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a b s t r a c t

The neonicotinoid insecticide imidacloprid is used in Bangladesh for a variety of crop protection pur-
poses. Imidacloprid may contaminate aquatic ecosystems via spray drift, surface runoff and ground water
leaching. The present study aimed at assessing the fate and effects of imidacloprid on structural
(phytoplankton, zooplankton, macroinvertebrates and periphyton) and functional (organic matter
decomposition) endpoints of freshwater, sub-tropical ecosystems in Bangladesh. Imidacloprid was
applied weekly to 16 freshwater microcosms (PVC tanks containing 400 L de-chlorinated tap water) at
nominal concentrations of 0, 30, 300, 3000 ng/L over a period of 4 weeks. Results indicated that imi-
dacloprid concentrations from the microcosm water column declined rapidly. Univariate and multivar-
iate analysis showed significant effects of imidacloprid on the zooplankton and macroinvertebrate
community, some individual phytoplankton taxa, and water quality variables (i.e. DO, alkalinity,
ammonia and nitrate), with Cloeon sp., Diaptomus sp. and Keratella sp. being the most affected species, i.e.
showing lower abundance values in all treatments compared to the control. The observed high sensi-
tivity of Cloeon sp. and Diaptomus sp. was confirmed by the results of single species tests. No significant
effects were observed on the species composition of the phytoplankton, periphyton biomass and organic
matter decomposition for any of the sampling days. Our study indicates that (sub-)tropical aquatic
ecosystems can be much more sensitive to imidacloprid compared to temperate ones.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The shift from traditional to modern and intensive agricultural
practices in developing countries like Bangladesh, has led to an
increasing use of pesticides over the last decades (Rahman, 2013).
Pesticide use in Bangladesh raised from 7350metric tons in 1992 to
45,172 metric tons in 2010 (Ali et al., 2017). This was partly due to
governments' policy to stimulate chemical control measures
against insect pests to increase crop production as well as to
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prevent pre- and post-harvest crop losses (Shahjahan et al., 2017;
Sumon et al., 2016).

Imidacloprid ((E)-1-(6-chloro-3-pyridylmethyl)-N-nitro-
imidazolidin-2-ylideneamine; CAS No. 138261-41-3) is a neon-
icotinoid synthetic insecticide and veterinary substance. It was first
introduced in the USA in the 1990s to control insect pests and is
now registered in about 120 countries for use in more than 140
crops including rice, maize, cotton, potatoes, tomatoes, sugar beets
and various greenhouse-grown plants (Jeschke and Nauen, 2008;
Morrissey et al., 2015; Lewis et al., 2016).

Imidacloprid may affect non-target aquatic organisms via
exposure due to spray drift (Hilz and Vermeer, 2012) and runoff
resulting from its' high solubility in water (Armbrust and Peeler,
2002). After entering into water bodies, the dissipation time 50%
(DT50) of imidacloprid merely depends on photolysis, however,
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:paul.vandenbrink@wur.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2018.01.102&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2018.01.102
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.envpol.2018.01.102
https://doi.org/10.1016/j.envpol.2018.01.102


K.A. Sumon et al. / Environmental Pollution 236 (2018) 432e441 433
variation in DT50 water was observed between different water
bodies. For example, the European Food Safety Authority (EFSA)
reported DT50water values ranging from 30 to 150 days for three
water-sediment studies performed at 22 �C in laboratory in the
dark (EFSA, 2008), indicating a likely long-term exposure of imi-
dacloprid to aquatic ecosystem when light conditions are poor.
However, imidacloprid was found to dissipate very rapidly in
different studies under UV light due to photolysis (e.g. Lavine et al.,
2010). Colombo et al. (2013) recorded a DT50 of 1.2 day from the
water column monitored for 28 days in field-based microcosms in
Germany, whereas a DT50 of 8.2 day was reported in a pond
microcosm in Germany (Posthuma-Doodeman, 2008). A DT50 of 1
day was recorded by Thuyet et al. (2011) for a rice paddy system in
autumn in Japan. However, imidacloprid has been detected
worldwide in surface waters at concentrations ranging from 0.001
to 320 mg/L, the highest of which was found in Netherlands
(Morrissey et al., 2015). Imidacloprid has been found in aquatic
ecosystems at 3.29 mg/L in the California's agricultural regions in
the USA (Starner and Goh, 2012) and up to 11.9 mg/L in Canadian
agricultural areas (CCME, 2007). The field monitoring data on
imidacloprid is only available for temperate countries, but the
systemic study from sub- (tropical) countries is lacking.

