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Imidacloprid is one of the most used neonicotinoid insecticides all over the world and is considered as a
contaminant of concern due to its high toxicity potential to aquatic organisms. However, the majority of the
studies that have evaluated the effects of imidacloprid on aquatic organisms were conducted under temperate
conditions. In the present study, a mesocosm experiment was conducted under sub-tropical conditions to assess
the effects of imidacloprid on the structure (macroinvertebrates, zooplankton and phytoplankton) and functional
endpoints of an aquatic ecosystem and to compare the results with similar temperate and (sub-)tropical meso
cosm studies. Imidacloprid (0, 0.03, 0.3 and 3 µg/L) was applied to 13 mesocosms weekly over a period of 4
weeks, followed by a one month recovery period. At the community level a lowest NOECcommunity of 0.03 µg/L
was calculated for the zooplankton, phytoplankton and macroinvertebrate communities. The highest sensitivity
to imidacloprid (NOEC < 0.03 µg/L) were observed for Gerris sp., Diaptomus sp. and Brachionus quadridentatus.
Imidacloprid induced population declines of the larger zooplankton species (Diaptomus sp. and Ostracoda)
resulted in increased rotifer abundances and shifted the phytoplankton community to a graze resistant gelatinous
cyanobacteria dominated ecosystem. These cyanobacteria blooms occurred at all different concentrations and
could pose an important public health and environmental concern. Although there are some differences in
species and community sensitivity between the present and the other (sub-)topical mesocosm studies, it can be
observed that all show a similar general community response to imidacloprid. Under (sub-)tropical conditions,
the toxic effects of imidacloprid occur at lower concentrations than found for temperate ecosystems.

1. Introduction
At present, China is one of the largest producer and consumer of
pesticides in the world (Grung et al., 2015). As with many countries in
transition, this is partly due to the government’s policy to increase
agricultural yields (Grung et al., 2015). However, this extensive use of
pesticides can lead to high levels of pesticide residues in the environ
ment. The Pearl River Delta in South China, for example, has been
identified as one of the areas in China that has been highly contaminated
with pesticides (Gao et al., 2009; Li et al., 2014; Zhang et al., 2019).
Imidacloprid is the most commonly used neonicotinoid insecticide,
which was developed in the 1990s and is, at present, registered in more

than 120 countries (Jeschke and Nauen, 2008; Morrissey, 2015; Wan
et al., 2018). One of the great advantages of neonicotinoid insecticides is
that they act very selectively on the insect central nervous system
(post-synaptic nicotinic acetylcholine receptors) (Bai et al., 1991).
Additionally, since imidacloprid is transported rapidly throughout the
plant tissue, it provides adequate crop protection from pest insects like
aphids, whiteflies and leafhoppers (Blacquière et al., 2012; Sur and
Stork, 2003). However, several studies have shown that the use of
neonicotinoid insecticides, such as imidacloprid, is a key factor for the
declining biodiversity of non-target terrestrial insects within the envi
ronment (Blacquière et al., 2012; Nakanishi et al., 2018; Thunnissen
et al., 2020). The adverse effects imidacloprid has on terrestrial
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pollinators such as honey bees and bumble bees are of particular concern
since they are essential for providing the pollination ecosystem services
in agriculture (Blacquière et al., 2012). This is one of the main reasons
why imidacloprid is banned for outdoor agricultural applications in
Europe (European commission, 2018c).
Since imidacloprid is highly soluble in water, there is a high possi
bility of it entering aquatic ecosystems through runoff and thus poten
tially may pose risks to non-target aquatic organisms (Armbrust and
Peeler, 2002; Bonmatin et al., 2015; Smit et al., 2015). Imidacloprid is
photolytic so its aquatic concentrations are mainly reduced by high
levels of UV light and temperature, and to a lesser extent by sorption to
the sediment (Bonmatin et al., 2015; Lu et al., 2015). Imidacloprid
concentrations in surface waters range between 0.001 to 320 µg/L
worldwide (Morrissey et al., 2015; Van Dijk et al., 2013). For example,
Zhang et al. (2019) found that imidacloprid concentrations ranged from
0.001 to 0.162 µg/L (0.03 µg/L on average) in the surface water of the
Pearl River (China).
Aquatic life stages of insects such as mayflies are known to be highly
sensitive to imidacloprid exposure and these toxic effects often exert
throughout the whole aquatic community (Colombo et al., 2013;
Colombo and Mohr, 2013; Kobashi et al., 2017; Pereira et al., 2017; Rico
et al., 2018; Roessink et al., 2013; Sánchez-Bayo and Goka, 2006;
Sumon et al., 2018) Additionally, it has been shown that the toxicity of
imidacloprid increases with increasing temperature (Camp and Buch
walter, 2016; Macaulay et al., 2020; Van den Brink et al., 2016). Mac
aulay et al., 2020 for example, reported that at 12.5 µg/L the
imidacloprid toxicity effects on Coloburiscus humeralis immobility
increased from 0 % at 9◦ C, to 25 % at 12◦ C and 100 % at 15◦ C, while
Van den Brink et al. (2016) reported a lowering of the 96h-EC50 value of
Cloeon dipterum by a factor of 1.7 when the temperature increased from
10 to 18◦ C. Additionally, Sumon et al. (2018) reported a 96h-EC50 of
0.0055 µg/L for Cloeon sp. tested at a temperature of 27.4◦ C, while a
96h-EC50 of 1 µg/L is reported for a Dutch summer generation tested at
18◦ C (Roessink et al., 2013). One should note that different populations,
and possibly also species, were tested in the latter experiment. A part of
the explanation of the increase in sensitivity with increasing tempera
ture could be that at higher temperatures the uptake rate of imidacloprid
in aquatic invertebrates increases (Camp and Buchwalter, 2016). Camp
and Buchwalter (2016), for example, found that the imidacloprid tissue
concentration for Neocloeon triangulifer at 25◦ C after 72h exposure were
about twofold the tissue concentrations found at 15◦ C. Therefore, it has
been hypothesized that under (sub-)tropic conditions the effects of
imidacloprid are more severe than under temperate regional conditions.
However, the majority of the laboratorial studies and cosm experiments
that investigated the effects of imidacloprid on aquatic organisms were
conducted under temperate conditions (Colombo et al., 2013; Morrissey
et al., 2015; Pestana et al., 2009; Roessink et al., 2013; Van den Brink
et al., 2016). To date there is only one Mediterranean (Rico et al., 2018),
one sub-tropical (Sumon et al., 2018) and one tropical (Merga, 2021)
study conducted to investigate the effects of imidacloprid on freshwater
aquatic ecosystems. The authors of the latter studies all demonstrated
that the effects of imidacloprid under (sub-)tropical conditions were
more severe compared to those observed in similar experiments con
ducted under temperate conditions. These results may indicate the
importance of temperature differences across the different biogeo
graphical regions which may affect the sensitivity of freshwater aquatic
ecosystems to imidacloprid.
The (sub-)tropical imidacloprid mesocosm studies were conducted in
Bangladesh (Sumon et al., 2018) and Ethiopia (Merga, 2021) and shared
a very similar experimental design. In the present study, a mesocosm
experiment was conducted in South China (sub-tropics) with a design
that was slightly adapted from Sumon et al. (2018). This provides an
unique opportunity to compare imidacloprid sensitivity results across
different continents and biogeographical regions and the associated
differences in species composition. The objectives of the present study
were three-fold: (1) to assess the effects of imidacloprid on the structural

