga & Van den
Brink (2021) for the same stages, <0.06 pg/L (21-d TWAC), and Sumon
et al. (2018), 0.02 pg/L (21-d TWAC), in other tropical regions, and
slightly lower than that reported by Rico et al. (2018), 2.8 pg/L (21-d
TWAQC), for the Mediterranean region (Table 2). On the other hand, the
calculated NOEC for Macrocyclops sp. adults (21-d TWACs of 0.46 pg/L)
was in the order of magnitude of that reported by other studies per-
formed in (sub-)tropical (Sumon et al., 2018; 21-d TWAC 0.23 pg/L) or
Mediterranean regions (Rico et al., 2018; 21-d TWAC 0.52 pg/L), and an
order of magnitude lower than that reported for Cyclopoids in the
temperate region of Europe (21-d TWAC 3.6 pg/L; Ratte & Memmert,
2003). The effects found on Rotifera in this study pointed towards a high
sensitivity of this taxonomic group in the Amazon region, as shown in
other regions of the world (Sumon et al., 2018; Rico et al., 2018; Dimitri
et al.,, 2021; Merga & van den Brink, 2021). In addition, some
treatment-related increases occurring during or nearly after the imida-
cloprid application may be related to the grazing and competition
release created by the decrease of larger zooplankton (Macrocyclops sp.)

Population and community NOECs for zooplankton and macroinvertebrates. Only taxa in categories 1 and 2 are displayed together with their corresponding NOECs
(pg/L), and the MDD values between brackets (%). Arrows indicate a population abundance increase (1) or a decrease () related to the chemical treatment. > indicates
that there were no statistically significant effects, so that the NOEC should be higher than 10 pg/L; - indicates that the taxa were absent that sampling day; n.c. indicates
that the MDD could not be calculated due to the absence of individuals in the controls. Calculations done on day —7 refer to statistically significant differences prior to
the application of the test compound, and therefore should not be considered as true NOECs. *The RDA indicated non-significant effects.

Class/Order/Taxa Cat. Sampling days
-7 14 28 42 56 70
Zooplankton
Community > 10 1 1 1* >
COPEPODA
Cyclopoida
Macrocyclops sp 1 1(66) | 1(73) 1 1(86) | > 1(85) | >
Nauplii 1 > > 1(88) 1 > > >
CLADOCERA
Moina sp 1 1(93) ) > > 184 > >
ROTIFERA
Plationus 2 > > > > > >
Lecane bulla 2 > > > 0.1 (n.c)t > -
Polyarthra sp. 1 > > > > 1098) 1| >
Polyarthra vulgaris 2 - - - 1(.c)?t > <0.01 9D 1
Ascomorpha sp. 1 > 1(95)1 > > > >
Anuraeopsis sp. 2 - > <0.01 (n.c.) t > 010971 >
Trichocerca sp. 2 - > 1(.c)?t > > >
Euchlanis sp. 2 - - - > > 0.1(98) 1
Macroinvertebrates
Community > 1 1 1 1 0.1
INSECTA
Ephemeroptera
Baetidae/Callibaetis pictus. 1 > 1(69) | 1(69) | 1(70) | 1(68) | 0.1(88) |
Caenidae/Caenis sp. 2 > > 1(90) | > > >
Odonata
Libellulidae/Pantala flavescens 1 > > 1(85) 1 > > >
Diptera
Chironomidae/Chironomus sp. 1 > 1671 1791 > <0.01 (63) 1641
Culicidae 2 > 1097)1 > 181 > >
Trichoptera
Hydropsychidae/Diplectrona sp. > - - - - -
Hemiptera
Naucoridae 2 - <0.01 (84) | > - - -
GASTROPODA
Architaenioglossa
Ampullarriidae/Pomace sp. 2 > > 1097)) > > >
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Fig. 3. Abundance of selected zooplankton (Macrocyclops sp and Nauplii) and macroinvertebrate (C. pictus, Chironomus and Culicidae) taxa in the test mesocosms
over the course of the experiment. The x-axis (day) indicates the day relative to the first imidacloprid application.

as has been reported in other mesocosm experiments (e.g. Rico et al.,
2018). Overall, the direct and indirect effects on the zooplankton com-
munity in our study were found to be less severe and consistent over
time than those reported in previous investigations (Merga & van den
Brink, 2021; Sumon et al., 2018; Rico et al., 2018). This yielded to a
zooplankton community NOEC of 1 pg/L (21-d TWACs of 0.46 pg/L),
which is about an order of magnitude higher than that reported by
previous mesocosm studies in (sub-)tropical regions (Table 2).