During the past years, a large number of studies focusing on the
toxicity of imidacloprid to the aquatic environment have been
published, partly also due to the debate on the negative relation-
ship between the use of neonicotinoids and non-target beneficial
invertebrates, in particular arthropods (EASAC, 2015; Van Dijk et al.,
2013; Vijver and Van den Brink, 2014). Both single species labora-
tory tests (Alexander et al., 2007; Stoughton et al., 2008; Roessink
et al., 2013; Cavallaro et al., 2017; Van den Brink et al., 2016) and
model ecosystem studies (Hayasaka et al., 2012a; Mohr et al., 2012;
Colombo et al., 2013) using imidacloprid, were all conducted in
temperate regions. To date no study seem to have been undertaken
to investigate the sensitivity of imidacloprid on the aquatic or-
ganisms in the sub-tropics and tropics. Van den Brink et al. (2016)
found that a reproducing, summer generations of several arthro-
pods were more sensitive to imidacloprid than their non-
reproducing, winter generation. Earlier studies demonstrated that
higher temperature also might increase the sensitivity of arthro-
pods (Camp and Buchwalter, 2016; Van den Brink et al., 2016).
Hence, a difference in sensitivity between tropical and temperate
communities to imidacloprid can be hypothesized. To address this
knowledge gap, the present study aimed at assessing fate and ef-
fects of imidacloprid on the structural (phytoplankton,
zooplankton, macroinvertebrates, and periphyton) and functional
(organic matter decomposition) endpoints of freshwater ecosys-
tems located in the sub-tropical country Bangladesh.

2. Materials and methods

Most of the materials and methods used for the microcosm
experiment have been described by Rico et al. (2014).

2.1. Design of the microcosm study and acute toxicity tests

The present study was conducted in sixteen freshwater micro-
cosms at the Faculty of Fisheries, Bangladesh Agricultural Univer-
sity (Mymensingh, Bangladesh; 24.7434�N, 90.3984�E). The open
experimental area was roofed with transparent plastic slates
(Fig. S1). Each microcosm comprised of a PVC tank (diameter:
172 cm; total height: 78 cm) which was coated with non-toxic
epoxy paint. Each microcosm was initially filled with 4.5 cm of
sediment (collected from nearby ponds of Bangladesh Agricultural
University campus) and 400 L of tap water (a layer of 56 cm).
Microcosm water was allowed to dissipate the possible chlorine
residues for one week. Each system was gently aerated to provide
some water movement. The systems were stocked with algae and
invertebrates collected from same ponds where sediment was
collected. These ponds were selected because they were uncon-
taminated sources (as agricultural activities were not practised
near the Bangladesh Agricultural University campus) and were
quite biodiverse in terms of algae and invertebrates. Macro-
invertebrates were stocked by distributing an equal numbers of
each of the taxa into each microcosm, while equal amounts of
concentrated plankton in terms of volume were added into each
microcosm. The algae and invertebrate communities were allowed
to develop themselves over a pre-treatment period of 6 weeks.
During the pre-treatment period, every twoweeks about 20% of the
water volume was exchanged between the microcosms to promote
the uniformity in the structure of the communities between the
microcosms. As recommended by Daam and Van den Brink (2011),
urea (containing 1.4mg/L nitrogen) and trisodium phosphate
(0.18mg/L phosphorus) were administered every two weeks to the
systems during the experimental period.

For the acute toxicity tests, Cloeon sp. and Diaptomus sp. were
collected from the nearby ponds of Bangladesh Agricultural Uni-
versity campus (see some photos of Cloeon sp. and Diaptomus sp. in
Figs. S2 and S3, respectively). Cloeon sp. was transferred in an
aerated plastic bucket with a mixture of pond and de-chlorinated
test water first and then only in test water to acclimate to the
laboratory conditions for at least 3 days at ambient temperature.
During the acclimation period, they were fed ad libitum with
Enhydra fluctuans, Eichhornia crassipes and biofilms. Diaptomus sp.
was stocked in an aerated glass beaker with de-chlorinated test
water in the laboratory condition at ambient temperature and fed
with algae. After an acclimation period of 3 days, 10 individuals of
Cloeon sp. were transferred into each of the 21 glass beakers con-
taining 500mL de-chlorinated tap water (water holding capacity:
750mL) and 20 individuals of Diaptomus sp. were transferred into
21 glass beakers containing 50mL de-chlorinated tap water (water
holding capacity: 100mL), which were put in the laboratory at
ambient temperature and receiving no direct sunlight. An aeration
system was introduced in all beakers to provide sufficient oxygen
throughout the experimental period of 96 h. Feeding was stopped
24 h before and throughout the exposure period. Both species were
exposed to seven different concentrations (0, 3, 10, 30, 100, 300,
3000 ng/L) of imidacloprid including control with triplicate treat-
ment for 96 h separately. Imidacloprid (as Premier with 20% active
ingredient, 6% adjuvants and 74% water and produced by the world
of Hayleys) was purchased from a local pesticide seller (Mymen-
singh, Bangladesh). The stock solutions were prepared by dissolv-
ing the required weighed amount of imidacloprid in distilled water
so a concentration of 200 g/L imidacloprid was achieved. Water
quality variables (i.e. dissolved oxygen, temperature, pH and EC)
were measured in the lowest and highest treatment, and in the
control at 0 h and 96 h of exposure. Mortality and immobility were
checked at every 24 h of exposure for Cloeon sp. and after 96 h of
exposure for Diaptomus sp. Individuals were considered immobile
when there was no observed movement within 20 s for Cloeon sp.
and 15 s for Diaptomus sp., and dead when there was no observed
movement within 3e5 s for both after a tactile stimulation using a
Pasteur's capillary pipette (OECD, 2004). Dead individuals were
removed immediately from the experimental units. Immobile in-
dividuals were kept in the systems because there was a possibility
for recovery, and these specimens were used to calculate effect
concentration levels based on immobilization. The test was valid
when the mortality of the control did not exceed 10% at the end
(96 h) of the test (OECD, 2004).
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2.2. Application and analysis of imidacloprid