and functional endpoints of an aquatic ecosystem (macroinvertebrates,
zooplankton, phytoplankton and physicochemical parameters) located
in South China (sub-tropics); (2) to compare our imidacloprid sensitivity
results at the community level with others performed under sub-tropical
and tropical conditions; and (3) to assess the possible recovery time of
sub-tropical aquatic communities after imidacloprid exposure. This was
assessed by prolonging the original post exposure period of Sumon et al.
(2018) by one month.
2. Materials and Methods
2.1. Test systems and experimental design
For the present study thirteen outdoor mesocosms were installed at
the South China Normal University Environmental Research Institute
(SERI, Guangzhou, China). Each mesocosm consisted of a PVC tank
(diameter: 122 cm; height: 79 cm; max water volume: 800L) and the
experimental area was roofed by a plastic tent. These tents were
completely open sideways and were placed high enough not to block the
majority of the sunlight nor to interfere with the migration of flying
insects between the systems (Fig. S1). This roofing was crucial to prevent
excessive rainfall during the experimental period. The experiment was
conducted from July to October 2020. The mesocosms were initially
filled with 600 L tap water and 4.5 cm of sediment (collected from un
contaminated nearby ponds). An aeration system was installed above
each mesocosm to provide a soft constant water current. After an
aeration period of one week (allowing dissipation of possible chloride
residues) the mesocosms were inoculated with plankton and macro
invertebrates from several nearby ponds. These selected ponds were
uncontaminated, quite biodiverse and a good representation of the local
aquatic communities. An equal number of each species (counted) of
macroinvertebrates was distributed into each mesocosm together with
an equal volume of a concentrated and mixed phyto- and zooplankton
community. Before the start of the experiment the aquatic communities
were allowed to develop for a period of six weeks. During this pretreatment period, 20% of the water of each mesocosm was taken out
once a week and mixed in a central tank and exchanged randomly to
ensure adequate mixing and similar start conditions in all test systems.
Every two weeks nutrients (KH2PO4: 0.18 mg/L phosphorus; CH4N2O:
1.4 mg/L nitrogen) were added to the mesocosm to stimulate phyto
plankton growth. The nutrient additions were based on the experimental
design of Sumon et al. (2018). Once a week the water levels of each
mesocosm was adjusted to approximately 600 L by adding additional tap
water (aerated for 1 week and 0.4 µm filtered prior to adding), in case of
water loss due to evaporation.
After the pre-treatment period, the mesocosms were exposed to four
weekly imidacloprid dosing events. This was done to emulate long term,
and fluctuating imidacloprid exposure conditions that could occur in
aquatic ecosystems in agricultural areas, for instance due to application
on different agricultural fields and run-off events after heavy rainfall.
The experimental design consisted of three different imidacloprid
treatments (0.03, 0.3 and 3 µg/L) with three replicas each and four
untreated controls. The initial imidacloprid exposure concentrations
were based on the experiment conducted by Sumon et al. (2018), who
based their lowest concentration (0.03 µg/L) on the 28d-EC10 value of
imidacloprid for Cloeon dipterum in the Netherlands (Roessink et al.,
2013).
2.2. Imidacloprid application and analyses
After the pre-treatment period, imidacloprid applications were per
formed on days 0, 7, 14 and 21. Stock solutions of 1 L were prepared for
each treatment by dissolving the weighted amount of imidacloprid
powder (99.8% pure) to Mili-Q water. Additionally, the mesocosms that
served as controls were spiked with 1 L of pure Mili-Q water. To facili
tate a rapid homogenisation of the imidacloprid over the whole water
2
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phase the mesocosms were stirred with a stick right after spiking.
After the first pesticide application, 10 mL depth-integrated (by PVC
tube) water samples were taken after 1, 24 and 48h of application from
each mesocosm. In case of the second, third and fourth applications
additional 10 ml samples were taken just before the new dosing and at
least 1h after the dosing. All the samples were immediately preserved in
the freezer (-20◦ C) until analysis. An Agilent 6495 triple quadrupole
mass spectrometer equipped with an Agilent 1695 series ultrahighperformance liquid chromatograph was used to analyse the imidaclo
prid concentrations as described by Lei et al. (2021). The limit of
detection (LOD) and the limit of quantification (LOQ) in the present
study were 0.003 and 0.01 µg/L, respectively.

9, 16, 23, 30, 44 and 58 to monitor the chlorophyll-a concentrations of
the phytoplankton. Chlorophyll-a concentrations were determined
based on APHA, American Public Health Association, 2005.
2.5. Community metabolism and general chemical properties of the water
Measurements for pH, dissolved oxygen (DO) and temperature were
performed twice a week at mid-water depth, in the morning (at the start
of the photoperiod) and evening (1h before the end of the photoperiod),
starting 5 days before the first application by using a WTW multimeter.
The measured DO values were used to estimate the net primary pro
duction (DOnet: DOevening day x - DOmorning day x). Additionally, once a
week conductivity was measured using a multimeter.
Additional depth-integrated water samples (0.5 L) were collected on
days -5, 2, 9, 23, 44 and 58 for nutrient analysis (Soluble reactive
phosphorus [SRP], ammonium, nitrate and nitrate) and at each day of
biological sampling for dissolved organic carbon (DOC) analysis. Stan
dard colorimetry methods (APHA, American Public Health Association,
2005) were used to analyse the nutrient concentrations and the DOC
concentrations were measured with a Shimadzu TOC-L analyser equip
ped with an ASI-µl autosampler.