3.4. Effects of imidacloprid on macroinvertebrates

The macroinvertebrate community comprised twenty-two taxa
including Ephemeroptera (Callibaetis pictus, Terpides sp., Thraulodes sp.,
Caenis sp), Plecoptera (Anacroneuria), Odonata (Pantala flavescens,
Sympetrum sp., Anax longipes, Gomphidae), Coleoptera (Pseudodisersus
sp., Heterelmis sp, Eubrianax sp.), Diptera (Chironomus sp., Podomus sp,
Culicidae), Trichoptera (Diplectrona sp.), Hemiptera (Notonectidae,
Naucoridae, Corixidae), Megaloptera (Corydalus sp.), Gastropoda

(Pomacea sp.), and Annelida (Hirudinea). The PRC analysis indicated
significant effects of imidacloprid on the macroinvertebrate community
(Monte Carlo p-value = 0.002; Fig. 4). The most sensitive species to the
imidacloprid treatment were C. pictus, Chironomus sp., and Culicidae,
with by values > 1.5. The results of the RDA on each sampling day
showed significant treatment-related effects on the macroinvertebrate
community in all sampling days after the first application (p-values
<0.05). The Williams test performed with the PCA sample scores of the
macroinvertebrate dataset resulted in a community NOEC of 1 pg/L
since the first application of the test compound until the last sampling
day, which was 0.1 pg/L (nominal concentrations).

The results of the Williams test and the taxa classification based on
their MDD are shown in Table 1. According to the results of the Williams
test, the ephemeropteran C. pictus showed a NOEC of 1 pg/L (21-
d TWAGCs of 0.46 pg/L) during and after the imidacloprid application
(Effect class 4 A) and 0.1 pg/L (21-d TWACs of 0.05 pg/L) on the last
sampling day (Effect class 2-4 A; Table S6). The magnitude of the effect
was severe in the highest test concentration, leading to extinction of this



Table 2

Summary of micro- and mesocosm experiments performed with imidacloprid worldwide. The table indicates the experimental conditions, and the response of the most sensitive/relevant zooplankton and macro-
invertebrate taxa together with their nominal and 21-d TWA NOECs. ND: no data.

Reference Cosm type Country Climate Experiment conditions Most sensitive taxon Nominal 21- Most sensitive Nominal 21-
, . NOEC d TWA community NOEC d TWA
Duration Applications Mean
NOEC NOEC
(@ (number and temperature
interval) (9]
Ratte & Pond Germany Temperate 182 ND ND Macroinvertebrates: 0.6 pg/L 0.23 pug/ ND ND ND
Memmert mesocosm Chironomidae/Baetidae L
(2003)
Colombo et al. Pond Germany Temperate 49 3 pulses (1 week) 19 Macroinvertebrate: 1.4 pg/L 0.4 nug/L ND ND ND
(2013) microcosm Caenis sp
Hayasaka Pond Japan Temperate 119 1 pulse ND Macroinvertebrates: 49 pg/L 1.4 pg/L ND ND ND
et al. (2012) mesocosm Chironomidae sp.
Mobhr et al. Stream Germany Temperate 70 3 pulses (1 week) 17 Macroinvertebrates: <12 pg/L <0.85 ND ND ND
(2012) mesocosm Tanypodinae/Baetis sp pg/L
Rico et al. Pond Spain Mediterranean 56 1 pulse 21 Macroinvertebrates: <0.2 pg/L <0.1 pg/ Macroinvertebrates 1 pg/L 0.52 pg/
(2018) mesocosm Chironomini/C. dipterum L L
Sumon et al. Pond Bangladesh ~ Subtropical 28 4 pulses (1 week) 28 Zooplankton: <0.03 pg/  <0.02 Zooplankton 0.03 pg/L 0.02 pg/
(2018) mesocosm Keratella sp./Polyarthra sp. L pg/L Macroinvertebrates L
Macroinvertebrate:
Cloeon sp.
Dimitri et al. Pond China Subtropical 56 4 pulses (1 week) 29 Zooplankton: Copepoda/ <0.03 pg/  <0.05 Zooplankton 0.03 pg/L 0.05 pg/
(2021) mesocosm Keratella tropica L pg/L Macroinvertebrates L
Merga & Van Pond Ethiopia Tropical 168 4 pulses (1 week) 19 Zooplankton: <0.01 pg/  <0.06 Zooplankton <0.01 pg/  <0.06
den Brink mesocosm Trichocerca sp/Polyarthra sp./ L pg/L L pg/L
(2021) Afrocycops sp/Nauplius.
Macroinvertebrates:
C. dipterum/C. horaria
This study Pond Ecuador Tropical 70 5 pulses (1 week) 25 Macroinvertebrates: 0.1 pg/L 0.05 pg/ Macroinvertebrates 0.1 pg/L 0.05 pg/
mesocosm C. pictus L L
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Fig. 4. Principal Response Curve (PRC) showing the effects of imidacloprid on the macroinvertebrate community throughout the experimental period. Differences
between the treated macroinvertebrate community and the control group at various sampling dates are indicated by the sample weights (Cdt). The species weight
(bk) reflects the affinity of each taxon with the PRC. Taxa with bk values between 0.1 and —0.1 are not shown. Of all variance 22 % could be attributed to sampling
day and 44 % to the imidacloprid treatment, out of which 61 % is displayed in the first PRC (Monte Carlo p-value = 0.002).