Like in the acute toxicity tests, imidacloprid was applied using
the Premier formulation in microcosm experiment. Imidacloprid
was applied to each microcosms weekly at either nominal con-
centrations of 0, 30, 300 or 3000 ng/L over a period of 4 weeks,
using four replicates for each treatment. The doses were chosen
based on the acute and chronic toxicity of imidacloprid to the most
sensitive organisms, mayflies. The lowest concentration (30 ng/L)
was based on the 28-d EC10 value of imidacloprid for Cloeon dip-
terum (33 ng/L; Roessink et al., 2013) in the Netherlands. The
highest concentration of 3000 ng/L of imidacloprid in both the
microcosm experiment and the acute toxicity tests reflected the
acute toxicity (96 h-EC50) for the same species (1770 ng/L;
Roessink et al., 2013). The four microcosms serving as controls
received only aerated tap water. The control and treatments were
randomly assigned to the experimental microcosms prior to the
first imidacloprid application. Stock solutions of 1 L were prepared
for each of the 4 applications by dissolving the weighed amount of
imidacloprid with distilled water in a volumetric flask so a con-
centration of 200 g/L imidacloprid was achieved and the solution
was sonicated for 30min at 45 �C.

The imidacloprid concentrations were analytically verified in
microcosmwater samples collected from one of the four replicates
of all treatments just after application and before the next appli-
cation. Water samples were collected at 1 h, and 1, 2, 6.9, 7.1, 13.9,
14.1, 20.9, 21.1 and 28 days. For the acute toxicity tests, water
samples were collected to measure imidacloprid concentrations
from one of the replicates of the control, the lowest and the highest
treatment at 0 h and 96 h. Approximately 3mL water samples were
collected using a pipette and kept in a glass vial containing 1mL of
acetonitrile for both experiments. The samples were shaken thor-
oughly by hand and subsequently preserved in a freezer (�20 �C)
until analysis. Imidacloprid concentrations from the water samples
were analysed by liquid chromatography-tandem mass spectrom-
etry (LC-MS) as described in Roessink et al. (2013). In this study, a
matrix-matched method was used to correct for matrix effects in
the instrumental quantification of imdacloprid. The limit of
detection (LOD) and the limit of quantification (LOQ) in the
microcosm study were 9 ng/L and 29 ng/L, respectively, and in the
acute toxicity tests 6 ng/L and 19 ng/L, respectively.

2.3. Invertebrates and algae

The macroinvertebrate community was sampled using two
pebble baskets (height: around 30 cm; diameter: around 20 cm)
that served as artificial substrates in each microcosm. Each of the
two artificial substrates was placed on the sediment's surface and
were left for colonization for two weeks. Macroinvertebrates were
sampled 7 days before the first imidacloprid application and on
days 2, 9, 16 and 23 after the first imidacloprid application. The two
artificial substrates present in the same microcosm were sampled
alternately. For sampling, one of the substrates was carefully
retrieved from the sediment and immediately enfolded by a nylon
net. The substrate was carefully shaken in the net to extract the
invertebrates from the substrate. In order to sample the pelagic
macroinvertebrates, the net was moved through the water column
close to one quarter of the microcosm wall. A core sediment
sampler (inner diameter: around 8 cm) was used to collect the in-
vertebrates inhabiting the sediment (Chironomid larvae and Tubifex
tubifex) on day 28 after the first imidacloprid application. All
sampled invertebrates were transferred to a white tray, subse-
quently identified and counted alive, and finally placed back into
their original microcosms.

Plankton was sampled on days 7 and 1 before the first
imidacloprid application, and on days 2, 9, 16, 23 and 28 after the
first imidacloprid application. Two 5 L depth-integrated water
samples were collected using a Perspex tube in a plastic bucket and
filtered over a net with a mesh size of either 20 mm for phyto-
plankton or 55 mm for zooplankton, yielding two samples of
100mL. The samples were preserved in plastic bottles with 10%
buffered formalin solution and stored at 4 �C. The individuals pre-
sent in a sub-sample (1mL) of the concentrated phytoplankton and
zooplankton samples were identified to the lowest practical level
with an inverted microscope (Olympus CX 41) and recalculated to
numbers of individuals per litre of microcosm water.

The possible effects of imidacloprid on the chlorophyll-a content
of the periphyton biomass was evaluated by introducing three se-
ries of 3 microscopic glass slides (7.5 cm� 2.5 cm) at 30 cm water
depth in each microcosm 7 days before the first imidacloprid
application. A glass slide series was retrieved on days 2, 16 and 28
after the first imidacloprid application and attached periphyton
was collected by scraping and then the scraped periphyton was
transferred to a glass vial containing 0.25 L tap water. The
chlorophyll-a in the resulting periphyton - water mixture was
measured according to APHA (2005) and the amount of
chlorophyll-a per square centimetre of glass slide was determined.