2.3. Macroinvertebrates
Twenty one days before the first sampling, two pebble baskets
(height: 30 cm; diameter: 20 cm) were placed on the sediment surface in
every mesocosm. Macroinvertebrates were sampled on days -5, 2, 9, 16,
23, 30, 44 and 58 relative to the first application. The macroinvertebrate
community was assessed using three different methods. Firstly, all in
sects (e.g. Gerris sp.) occurring at the surface of each mesocosm were
visually identified and counted. Secondly, one of the two pebble baskets
was carefully retrieved from each mesocosm ensuring a minimum
colonisation period of 2 weeks. The stones from the basked were care
fully cleaned from all animals and the basket was returned to the mes
ocosm after cleaning. Thirdly, a pelagic net (mesh size: 0.5 mm) was
used to catch the swimming animals and the ones resting on the meso
cosm walls of half the mesocosm (every week another side was chosen).
All the macroinvertebrates acquired from the second and third method
were pooled together, identified, counted and later returned unharmed
to the original mesocosm.

2.6. Data analysis
As the time-weighted average concentrations based on measured
concentrations (see results section) were in the same range as the
nominal concentrations, we used the nominal concentrations in the
statistical analyses and figures of the results. Before univariate and
multivariate analyses were performed, the biological data were ln
(Ax+1) transformed where x is abundance value. This was done to
down-weight high abundance values and to approximate a log-normal
distribution of the data. The A used for each data set was 0.0043, 10
and 2 for the phytoplankton, zooplankton and macroinvertebrates data
sets, respectively (see Van den Brink et al., 2000 for rationale to deter
mine the A for each data set). To assess the effect of imidacloprid at the
parameter or taxon level, No Observed Effect Concentrations (NOECs) (p
≤ 0.05) were calculated by the Williams test (analysis of variance) using
the Community Analysis software (Hommen et al., 1994; Williams,
1972). This test assumes an increasing effect with increasing dose.
NOECs were considered consistent when they showed statistically sig
nificant deviations in the same direction (decrease or increase compared
to the control) for at least 2 consecutive sampling dates.
The Principal Response Curves method (PRC) (Van den Brink and Ter
Braak, 1999) was used to analyse and illustrate the effects of the imi
dacloprid treatments on the plankton and macroinvertebrate commu
nity compositions and was performed by using CANOCO 5.12 (Ter Braak
and Smilauer 2018). The PRC diagram shows the differences in species
composition between the treatments and the control over time. The
statistical significance of the treatments on the species compositions
were assessed by performing a Monte Carlo permutation test using
redundancy analysis (RDA). The Monte Carlo permutation test
computed the significance of the PRC diagram in terms of displayed
treatment variance, by using an F-type test statistically based on the
eigenvalue of the component (Van den Brink and Ter Braak, 1999). This
test was conducted for each sampling day, using the ln-transformed
nominal treatment factor as the explanatory variables, to assess the
significance of the treatment effects for each sample date. In case of a
significant relationship between the treatment and the species compo
sition, the treatment levels that differed significantly from the controls
were determined to derive NOECs at the community level (NOECcom
munity). The NOECcommunity were calculated by applying the Williams test
(Van den Brink et al., 1996) on the PCA sample scores resulting from a
PCA analysis performed for each sampling date separately.

2.4. Zooplankton, phytoplankton and periphyton
Plankton samples (zooplankton and phytoplankton) were taken on
days -1, 2, 9, 16, 23, 30, 44 and 58. Prior to every sampling, each of the
mesocosms was visually assessed (presence/absence) for possible cya
nobacteria or filamentous macroalgae blooms (See Fig. S2 for reference
pictures). Additionally, a series of random depth-integrated (Perspex
tube: length 0.4 m; volume: 0.8 L) subsamples were collected from each
mesocosm and pooled into two 5 L samples and filtered separately
through either a zooplankton net (mesh size 55 µm) or a phytoplankton
net (mesh size 20 µm; Hydrobios). After filtering, the remaining water
was returned to the mesocosm. Lugol was used to preserve the collected
plankton samples.
An inverted microscope (Nikon model Eclipse Ts2R) was used to
identify the plankton to the lowest practical taxonomic level. All macrozooplankton (i.e. Cladocera, adult and copepodite stadia of Copepoda
and Ostracoda) individuals present in the 5 L sample were identified and
counted. Copepoda were only classified as Cyclopoida, Calanoida (Dia
ptomus sp.) and nauplii. Abundances of micro-zooplankton (i.e. Rotifera,
nauplii and Chaetonotus sp.) and phytoplankton were determined by
identifying and counting all individuals present in a subsample of a
known volume and the counts were recalculated to abundance per litre.
For every subsample at least 400 individuals were counted and identi
fied along longitudinal transects according to Utermöhl et al. (1958).
Colonies of algae were counted as individuals.
The possible effect of imidacloprid on the chlorophyll-a content of
the primary producers was assessed by using two different methods.
Firstly, 7 days before the first application four sets of 3 microscopic glass
slides (7.5 cm x 2.5 cm) were placed in a rack 30 cm below the water
surface for periphyton colonisation. Periphyton samples were taken on
days 2, 16, 30 and 58 relative to the first application. At each sampling,
one series of slides was scraped clean using a toothbrush and the algae
were transferred to a glass container with 0.25 L tap water. Additional
water samples (0.5 L) were collected from each mesocosm on days -1, 2,
3
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3. Results and Discussion