species in the mesocosms, and was milder in the 1 pg/L treatment
(Fig. 3). Other taxa that showed a significant population decline were
Caenis sp., P. flavescens, Chironomus sp., Culicidae, Naucoridae, and
Pomacea sp. All showed a NOEC of 1 pg/L (21-d TWACs of 0.46 pug/L) in
an isolated sampling day (Effect class 2) except for Chironomus sp.,
which showed consistent treatment-related effects during the weeks of
the imidacloprid application (Effect class 3: Fig. 3), and Naucoridae,
which showed short-term effects occurring only in one sampling in all
test concentrations (21-d TWACs <0.007 pg/L). Significant abundance
increases were generally not found, except for Chironomus sp., which
showed a treatment-related increase in the last two sampling days
(Table 1).

This is the first study that evaluates the effects of imidacloprid on
aquatic insect taxa of the Amazonian region. The high sensitivity of the
ephemeropteran C. pictus (NOEC: 21-d TWACs of 0.05 pg/L) is in line
with previous experiments testing the long-term effects of imidacloprid
on other Ephemeroptera taxa such as Caenis horaria and Cloeon dipterum
(<0.06 pg/L; Merga & Van den Brink, 2021), C. dipterum (<0.1 pg/L;
Rico et al., 2018) or Cloeon sp. (<0.02 pg/L; Sumon et al., 2018) in
freshwater mesocosms of the Mediterranean and (sub-)tropical region
(Table 2). Imidacloprid generally influences the development of
Ephemeroptera larvae, reducing head and thorax length, and reducing
emergence capacity (Alexander et al., 2008; Raby et al., 2018a). In our
experiment, the highest effect occurred on the last sampling day, sug-
gesting that there was a delayed effect on the development of the eggs
and juveniles that hatched during the exposure period.

The threshold concentration for Chironomus sp. and Culicidae
derived from this study is very similar to that provided by Ratte and
Memmert (2003) for Chironomidae in the temperate region, and Sumon
et al. (2018) in sub-tropical Bangladesh but is slightly higher than the
long-term NOECs provided by Merga & van den Brink (2021) and Rico

et al. (2018) for both taxa in Ethiopia and in Spain, respectively. The
Diptera order contains a large number of species with different
morphological and physiological characteristics, which influence the
recorded response for this taxonomic group, besides differences in
environmental conditions among experiments. Montano-Campaz et al.
(2023) demonstrated that sublethal exposures to imidacloprid (1.38
pg/L) can modify adaptive responses, such as emergence, wing shape,
and reproduction, in males and females of Chironomus columbiensis,
being slightly more toxic for males. On the other hand, the study by Raby
et al. (2018b) revealed that acute sublethal (0.24 pg/L) exposures
affected both genders of Chironomus dilutus similarly, leading to addi-
tional effects like altered wing asymmetries, lighter adult females, and
reduced fecundity rates. Our experiment shows that despite their high
sensitivity, Diptera can recover relatively fast once imidacloprid has
dissipated from the exposure medium (within 35 days from the last
imidacloprid application). Most aquatic Diptera have a multivoltine or
bivoltine life cycle, which contributes to external colonization from
uncontaminated sources and fast recovery (Gergs et al., 2016). In our
experiment, Chironomus sp. showed a treatment-related increase in the
last sampling day, potentially due to the release of intra-specific
competition.

The Caenidae family has been found to be very sensitive to imida-
cloprid and other neonicotinoid insecticides (Raby et al., 2018a; Roes-
sink et al., 2013). In this experiment a clear dose-response was identified
during the imidacloprid application period. However, the population
abundance in the mesocosm was relatively variable, so that the effects
could not be clearly determined in the following weeks. Clear
dose-response effects were also observed on day 28 for the Odonata P.
flavescens, which are similar to those reported by Rico et al. (2018) for
other Odonata larvae. However, these effects could also be partly related
to the decrease of the aquatic larvae of Chironomidae and Culicidae,
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which constitute the base diet for many predatory invertebrates (Jinguji
et al., 2013).