2.4. Water quality variables and organic matter decomposition

Temperature (T), dissolved oxygen (DO), pH, electrical conduc-
tivity (EC) were monitored at 8 a.m. on 7 days and 1 day before the
first imidacloprid application, and on days 0, 9, 16, 23 and 28 after
the first imidacloprid application, using a multimeter (Hach, HQ
40 d). On these days, also total alkalinity levels and ammonia, ni-
trite, nitrate and total phosphorus concentrations were measured
in water samples collected from each microcosm. For this, a depth-
integrated water sample of approximately 1 L was collected in each
microcosm using a Perspex tube and stored at 4 �C in a plastic bottle
in the dark. Alkalinity and nutrient concentrations were deter-
mined within 7 days according to APHA (2005).

Litter bags were used to study the effects of the insecticide on
organic matter decomposition. The litter bags included 2 g of ba-
nana (Musa) leaves and three of them were introduced into each
microcosm 1 day before the first imidacloprid application. The
banana leaves were leached in tap water (2 days) and subsequently
dried (40 �C for 48 h) before addition to the litter bags. The litter
bags were placed approximate 30 cm below the water surface. On
days 2, 16 and 28 after the first imidacloprid application, one of the
three litter bags was sampled and the retrieved material was dried
(40 �C for 48 h) and weighted. The percentage of organic matter
decomposition was calculated by calculating the loss of the initial
dry weight over 2, 16 and 28 days.

2.5. Data analyses

No-observed-effect-concentrations (NOECs) were determined
for the variables including water quality, all taxa of phytoplankton,
zooplankton, macroinvertebrates, periphyton community, and
organic matter decomposition data using the Williams test
(Williams, 1972; p< 0.05) as available in the Community Analysis
computer program, version 4.3.05 (Hommen et al., 1994). Prior to
the analysis, the abundance data sets were ln (Axþ 1) transformed.
For the determination of A and the rationale behind the trans-
formation is referred to Van den Brink et al. (2000).

The phytoplankton, zooplankton and macroinvertebrate data
sets were analysed by the principal response curve (PRC) method
using the CANOCO Software package, version 5 (Van den Brink and
Ter Braak,1999; Ter Braak and �Smilauer, 2012). The PRCmethod is a
specific type of redundancy analysis (RDA) that is able to extract the
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variation in community composition due to the stressor from the
total variation by including the treatment regime and its interaction
with time as explanatory variables, and the sampling date as co-
variables. The overall significance of the effect of imidacloprid
treatment on the variation in community composition (p� 0.05)
was tested by performing 999 Monte Carlo permutations (Van den
Brink and Ter Braak, 1999). Each treatment was tested against the
control for each sampling date usingMonte Carlo permutation tests
under the RDA option in order to evaluate the significance of the
imidacloprid induced community effects in time.

The LC10, LC50 and LC90 and EC10, EC50 and EC90 values of
imidacloprid resulting from the toxicity tests performed with
Cloeon sp. and Diaptomus sp. were determined using log-logistic
regression as programmed in the software GenStat 11th (VSN In-
ternational Ltd., Oxford, UK) according to Rubach et al. (2011).

3. Results and discussion

3.1. Fate of imidacloprid

One hour after each of the four applications, on average, 93% of
the applied concentration was found in the highest treatment and
on average, 87% was found in the second highest treatment (Fig. 1;
Table S1). After 7 days, between 45% and 53% of the applied con-
centration was present in microcosm water in the highest and
second highest treatment, respectively. In the acute toxicity tests
79% of the intended concentration was found in the highest treat-
ment just after imidacloprid application, whereas after 96 h of
exposure 47% of the applied concentration was left (Table S2). In
our study, the lower dissipation of imidacloprid in the microcosm
experiment compared to the acute toxicity tests might be due to UV
light absorption by natural organic matter and suspended partic-
ulate matter in microcosms which decreases the photodegradation
of imidacloprid (Lu et al., 2015). The dissipation was, however,
found to be faster in the present sub-tropical study compared to
earlier model ecosystem studies (i.e. microcosm and mesocosm
studies) and acute studies conducted in temperate regions. For
example, Pestana et al. (2009) found 88% of the intended concen-
trations of imidacloprid after 24 h of exposure in the highest con-
centration in recirculatory flow-through stream mesocosms at
20 �C in Canada. Van den Brink et al. (2016) measured 94% and 91%
of the intended imidacloprid concentration just after application
and after 96 h of exposure, respectively in an acute study per-
formed under very low light intensities at 18 �C in Netherlands. The
rapid dissipation of imidacloprid in both microcosm and acute
studies suggests that the dissipation is higher in the tropics than in
temperate region due to higher temperature (28.2± 2 �C for
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Fig. 1. Dynamics of measured imidacloprid concentrations in microcosm water during
the experimental period.
microcosm experiment and 27.4± 0.6 �C for acute toxicity tests)
and photodegradation during the experimental period (Laabs et al.,
2007; Chai et al., 2009; Sanchez-Bayo and Hyne, 2011). In the
present study, however, we found a build-up of imidacloprid con-
centrations in later applications in all treatment levels as compared
to the first application in microcosm study. For instance, 25% of the
intended dose was found after 7 days of first application in the
highest treatment while, 65% was present 7 days after the fourth
application in the same treatment (Fig. 1; Table S1).