PRC analysis of the macroinvertebrates showed a significant overall
treatment related effect (Monte Carlo test p-value = 0.04) and a sub
stantial (40%), but not significant (p = 0.08), part of the treatment
variance is displayed in the first PRC (Fig. 3). The results of the Monte
Carlo permutation tests per sampling day showed a significant treatment
effect between day 2 and 30. However, only for day 2 and 30 a NOEC
community of 0.03 µg/L could be calculated and thus no consistent
NOECcommunity (Fig. 3 and Table 1) was calculated. A similar lowest
NOECcommunity was calculated for two other (sub-)tropical mesocosm
studies (Sumon et al., 2018: 0.03 µg/L; Merga, 2021: <0.01 µg/L)
(Table 2). After 44 days (23 days after the last treatment) and onwards
no significant treatment effects were observed at the community level
which indicates possible recovery. However, insect macroinvertebrate
taxa such as Zygoptera sp. (Fig. S3A), Cloeon sp. and Macromia sp., who
only have a nymph stage within aquatic environments, occurred in low
abundances and gradually disappeared from all mesocosms (Table 1 and
Table S2 and 5). Additionally, these taxa only showed very limited
recolonisation which could have hampered the assessment of the re
covery of these taxa (Table 2).
The oligochaete Dero digitata, the mollusc Hippeutis cantori, the flat
worm Mesostoma sp. and the water strider Gerris sp. had a positive
weight (species weight, bk) in the PRC diagram, indicating that their
abundances decreased due to the imidacloprid treatments (Fig. 3). Most
Mollusca taxa (Melanoides tuberculate, Bellamya purificata and Physa
acuta) had a negative weight, implying an increase in abundance in the
imidacloprid treatments. Table 1 provides a list of all the taxa for which
a consistent NOEC was calculated, while Table S3 provides a complete
list of the calculated NOECs of all observed taxa throughout this study.
In total 5 macroinvertebrate taxa were consistently adversely affected
by the imidacloprid treatments (Table 1). Of these taxa Gerris sp. (NOEC
≤ 0.03) (Fig. S3B) and Hippeutis cantori (NOEC = 0.03 µg/L) were most
adversely affected. Gerris sp. is a semi-aquatic insect that strides on the
water surface that has been shown to be sensitive to imidacloprid in an
Ethiopian (Merga, 2021) (28d NOEC < 0.01 µg/L) and Bangladeshian
(Sumon et al., 2018) mesocosm study (16d NOEC = 0.03 µg/L). Most
studies have shown that the majority of the Mollusca species are rela
tively insensitive to imidacloprid exposure (Colombo et al., 2013; Per
eira et al., 2017; Rico et al., 2018; Sumon et al., 2018). However, this is
not the case for all Mollusca species. For example, single species tests
(EC10growth: 15.4 µg/L; LC10: 45.7 µg/L) (Prosser et al., 2016) and a
mesocosm study (NOEC: 0.1 µg/L) (Merga, 2021) have shown the
adverse effects of imidacloprid on taxa belonging to the Mollusca group
Planorbidae. Additionally, it has been shown that the Planorbid Snail
Biomphalaria glabrata has nicotinic acetylcholine receptors which play
important neurophysiological roles and could make them susceptible to
the neonicotinoid insecticide such as imidacloprid (Saur et al., 2012).
These results could indicate that the adverse effects observed in the
present study on the abundance of H. cantori (Fig. 4A), which also

3.1. Imidacloprid concentrations
During the first 21 days of the experiment the time-weighted average
imidacloprid concentrations in the lowest, second highest and highest
treatments were on average 0.029 (± 0.0028), 0.21 (± 0.051) and 2.6 (±
0.36) µg/L, respectively, with peak concentrations after the last appli
cation of 0.067 (± 0.012), 0.51 (± 0.041) and 5.5 (± 0.64) µg/L,
respectively (Fig. 1 and Table S1). These higher concentrations on day
21 are due to the observed imidacloprid build-up after the subsequent
applications. For example, in the highest treatment, 110% of the nom
inal concentration was measured 1 hour after the first application while
183% was present 1 hour after the fourth application (Fig. 1 and
Table S1). In aquatic environments, the dominant factors affecting the
dissipation of imidacloprid are photolysis and temperature, and to a
lesser extent sorption to the sediment (Bonmatin et al., 2015; Lu et al.,
2015). Therefore, it has been hypothesised that under (sub-)tropic
conditions (high light intensity and high temperature) dissipation of
imidacloprid will be fast (Sanchez-Bayo and Hyne, 2011). For example,
a pond microcosm (Colombo et al., 2013) and several rice paddy
(Kobashi et al., 2017; Pereira et al., 2017; Sánchez-Bayo and Goka,
2006) studies that were conducted under a high light intensity showed
short DT50 (half-lives time) values of imidacloprid, ranging between 1
and 4 days. However, Sumon et al. (2018) observed that after 7 days
about 50% of the imidacloprid dissipated from the water phase in an
outdoor mesocosm study conducted in Bangladesh. This can probably be
explained by a lower light intensity reaching the water column due to
the use of a plastic roofing and Lemna minor shading (on average
covering 75% of the water surface) (Sumon et al., 2018). In the present
study the imidacloprid dissipation rate in the water phase varied be
tween weeks. During the first, second and third week of the experiment
the average concentration loss of all the treatments relative to the
nominal were 41%, 60% and 21%, respectively (Fig. 1 and Table S1).
These differences are probably related to changes in light intensity due
to differences in weather conditions (long periods of heavy rain and
limited sunlight compared to long periods of clear skies) and to cyano
bacteria blooms which increased in intensity throughout the experiment
(Fig. 2). The shading effect of filamentous algae and rooted macrophytes
were also reported as one of the main effects explaining the relatively
high DT50 (10 days) in a Mediterranean imidacloprid mesocosm study
(Rico et al., 2018).
3.2. Macroinvertebrates
A total of twenty-two macroinvertebrate taxa were identified in this
study. These taxa belonged to Insecta (11 taxa), Mollusca (7 taxa),
Annelida (2 taxa), Turbellaria (1 taxon) and Arachnids (1 taxon). The