3.5. Sensitivity differences across biogeographic regions

Imidacloprid is one of the most used, but also most researched in-
secticides worldwide. Including this study, imidacloprid has been tested
in freshwater mesocosms of 4 different continents, and on aquatic or-
ganisms representative of three different climatic zones (i.e., temperate,
Mediterranean, and sub-tropical), which are summarized in Table 2.
Some important conclusions can be drawn from these experiments. First,
the experiments show the most sensitive taxa in all these continents
belongs to the same zooplankton (Cyclopoida, some Rotifers) and
macroinvertebrate (Ephemeroptera, Diptera) groups, indicating that the
relative sensitivity of aquatic organisms to a common toxicant is very
similar across continents and biogeographic regions. Second, it confirms
that aquatic organisms from tropical regions show a high sensitivity to
imidacloprid. Sensitivity differences, based on the abundance decline of
the most sensitive population, for mesocosm experiments performed in
the temperate and tropical regions, vary up to one order of magnitude
(<0.03-0.23 pg/L, Table 2). As pointed out earlier, one of the main
factors that influences the sensitivity of aquatic organisms to imidaclo-
prid under different latitudes may be water temperature. Laboratory and
semi-field studies performed in temperate regions (Colombo et al., 2013;
Hayasaka et al., 2012; Ratte & Memmert, 2003; Roessink et al., 2013)
had mean water temperatures that were between 5 and 10 °C lower than
those in subtropical countries of Asia (Dimitri et al., 2021; Sumon et al.,
2018), Africa (Merga & Van den Brink, 2021) and in tropical Ecuador
(current study; Table 2). Few studies performed with crustaceans and
aquatic insects, including Ephemeroptera larvae, show that temperature
enhances toxicity of imidacloprid by enhancing its uptake and
biotransformation (Camp & Buchwalter, 2016; Macaulay et al., 2020),
potentially resulting in a higher production of the more toxic metabolite
(Huang et al., 2023). In this sense, the studies performed in sub-tropical
regions of Africa and Asia and the current one have provided similar
chronic toxicity thresholds for sensitive aquatic populations and com-
munities (21-d TWACs <0.02-0.05 pg/L), although in the current study
the effects on the most sensitive population was found to be less severe
than those reported by Sumon et al. (2018) and Merga & Van den Brink
(2021). It should be noted that the exposure profile was different among
studies (with faster dissipation in the current study), and that the most
sensitive Ephemeroptera taxa in these experiments belong to different
genera, which may have slightly different sensitivities to the test
compound.

3.6. Risks for tropical freshwater ecosystems of Latin America

Imidacloprid has been widely used in Latin America and has gener-
ated significant controversy due to its potential environmental side-
effects. Several studies conducted in countries such as Argentina,
Chile, Brazil, Ecuador, Mexico, and Costa Rica have reported maximum
imidacloprid concentrations in surface waters that range from 0.05 pg/L
to 3 ug/L (Table S7). Based on the results of this study, and the outcomes
of other studies performed in other sub-tropical regions, a long-term
quality standard of 0.02 ug/L may be recommended for assessing the
effects of this compound in the Amazonian region and in other tropical
regions of Latin America. This corresponds to the lowest population and
community NOEC (21-d TWAC of 0.05 pg/L) calculated in this study
divided by an assessment factor of 3, which accounts for possible dif-
ferences in species composition between those tested in the current
experiment and the wide range of species inhabiting freshwater eco-
systems of Latin America. According to the existing information we may
conclude that the current emission of imidacloprid to freshwater eco-
systems (e.g. due to several spray-drift or runoff events) poses long-term
risks for some aquatic insects and zooplankton taxa in many locations of
Latin America. Therefore, it is imperative that Ecuador and other Latin
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American consider the implementation of measures to restrict or ban the
use of imidacloprid for agricultural purposes due to its potential risk for
freshwater ecosystems.

4. Conclusions

This is the first study that assessed the effects of imidacloprid on
aquatic invertebrate communities of tropical regions of Latin America.
The study shows that the sensitivity of aquatic populations is similar to
that reported in other sub-tropical regions of the world and higher than
that reported in temperate regions. We identified Ephemeroptera as
highly sensitive to this compound, and we have proposed a long-term
water quality standard of 0.02 pg/L. Furthermore, we show that expo-
sure levels of imidacloprid in the Ecuadorian Amazon and in other
tropical ecosystems of Latin America are expected to produce long-term
risks for aquatic organisms, suggesting that measures to restrict or ban
the use of this compound for agricultural purposes should be urgently
implemented.
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