3.2. Invertebrates

The zooplankton community was dominated by Rotifera (6
taxa), followed by Cladocera (4 taxa) and Copepoda (3 taxa) during
the experimental period and all of them showed a relatively con-
stant abundance in time (Fig. S4). The PRC showed significant
negative effects of imidacloprid on the zooplankton community
(p� 0.001; Fig. 2), with a consistent NOECcommunity value of 300 ng/
L (Table 1 and Table S3). Species weight in the PRC indicated that
Diaptomus sp. was the taxon most responding to the treatments,
followed by nauplius, two Rotifera taxa and three Cladocera taxa
(Fig. 2). Univariate analysis indicated that four taxa showed a
consistent negative response to the imidacloprid treatment, i.e.
with NOECs calculated for at least two consecutive sampling dates
(Table 1 and Table S3). Among the 13 taxa identified, Diaptomus sp.
was the most negatively affected from day 2 after the first imida-
cloprid application onwards in almost all treatment levels with a
consistent NOEC of 300 ng/L, followed by Keratella sp., Sida sp. and
Brachionus sp. (Table 1 and Table S3; Figs. 2 and 3; Fig. S4). Our
single species toxicity test confirmed the sensitivity of Diaptomus
sp. when exposed to imidacloprid since an 96-h EC50 of 38.6 ng/L
was calculated for this genus (Table 2; Tables S4 and S5). Unfortu-
nately, temperate toxicity values for Diaptomus sp. and the three
other affected taxa could not be found in the literature and there-
fore comparison with published data is impossible. One study by
Song et al. (1997), however, demonstrated a 48-h LC50 value of
361,230, 000 ng/L for one of the copepods nauplius exposed to
imidacloprid, which is several thousand folds higher than we re-
ported for Diaptomus sp. In this study, the Cladoceran Sida sp. were
consistently affected on day 9 (NOEC ¼ <30 ng/L) and 16
(NOEC¼ 300 ng/L) after the first imidacloprid application. The
toxicity data for neonicotinoids towards Sida sp. are also not
available in the literature for comparison. For Cladocera, the species
Daphnia magna was tested most often. Earlier temperate studies,
however, demonstrated a lower acute sensitivity of D. magna to
imidacloprid thanwe reported for Sida sp. (i.e. several thousands of
nanograms per litre) (S�anchez-Bayo and Goka, 2006; Ti�sler et al.,
2009; Ashauer et al., 2011; Hayasaka et al., 2012b; Daam et al.,
2013). A chronic temperate study by Ieromina et al. (2014) also
found lower sensitivity of D. magna to imidacloprid since an 9-
d EC10 and 15-d EC10 (survival endpoint) of 54,160,000 ng/L and
29,630,000 ng/L, respectively was calculated. The higher sensitivity
of Cladoceran to imidacloprid in this study compared to earlier
acute and chronic studies could partly be explained by the higher
temperature in sub-tropics (Sarma et al., 2005). For example,
Ieromina et al. (2014) conducted their study at 20 �C while we
recorded an average temperature of 28.2 �C during our microcosm
experiment. The differences of sensitivity to imidacloprid might
also be due to the different species tested in our study as compared
to earlier studies (Hayasaka et al., 2012b). However, earlier studies
on the toxicity of neonicotinoid insecticides towards micro-
crustaceans focused on acute effects (96 h or shorter) and only one
on chronic effects on a standard test species (i.e., Daphnia sp.).
Hence, we recommend future acute and chronic studies with more
(sub-)tropical crustaceans to get a clearer picture of neonicotinoids



Fig. 2. PRC resulting from the analysis of the zooplankton data set, indicating the ef-
fects of imidacloprid on the zooplankton community. Of all variance, 7% could be
attributed to sampling date; this is displayed on the horizontal axis. 20% percent of all
variance could be attributed to treatment. Of this variance, 49% is displayed on the
vertical axis. The lines represent the course of the treatment levels in time. The species
weight (bk) can be interpreted as the affinity of the taxon with the PRC. The Monte
Carlo permutation test indicated that a significant part of the variance explained by
treatment is displayed in the diagram (p� 0.001). The second PRC was not significant.
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toxicity towards tropical freshwater ecosystems, as we cannot fully
explain why in our experiment Diaptomus sp. is so sensitive as
compared to temperate crustaceans.
Table 1
The No Observed Effect Concentrations (NOECs) for phytoplankton, zooplankton, macroin
imidacloprid concentrations (ng/L) measured on each sampling day (Williams test; p� 0
least two successive sampling days are included. See Tables S3 and S6eS8 for the result

Endpoint Sampling days

�7 �1 0e2

Zooplankton
Community > > >
Diaptomus sp. > > 300 (�)
Brachionus sp. > > >
Keratella sp. > > <30 (�)
Sida sp. > > >

Macroinvertebrates
Community > NM 300
Cloeon sp. > NM <30 (�)
Notonecta sp. > NM 30 (�)
Chironomid larvae NM NM NM
Tubifex tubifex NM NM NM