Fig. 1. Measured dissolved imidacloprid concentrations (µg/L) before and after (repeated) application. Error bars indicate standard deviation.
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Fig. 2. Percentages of mesocosms in which cyanobacteria blooms were visually observed for each imidacloprid treatment throughout the experiment.
Fig. 3. Principal response curve (PRC), resulting from the
analysis of the macroinvertebrate data, indicating the effects of
the different imidacloprid treatments. The vertical axis repre
sents the differences in community structure of the treatments
compared to the controls expressed as regression coefficients
(Cdt). The affinity of a taxon to the PRC is expressed as the
species weight (bk). Only taxa with bk values above 0.3 or
below -0.3 are displayed. *: significant difference in commu
nity structure from the control (p < 0.05, Monte Carlo per
mutation test). Calculated Monte Carlo permutation test p
values are plotted above the figures. Of all variance, 35% could
be attributed to sampling day and 21% percent of all variance
could be attributed to treatment.

belongs to the Planorbidae family, are the result of a direct treatment
effect. The Mollusca taxa B. purificata (Viviparidae family) and
M. tuberculate (Thiaridae family) probably indirectly benefited from the
adverse effect imidacloprid had on e.g. H. cantori, which could explain
the observed consistent positive effect till the end of the experiment
(Table 1 and Fig. 5) (Fleeger et al., 2003). Fig. 5 illustrates a schematic
overview of the observed effect chain of the imidacloprid treatments on
the ecosystem structure of the mesocosms. At the highest imidacloprid
treatment, the abundances of D. digitata (Fig. 4B) and Mesostoma sp.
(Fig. S3C) were consistently lower in comparison to the controls
(Table 1). Nematoda like D. digitata have an important role in nutrient
recycling (Brönmark and Hansson, 2005) and Mesostoma are known to
have a large effect on the zooplankton community via predation (De
Roeck et al., 2005; Van de Perre et al., 2016) and, thus, indirectly on the
phytoplankton community. For both species the effects are observed
within 9 days, which suggest direct effects since indirect effects often
need longer times for expression, especially for macroinvertebrates
(Fleeger et al., 2003). Additionally, in case of Mesosoma sp. it can be
speculated that it is a direct imidacloprid effect since its main food
source (Cladocerans) was unaffected by the imidacloprid treatments
(Fig. 6 and Table 1). Additionally, Hua et al. (2015) observed that
imidacloprid (0.24 µg/L) caused higher cercariae mortality of the
trematode Echinoparyphium sp. within its snail host (Hua et al., 2015),
which illustrates the direct adverse effect imidacloprid can have on
flatworms.

3.3. Zooplankton
In the present study a total of forty-five different zooplankton taxa
were identified belonging to the Rotifera (25 taxa), Cladocera (14 taxa),
Copepoda (2 taxa), Ostracoda (2 taxa) and Testate amoebae (2 taxa).
The PRC showed a significant overall treatment related effect for the
zooplankton community (Monte Carlo p-value = 0.01) (Fig. 6), with a
calculated consistent NOECcommunity of 0.03 µg/L (Table 1). The
consistent NOECcommunity from our study is a factor 10 lower than the
one reported by Sumon et al (2018) but higher than observed by Merga
(2020) (NOECcommunity ≤ 0.01 µg/L). This can possibly be explained by
the fact that the aquatic community in the Merga (2020) experiment did
not include Cladocerans, which are known to be insensitive to the
concentrations used in this experiment (Anderson et al., 2015; Pereira
et al., 2017; Rico et al., 2018; Sánchez-Bayo and Goka, 2006). Inter
estingly, for all three (sub-)tropical mesocosm studies the lowest
NOECcommunities were all observed after the last imidacloprid applica
tion, illustrating the importance of evaluating chronic exposure in case
of imidacloprid (Table 2). The zooplankton community did not recover
completely after 58 days (37 days after the last application) which was
in line with Merga (2021) who observed complete zooplankton com
munity recovery only 65 days after the last imidacloprid application
(Table 2). The species weights (bk scores) indicated that several taxa
belonging to Ostracoda (sp.1 and sp.2), Keratella spp. (Keratella tropica
and K. quadrata), Brachionus spp. (Brachionus forficula and
B. quadridentatus) and Sididae sp. were most adversely affected by the
imidacloprid treatments (Fig. 6; Table 1). Conversely, the species
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Table 1
No-observed-effect concentrations (NOECs) (Williams test, p < 0.05) per sampling date for the different macroinvertebrate, zooplankton, phytoplankton, community
metabolism and chemistry endpoints. NOECS are in µg/L. Only species or parameters that could be used to calculate a consistent NOEC are represented here. ↓=
decrease; ↑= increase. A > indicates that NOEC were equal to or higher than the highest tested concentration (3 µg/L). NP: taxa not present; NM: endpoint not
measured on that specific sampling day. See Table S3 and S5 for the results for all taxa and parameters.
Eindpoint
Macroinvertebrates
PRC
Insecta
Zygoptera sp.
Gerris sp.
Mollusca
Hippeutis cantori
Bellamya purificata
Melanoide tuberculata
Annelida
Dero digitata
Turbellarian
Mesostoma sp.
Zooplankton
PRC
Copepoda
Diaptomus sp.
Ostracoda
Ostracoda sp. 1
Ostracoda sp. 2
Cladocera
Alona costata
Rotifera
B. quadridentatus
Keratella tropica
Lecane gr lunaris
Synchaeta sp.
Ascomorpha sp.
Trichocerca elongata
Phytoplankton
PRC
Chlorophyta
Monoraphidium sp.
Gonium sociale
Westella sp.
Cyanobactaria
Aphanocapsa sp.
Microcystis sp.
Chroococcus sp.
Bacillariophyta
Nitzschia sp.
Physico-chemistry
pH
morning
DOC

Days relative to treatments
-5
-1

2

9

16

23

30

44

58

>

NM

0.03

>

>

>

0.03

>

>

>
>

NM
NM

0.03↓
>

0.3↓
0.3↓

>
0.3↓

>
<0.03↓

NP
<0.03↓

NP
<0.03↓

NP
0.3↓

>
>
>

NM
NM
NM

0.03↓
>
>

0.03↓
>
>

0.03↓
>
>

0.03↓
>
>

0.03↓
>
0.3↑

>
0.3↑
0.3↑

>
0.3↑
0.3↑

>

NM

0.3↓

0.3↓

0.3↓

0.3↓

0.3↓

>

>

>

NM

>

0.3↓

0.3↓

0.3↓

0.3↓

>

>

NM

>

>

0.3

0.3

>

0.03

0.03

0.03

NM

>

<0.03↓

<0.03↓

>

>

NP

<0.03↓

NP

NM
NM

>
>

>
0.03↓

>
<0.03↓

0.3↑
0.3↓

>
>

0.3↓
0.3↓

0.3↓
0.3↓

0.3↓
0.3↓

NM

>

>

0.3↑

0.3↑

>

NP

NP

NP

NM
NM
NM
NM
NM
NM

0.03↑
>
>
>
>
NP

>
0.03↓
>
>
>
NP

>
0.03↓
0.3↑
0.3↑
>
>

>
>
>
0.03↑
<0.03↓
>

<0.03↓
>
>
>
>
>

<0.03↓
>
>
>
0.03↑
0.3↑

NP
>
0.3↑
>
0.3↑
0.03↑

NP
<0.03↑
0.3↑
>
>
0.3↑

NM

>

>

0.03

0.3

0.3

>

>

>

NM
NM
NM

>
>
>

>
>
NP

>
<0.03↓
>

0.3↓
<0.03↓
<0.03↓

0.03↓
NP
0.03↓

>
NP
>

>
NP
>

>
NP
<0.03↓

NM
NM
NM

>
>
>

0.3↑
>
>

>
0.3↑
<0.03↑

0.03↑
0.3↑
0.3↑

<0.03↑
>
>

<0.03↑
>
>

0.3↑
>
0.3↑

0.3↑
0.3↑
>

NM

>

>

>

0.3↑

0.3↑

0.3↑

0.3↑

0.3↑

>
>

>
NM

>
>

>
<0.03↑

0.3↑
0.3↑

0.3↑
0.03↑

>
>

>
>

>
>

Trichocerca elongate and some taxa belonging to Lecanidae (Lecane gr
lunaris and Lecane gr luna), Ascomorpha sp., Synchaeta sp., Lepadella sp.
and most Alona sp. showed a clear increase in abundance related to the
imidacloprid treatments.
The copepod Diaptomus sp. and the rotifer B. quadridentatus were the
most negatively responding taxa in the imidacloprid treatments, with a
calculated consistent NOEC of < 0.03 µg/L. Consistent treatment related
decreases were also observed for Keratella tropica and Ostracoda sp. 2,
occurring at 0.3 µg/L (NOEC = 0.03 µg/L) and at the highest treatment
for Ostracoda sp. 1 (NOEC = 0.3 µg/L). Consistent treatment related
increases were observed for Alona costata, Lecane gr lunaris, Synchaeta
sp., Ascomorpha sp. and Trichocerca elongate at the highest concentration
(NOEC = 0.3 µg/L) (Table 1).
Within this study, the calculated consistent NOEC values for Dia
ptomus sp. (Fig. 4C) were a factor 10 lower than those reported in the
mesocosm study by Sumon et al. (2018) but are in line with his labo
ratory acute toxicity tests (EC50immobility = 0.04 µg/L). This confirms the
sensitivity of Diaptomus sp. to imidacloprid under sub-tropic conditions.

In contrast to most of the other macro-zooplankton groups, the Ostra
coda taxa within our study showed a clear adverse effect to imidacloprid
(Fig. 4D and S3D). Several laboratory and (semi) field studies have
illustrated that ostracods are quite sensitive to imidacloprid (Anderson
et al., 2015; Daam et al., 2013; Pereira et al., 2017; Sánchez-Bayo and
Goka, 2006). Sánchez-Bayo and Goka (2006), for example, reported
imidacloprid 48h-EC50 values between 1 and 16 µg/L for three Ostra
coda species. However, Ostracoda sp. 2 within our study showed adverse
effects at imidacloprid concentrations that were at least 100 times lower
than observed by Sánchez-Bayo and Goka, (2006). At present, the only
laboratory study investigating the effects of imidacloprid on rotifers was
performed with B. calyciflorus (NOEC 17500 µg/L) and did not show any
toxic effects at similar concentrations as were tested in the present study
(Gharaei et al., 2020). However, B. quadridentatus (Fig. S3E) was one of
the most sensitive taxa in our study and both Sumon et al. (2018) and
Merga (2021) observed an imidacloprid treatment related decline of
Brachionus sp. (NOEC = 0.01 µg/L and 0.3 µg/L, respectively). Addi
tionally, consistent adverse imidacloprid treatment related effects were
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not identify the phytoplankton community, he did observe a significant
treatment related increase of the chlorophyll-a concentrations of the
phytoplankton (NOEC = 0.01 µg/L). In the present study, the
chlorophyll-a concentrations of the phytoplankton did not show any
treatment related effects on any of the sampling days and only a short
term decline after two days of treatment was observed for the periph
yton at (NOEC = 0.03 µg/L;Table S3). Thirty days after the first appli
cation no more significant treatment effects were observed throughout
the experiment at the community level which suggest a fast recovery.
The species weights (bk scores) with the PRC diagram (Fig. 6) indi
cated that most gelatinous cyanobacteria (Microcystis sp., Aphanocapsa
sp. and Chroococcus sp.) and two Bacillariophyta taxa (Nitzschia sp. and
Navicula sp.) showed a clear increase in abundance related to the imi
dacloprid treatments. On the other hand, taxa belonging to Chlorophyta
(e.g. Westella sp., Scenedesmus obliquus, Monoraphidium sp., Tetraëdron
sp.) and Cryptophyta (Chroomonas sp. and Cryptomonas sp.) had nega
tive species weights, denoting abundance decreases (Fig. 7). Gonium
sociale (Fig. 4F) showed a consistent significant adverse effect at all
treatments (NOEC < 0.03 µg/L) while at 0.3 µg/L (NOEC = 0.03 µg/L)
Westella sp. (Fig. S3G) showed a consistent abundance decline (Table 1
and Table S3). The highest imidacloprid treatment had a consistent
positive effect on the abundances of Nitzschia sp., Chroococcus sp. and
Microcystis sp., while Aphanocapsa sp. (Fig. 3E) was positively affected at
all treatments.
Based on the mode of action of imidacloprid it can be confidently
stated that phytoplankton species are insensitive to its direct toxic ef
fects at the concentrations used in this experiment (Anderson et al.,
2015; Bai et al., 1991; Wang et al., 2018 US-EPA Ecotox database www.
epa.gov/ecotox). The most likely explanation for the decrease of some
phytoplankton taxa abundance is that imidacloprid affects the top-down
control that the macroinvertebrate (e.g. Zygoptera sp. and Mesostoma sp.)
and zooplankton (e.g. Diaptomus sp. and Ostracoda sp.) taxa impose on
the phytoplankton (Fleeger et al., 2003). Especially the population de
clines of the largest zooplankton species (Diaptomus sp. and Ostracoda
sp.1 and 2) in the imidacloprid treatments probably resulted in an in
direct positive effect on most of the rotifer species, which in turn shifted
the phytoplankton community to a graze resistant gelatinous cyano
bacteria dominated community (Fig. 5). Additionally, the observed
cyanobacteria blooms could have significantly affected the other
phytoplankton groups due to interspecies competition, e.g. for nutrients
and light (Brönmark and Hansson, 2005; Paerl et al., 2011). However,
these phytoplankton community shifts did not lead to any treatment
related effects on chlorophyll-a concentrations nor on DOnet, which
suggest functional redundancy within the community.
By indirectly inducing cyanobacteria blooms (i.e. shading), the
imidacloprid itself reduces photolysis and, herewith, decreased its
degradation. These cyanobacteria blooms were visually observed for the
first time at the highest treatment after 9 days of exposure and were
observed in 100% of the replicates of the highest treatment after 16 days
(Fig. 2). A clear treatment related effect was observed for the occurrence
of cyanobacteria blooms within our study. For example, 23 days after
the first treatment these blooms occurred in 100% of the highest, 67% of
the second highest and in 34% of the lowest treatment mesocosms and
0% of the controls replicates. Only after 58 days the amount of cyano
bacteria bloom infected mesocosms started to decline in the highest
treatments. Cyanobacteria blooms were only observed in one of the
control mesocosms 44 and 58 days after the first application and this
bloom was less intense (Fig. 2 and 4E).
Cyanobacteria blooms are an important environmental and public
health concern and its adverse effects on aquatic invertebrates have
predominantly been attributed to their production of cyanobacterial
toxins, their morphology which prevents grazing and the resulting lack
of essential nutrients (Asselman et al., 2014; Brönmark and Hansson,
2005; Cerbin et al., 2010; Hochmuth et al., 2015; Paerl et al., 2011). In
(sub-)tropical areas Microcystis blooms have more often been reported
during the rainy season (Daam et al., 2008; Daam and Van den Brink,