Phytoplankton
Community > > >
Scenedesmus sp. > > >
Tetraedon sp. > > >

Water quality
Dissolved oxygen > > >
Alkalinity > > >
Ammonia > > >
Nitrate 300 (�) > 30 (�)

> ¼ no significant effect (NOEC� 3000 ng/L); NM¼ not measured; significant decrease (
In the present study, 10 macroinvertebrate taxa were identified
belonging to three different taxonomic groups: Insecta (6 taxa),
Mollusca (3 taxa) and Annelida (1 taxon). The results of the PRC
showed significant effects of imidacloprid on the macro-
invertebrate community (p¼ 0.002; Fig. 4), with a consistent
NOECcommunity value of 300 ng/L (Table 1 and Table S6). The species
weights in the PRC indicated that Cloeon sp. was the taxon most
strongly responding to the treatments i.e. showing lower abun-
dance values in all treatments compared to the control (Figs. 3 and
4). The univariate analysis showed consistent significant negative
effects of imidacloprid on two insect species, as well as on Tubifex
tubifex and Chironomid larvae, which were only sampled once
(Table 1 and Table S6). Among 10 identified taxa, Cloeon sp. was the
most affected taxon (NOEC< 30 ng/L on day 2 and 9), followed by
Notonecta sp., who also showed a consistent response to the
treatments (Table 1 and Table S6; Fig. S5). The single species
toxicity test confirmed the high sensitivity of Cloeon sp. towards
imidacloprid since an 96-h EC50 and LC50 of 5.48 and 23.8 ng/L,
respectively, was calculated for this genus (Table 2; Tables S4 and
S5). The results of our study are in accordance with the previous
study by Roessink et al. (2013) in the sense that Cloeon sp. was the
most sensitive taxa among the studied invertebrates in both
studies. In our study, however, effects were found at much lower
concentrations since they reported the 96-h and 28-d EC50 values
of 1000 ng/L and 130 ng/L, respectively for Cloeon dipterum, which
are about two orders of magnitude higher than the 96-h EC50 re-
ported in our study. Alexander et al. (2007) reported a 96-h LC50
value of 650 ng/L for one of the mayfly species Epeorus longimanus,
which is again about 27 folds higher than the value we reported for
Cloeon sp. The higher sensitivity of Cloen sp. to imidacoprid in our
study can partly be explained by differences in temperature as Van
den Brink et al. (2016) showed an increase in the sensitivity of
Cloeon dipterum due to increased temperature. They reported that
the 96-h EC50 and LC50 values of imidacloprid for Cloeon dipterum
were 1.7 and 4.2 folds lower, respectively at 18 �C compared to
10 �C. The higher temperature in the sub-tropics might modify the
toxicity of imidacloprid through the elevation of metabolic rates of
Cloeon sp., which leads to increased uptake rates of imidacloprid
vertebrates andwater quality endpoints expressed in terms of nominal single-dose of
.05). Only individual taxa or parameters that showed treatment-related effect on at
s for all species and parameters.

9 16 23 28

300 > 300 30
300 (�) <30 (�) 300 (�) <30 (�)
> > 300 (�) 30 (�)
<30 (�) > <30 (�) >
<30 (�) 300 (�) > >

300 300 > NM
<30 (�) 300 (�) 30 (�) NM
300 (�) 300 (�) > NM
NM NM NM 300 (�)
NM NM NM 300 (�)

> > > >
> 300 (�) 300 (�) >
> <30 (�) 30 (�) >

<30 (�) 30 (�) <30 (�) 30 (�)
<30 (�) 300 (�) > <30 (�)
> > 300 (þ) 300 (þ)
300 (�) 300 (�) 300 (�) >

�) compared to control.



Table 2
The acute toxicity levels of imidacloprid for Cloeon sp. and Diaptomus sp. expressed as 96-h L(E)C10, L(E)C50 and L(E)C90 values in ng/L. The control mortality and immo-
bilization were both 7% for Cloeon sp. and 5% and 13%, respectively for Diaptomus sp.

Species
name

96-h LC10
With 95% confidence
limits

96-h LC50
With 95% confidence
limits

96-h LC90
With 95% confidence
limits

96-h EC10
With 95% confidence
limits

96-h EC50
With 95% confidence
limits

96-h EC90
With 95% confidence
limits

Cloeon sp. 0.109 (0.005e2.17) 23.8 (8.15e69.6) 5230 (531e51400) 0.0556 (0.00256e1.21) 5.48 (1.72e17.5) 541 (100e2920)
Diaptomus