Table 2
Summary of the NOECcommunity (µg/L), lowest NOECtaxon (µg/L) days of first, and
lowest observed NOECcommunity and the recovery days based on three similar
(sub-)tropic imidacloprid mesocosm studies.
Macroinvertebrates
NOECcommunity
Lowest
Consistent
NOECtaxon
Consistent
Day
First effect
Lowest NOECcommunity
Recovery *
Zooplankton
NOECcommunity
Lowest
Consistent
NOECtaxon
Consistent
Day
First effect
Lowest NOECcommunity
Recovery *
Phytoplankton
NOECcommunity
Lowest
Consistent
NOECtaxon
Consistent
Day
First effect
Lowest NOECcommunity
Recovery *

Sumon et al. (2018)

Merga (2021)

Present study

0.03
0.3

0.01
0.01

0.03
>

< 0.03

< 0.01

< 0.03

2
2
NA

7
7
> 147

2
2
23

0.03
0.3

< 0.01
< 0.01

0.03
0.03

< 0.03

< 0.01

< 0.03

9
28
NA

16
23
65

9
30
> 37

>
>

NA
NA

0.03
0.3

0.03

NA

< 0.03

>
>
NA

NA
NA
NA

9
9
7

NA: Not applicable; >: no significant effect (NOEC ≥ 3 µg/L);
*
Days relative to the day after the last treatment

observed for Keratella sp. in Bangladesh (Sumon et al. 2018) (NOEC <
0.03), Ethiopia (Merga et al. 2021) (NOEC = 0.01) and the present study
(NOEC = 0.03) (Fig. S3F). On the contrary, Trichocerca sp. showed a
clear imidacloprid treatment related decline (NOEC= 0.01 µg/L) in the
study of Merga (2021), while showing no effect in Bangladesh (Sumon
et al. 2018) or even an indirect positive effect in the present study and in
the one described by Rico et al. (2018). However, the lack of relevant
standard toxicity data for these species makes it unclear to determine
whether the observed adverse effects on rotifers are a direct effect of
imidacloprid exposure or an indirect effect (Fleeger et al., 2003).
Additional single-species tests should be conducted to confirm the
possible toxicity of imidacloprid on different species of rotifers. This
may be particularly relevant for (sub-)tropical areas, where rotifers have
been recommended for use in toxicity testing due to their high diversity
(and hence likelihood of including sensitive representatives) and
ecological significance (Moreira et al., 2016).
3.4. Phytoplankton and periphyton
The phytoplankton community consisted of sixty-five different taxa,
belonging to the Chlorophyta (33 taxa), Cyanobacteria (9 taxa), Bacil
lariophyta (9 taxa), Euglenophyta (6 taxa), Cryptophyta (4 taxa),
Chrysophyta (3 taxa) and Dinophyta (1 taxon). The PRC of the phyto
plankton data set (Fig. 7) showed a marginally significant overall
treatment related effect (Monte Carlo p-value = 0.06). However, sig
nificant treatment effects were observed after 9, 16 and 23 days, thus
indicating a consistent NOECcommunity of 0.3 µg/L (Table 1). Sumon
et al. (2018) did not observe any consistent effects of imidacloprid on the
phytoplankton community and Merga (2021) did not identify the
phytoplankton community, which makes the NOECcommunity within the
present study the lowest ever reported under (sub-)tropic conditions
(Table 2). Although it should be stated that although Merga (2021) did
7
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Fig. 4. Dynamics per treatment concentration of Hippeutis cantori (A), Dero digitata (B), Diaptomus sp. (C) Ostracoda sp. 2 (D), Aphanocapsa sp. (E) and Gonium sociale
(F). Calculated no-observed-effect concentrations for each sampling date are provided in the top of the figure.

2011; Tundisi, 1990). During the hot, rainy season the direct sunlight is
often blocked by cloud cover and the thermal stratification mixing
within this season could favour cyanobacterial species such as Micro
cystis (Daam and Van den Brink, 2011). The occurrence of cyanobacteria
may alter the effects of toxicants so it is possible that these cyanobacteria
blooms could have influenced the imidacloprid effects observed in our
study (Cerbin et al., 2010; Hochmuth et al., 2015). Cerbin et al. (2010),
for example, found that the combined effect of the pesticide carbaryl and
Microcystis aeruginosa had a synergistic (combined effect greater than
expected) negative interaction on the life cycle and the offspring (i.e.
frequent premature delivery of offspring and body deformations) of
Daphnia pulicaria. However, at present there are no studies that have
investigated the combined effects of imidacloprid and cyanobacteria.

3.5. Community metabolism and general physicochemical properties of
the water
The average water temperature in the mesocosms was 29◦ C and
ranged between 23 and 33◦ C. The DO in all the mesocosms ranged be
tween 5.2 and 18.6 mg/L (9.6 mg/L on average) throughout the
experiment but did not show any significant treatment related differ
ences. DOC and pHmorning were the only physicochemical parameters
that showed a significant consistent treatment related effect (Table 1
and Table S5; Fig. 8A and 8B). On day 16 and 23, the pHmorning was
significantly higher in the highest treatment (Fig. 8A). This is probably
due to the reduced grazing pressure of the macroinvertebrates and the
indirect positive effects this has on the growth of filamentous algae and
cyanobacteria at the highest treatment (Fig. 2). This is in line with Rico
et al. (2018) who reported an increase in growth of filamentous algae
due to imidacloprid treatment and the indirect effect this had on the pH.
8
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Fig. 5. Schematic overview of the observed effects of imidacloprid treatments on the ecosystem structure of subtropic aquatic community (+ = increase; – =
decrease; ? not sure whether it is a direct or indirect effect).
Fig. 6. Principal response curve (PRC), resulting from the analysis of
the zooplankton data, indicating the effects of the different imidaclo
prid treatments. The vertical axis represents the differences in com
munity structure of the treatments compared to the controls expressed
as regression coefficients (Cdt). The affinity of a taxon to the PRC is
expressed as the species weight (bk). Only taxa with bk values above
0.3 or below -0.3 are displayed. *: significant difference in community
structure from the control (p < 0.05, Monte Carlo permutation test).
Calculated Monte Carlo permutation test p values are plotted above the
figures. Of all variance, 32% could be attributed to sampling day and
20% percent of all variance could be attributed to treatment.

Fig. 7. Principal response curve (PRC), resulting from the analysis of
the phytoplankton data, indicating the effects of the different imida
cloprid treatments. The vertical axis represents the differences in
community structure of the treatments compared to the controls
expressed as regression coefficients (Cdt). The affinity of a taxon to the
PRC is expressed as the species weight (bk). Only taxa with bk values
above 0.5 or below -0.5 are displayed. *: significant difference in
community structure from the control (p < 0.05, Monte Carlo per
mutation test). Calculated Monte Carlo permutation test p values are
plotted above the figures. Of all variance, 17% could be attributed to
sampling day and 25% percent of all variance could be attributed to
treatment.

9

V.P. Dimitri et al.

Aquatic Toxicology 240 (2021) 105992

Fig. 8. Dynamics per treatment concentration of pHmorning (A) and DOC (B) are shown. Calculated no-observed-effect concentrations for each sampling date are
provided in the top of the figure..

After 9 days, the DOC concentrations (Fig. 8B) were significantly higher
in all treatments compared to the control, but throughout the experi
ment only a consistent NOEC of 0.3 µg/L could be calculated between 9
and 23 days after the first application, after which recovery is observed.
This consistent short term effect of imidacloprid on DOC can be an in
direct indication that the pelagic food web and the microbial loop were
affected by the pesticide (Brönmark and Hansson, 2005). However,
since most studies have reported no (Sumon et al., 2018), or a very
limited (Merga, 2021) effect of imidacloprid on organic matter decom
position rate and microbial activity, the most likely explanation for the
observed DOC increases within our study is related to the treatment
related increases in abundance of the cyanobacteria.
Throughout the experiment the average concentration levels of SRP
and ammonium, nitrate and nitrate were 0.02 mg P/L (ranged between
0.004 and 0.08 mg P/L), 0.21 mg N/L (0.12 - 0.41 mg N/L) 0.43 mg N/L
(0.10 - 1.12 mg N/L) and 0.03 mg N/L (0.002 - 0.14 mg N/L), respec
tively but did not show any treatment related differences (Table S4 and
S5).

macroinvertebrate communities, respectively, but never for the
zooplankton community. The imidacloprid treatments also induced the
occurrence of cyanobacteria blooms at all different concentrations
(NOEC < 0.03 µg/L). The occurrence of cyanobacteria blooms could
pose an important public health and environmental concern. Our results
indicate that the peak (0.162 µg/L) and average (0.03 µg/L) measured
imidacloprid concentrations (Zhang et al., 2019) within the surface
water of the Pearl River (South China) could pose a serious environ
mental risk to the local aquatic communities.
In the discussion we included two (sub-)tropical mesocosm studies
that have used a very similar design which makes it possible to compare
the results and make a more general conclusion. Although there are
some differences in species and community sensitivity between the three
studies (e.g. zooplankton most sensitive to imidacloprid in Ethiopia or
the observed cyanobacteria blooms in South China) it can be observed
that these studies show a similar general community response to imi
dacloprid (Table 2). Therefore it can be stated that under (sub-)tropical
conditions, the toxic effects of imidacloprid occur at lower concentra
tions than found for temperate systems. This illustrates the importance
of climate zone as an environmental factor affecting the sensitivity of
aquatic ecosystems to imidacloprid.

4. Conclusions
The present study is the first study conducted in China that evaluated
the effects of imidacloprid of an aquatic ecosystem under sub-tropic
conditions. Gerris sp., Diaptomus sp. and Brachionus quadridentatus
were the taxa that showed the highest sensitivity to imidacloprid (NOEC
< 0.03 µg/L; Table 1). At the community level a lowest NOECcommunity of
0.03 µg/L was calculated for the zoo- and phytoplankton and macro
invertebrate communities (Table 1). Seven and 23 days after the last
application recovery was observed for the phytoplankton and
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