sp.
1.21 (0.054e27) 6540 (743e57700) 35,448,000 (65,000

e19,454,979,000)
1.43 (0.404e5.05) 38.6 (21.6e68.9) 1040 (422e2580)
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Fig. 3. The population dynamics of the zooplankton taxa Diaptomus sp. (A) and Keratella sp. (B) and the macroinvertebrate taxon Cloeon sp. (C) under the four imidacloprid
concentrations.
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and thus could partly explain the higher sensitivity (Camp and
Buchwalter, 2016). Moreover, the species of Cloeon sp. we used in
our study continuously reproduces which could be another reason
of their high sensitivity to imidacloprid. An earlier study by Van den
Brink et al. (2016) found that the reproducing, summer generations
of Cloeon dipterum (28-d EC50¼130 ng/L) were approximately five
times more sensitive to imidacloprid than their non-reproducing,
winter generations (28-d EC50¼ 680 ng/L). The sensitivity differ-
ences between summer and winter generations of aquatic insects
towards toxicants might depend on the differences in their physi-
ologies and life histories, with concomitant implications for sensi-
tivity to toxicants (Kwok et al., 2007). For example, based on
metabolic principle, it has been hypothesized that tropical aquatic
insects might be more sensitive to toxicants than their temperate
counterparts (Castillo et al., 1997). The higher sensitivity of Cloeon
sp. in our study can also be explained by the differences in use of
different formulations or technical grade of imidacloprid in earlier
studies, as the formulated product can enhance the bioavailability
and toxicity to target organisms (Malev et al., 2012). For instance,
Stoughton et al. (2008) reported the 96-h LC50 value (654,300 ng/L)
of technical-grade imidacloprid for Hyalella azteca, which is
approximately four times higher than the 96-h value (174,400 ng/L)
of commercial formulation Admire (240 g/L) for the same species;
thus indicating Admire is more toxic than the technical-grade
imidacloprid. All these differences between temperate and trop-
ical circumstances and species, can, however, not fully explain why
the tropical Cloeon sp. is so much more sensitive to imidacloprid
compared to its temperate counterpart.

The second most sensitive taxon after Cloeon sp. tested in our
study was Notonecta sp., which was negatively affected from day 2
after the first imidacloprid application onwards for three consec-
utive sampling dates with a consistent NOEC value of 300 ng/L
(Table 1). The present study showed, however, higher sensitivity of
Notonecta sp. to imidacloprid than that was reported by Roessink
et al. (2013) because they calculated an 96-h EC10 of 3000 ng/L,
which is about ten times higher than we reported the NOEC value
for this genus. Kobashi et al. (2017) demonstrated no treatment-
related significant effects of imidacloprid (at 157,000 ng/L) on
Notonecta triguttata in their rice mesocosm study in Japan. The
higher sensitivity of Notonecta sp. to imidacloprid in this study
compared to earlier temperate studies could be explained by the
higher temperature in sub-tropics (Camp and Buchwalter, 2016).
3.3. Primary producers

A total of 32 different phytoplankton taxa were identified in the
present study belonging to five major taxonomic groups: Chlor-
ophyceae (12 taxa), Bacillariophyceae (10 taxa), Cyanophyceae (7



Fig. 4. PRC resulting from the analysis of the macroinvertebrate data set, indicating the effects of imidacloprid on the macroinvertebrate community. Of all variance, 22% could be
attributed to sampling date; this is displayed on the horizontal axis. 14% percent of all variance could be attributed to treatment. Of this variance, 74% is displayed on the vertical axis.
The lines represent the course of the treatment levels in time. The species weight (bk) can be interpreted as the affinity of the taxon with the PRC. The Monte Carlo permutation test
indicated that a significant part of the variance explained by treatment is displayed in the diagram (p¼ 0.002). The second PRC was not significant.
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taxa), Euglenophyceae (2 taxa) and Desmidiaceae (1 taxon). The
most abundant taxa in decreasing order were Ankistrodesmus sp.,
followed by Microcystis sp., Fragillaria sp., Oscillatoria sp., Ulothrix
sp., and Tetraedon sp. during the experimental period. The PRC did
not reveal significant effects of imidacloprid on the phytoplankton
community (p¼ 0.718). However, univariate analysis showed sig-
nificant effects of imidacloprid on certain phytoplankton taxa (15
out of 32) (Table S7; Fig. S6). Among 15 significant taxa, however,
only two taxa (Scenedesmus sp. and Tetraodon sp.) were negatively
affected for two consecutive sampling days (Table 1). Scenedesmus
sp. had lower abundance values on day 16 and 23 in the highest
treatment level (NOEC of 300 ng/L for both sampling days) (Table 1
and Table S7; Fig. S6A) and Tetraedon sp. had lower abundance
values on day 16 in all treatment levels (NOEC< 30 ng/L) and on
day 23 in the second highest and highest treatment level (NOEC of
30 ng/L) (Table 1 and Table S7; Fig. S6B).

The chlorophyll-a density in periphyton biomass increased in all
treated microcosms including the controls on day 16 after the first
imidacloprid application but decreased slightly on day 28 (Fig. 5A).
However, the results of the univariate analysis did not show any
significant effects of imidacloprid on periphyton biomass for any of
the sampling days (NOECs� 3000 ng/L).

The results of this study indicates that the majority of the pri-
mary producers were tolerant to imidacloprid. This could be
explained by the fact that the primary producers are not sensitive
to neonicotinic imidacloprid based on their known insecticidal type
of action (Daam et al., 2013; Anderson et al., 2015). Furthermore, we
noticed a bloom of floating algae andmacrophytes (Lemnaminor) in
all microcosms including control in the present study which we,
unfortunately, did not quantify. On average, 75% surface area of
microcosms was covered with primary producers in the highest
concentrations of imidacloprid, while on average, 40% area was
covered in control microcosms (visual observation). Toxicity data
for neonicotinoids towards primary producers, such as algae and
macrophytes is limited, however, the available data indicate EC50
values larger than 1000,000 ng/L (Ti�sler et al., 2009; Malev et al.,
2012; Bayer CropScience, 2013; Daam et al., 2013).
3.4. Water quality variables

The daily average water temperature in microcosms gradually
increased during the experimental period from 27.9 �C, 1 h after
first application, to 31.7 �C on day 28 after the first application
(Fig. S7A). However, a decrease to 24.3 �C was observed on day 16
after the first application. The latter day coincided with cloudy
weather while the other days were not cloudy. The average DO
between replicates measured in the microcosm water during the
experimental period ranged between 4.35mg/L and 8.33mg/L. DO
concentrations decreased significantly on day 9 and onwards after
the first application with a consistent NOEC value of 30 ng/L. The
lowest average DO (4.35mg/L) was measured on day 28 in the
highest treatment level (Table 1; Fig. 6A). The pH, EC, phosphate
and nitrite showed no consistent response to the treatment
(Table S8; Fig. S7). A significant decreasewas observed for alkalinity
levels for two consecutive sampling days on day 9 and 16 for almost
all treatment levels (Table 1; Fig. 6B). Average ammonia concen-
trations in the experimental microcosms ranged between 0.4mg/L
(pre-treatment period) and 2.5mg/L (on day 28 after the first
application). Ammonia concentrations increased significantly for
the two consecutive sampling days on day 23 and 28 in the highest



Fig. 5. Chlorophyll-a in periphyton (A) and organic matter decomposition of banana (Musa) leaves (B) on day 2, 16, and 28 after first imidacloprid application (mean± standard
deviation) (NOEC� 3 mg/L).
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treatment level with a NOEC of 300 ng/L (Table 1; Fig. 6C). Nitrate
concentrations decreased consistently in the highest treatment
level at all sampling days except on day 28 with a NOEC of 300 ng/L.
The highest nitrate concentration (1.7mg/L) was measured on day
28 in the second highest treatment level (300 ng/L) (Table 1;
Fig. 6D).

In the present study, the effects found onwater quality variables
exposed to imidacloprid concentrations were indirect. Dissolved
oxygen was consistently affected from day 9 after the first imida-
cloprid exposure onwards. This reduced dissolved oxygen level in
microcosmwater could be explained by reduced photosynthesis in
the water column due to a bloom of floating algae and macro-
phytes. In our study, we observed that the majority of macro- and
micro-crustaceans were negatively affected on day 9 after the first
imidacloprid application. Reduced grazing of these invertebrates
and nutrient-rich environment in microcosms (e.g. ammonia,
phosphate and nitrite were significantly increased for different
sampling days) might have led to a bloom of floating algae and
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macrophytes (own observations) which hindered the light pene-
tration into cosms and thus affected the photosynthesis. The
reduced light penetration induced by floating algae and macro-
phytes might have reduced the photolysis of imidacloprid, thus
increasing the exposure of macro- and micro-crustaceans to
imidacloprid.
3.5. Organic matter decomposition

The decomposition rates of banana (Musa) leaves (mean± SD) in
the control microcosms were 58± 10%, 72± 9% and 76± 0.5% on
day 2,16 and 28, respectively after the first imidacloprid application
(Fig. 5B). In this study, the decomposition of banana leaves
increased gradually with an increasing exposure period. The results
of the univariate analysis, however, did not show any treatment-
related significant effects of imidacloprid on the decomposition of
banana leaves for any of the sampling days (NOECs� 3000 ng/L)
(Fig. 5B). The results of this study is line with earlier microcosm and
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mesocosm studies in the sense that they did not find treatment-
related significant effects of imidacloprid on the microbial
decomposition of different leaves used in their studies
(Kreutzweiser et al., 2008; Pestana et al., 2009; B€ottger et al., 2013).

4. Conclusions

This is the first study assessing the effects of 4 weekly applica-
tions of imidacloprid on the freshwater ecosystem under semi-field
conditions in sub-tropics. In this study, imidacloprid concentrations
between 30 and 3000 ng/L demonstrated significant effects on
water quality variables, certain phytoplankton taxa, and on com-
munities of zooplankton and macroinvertebrates. The study
revealed toxic effects of imidacloprid on an (sub-)tropical fresh-
water ecosystem at much lower concentrations than found for
temperate systems. Whether these differences in sensitivity holds
true for all (sub-)tropical aquatic ecosystems remains to be inves-
tigated. This study generates safe environmental values of imida-
cloprid for the individual taxa and community levels of some
endpoints through the derivation of NOECs. For certain taxa, the
present study found low levels of NOECs (<30 ng/L) indicating that
the standard of imidacloprid (30 ng/L) used in Europe (Vijver and
Van den Brink, 2014) might not protect freshwater communities
in Bangladesh. We recommend further long-term studies with
(sub-)tropical aquatic species and ecosystems to get insight into the
comparative toxicity of imidacloprid using the data obtained from
this study with those previously obtained in temperate regions.
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