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Abstract
Wetlands play a crucial role in providing valuable ecosystem services, including the removal of various pollutants. In 
agricultural basins, wetlands are exposed to agrochemical loads. This study aims to assess the attenuation effect of the 
ubiquitous macrophyte Azolla spp. on the toxicity of lambda-cyhalothrin to sensitive aquatic organisms. An indoor mesocosm 
experiment was conducted to compare the concentration of lambda-cyhalothrin at different time points after pesticide 
application in vegetated and unvegetated treatments, including a control without pesticide addition. Toxicity tests were 
performed throughout the experiment on three organisms: a fish (Cnesterodon decemmaculatus), a macroinvertebrate 
(Hyalella curvispina), and an amphibian (Boana pulchella). The results demonstrated that lambda-cyhalothrin concentration 
and toxicity in water were significantly lower in the Azolla spp. treatment. Furthermore, the half-life of lambda-cyhalothrin 
decreased from 1.2 days in the unvegetated treatment to 0.4 days in the vegetated treatment. The vegetated treatment also 
resulted in a significantly lower mortality rate for both H. curvispina and C. decemmaculatus. However, no mortality was 
observed in B. pulchella for any of the treatments. Sublethal effects were observed in this organism, such as lateral bending 
of the tail and impairment of the ability to swim, which were attenuated in the vegetated treatment. We conclude that Azolla 
spp. can effectively reduce the concentration and toxicity of lambda-cyhalothrin, suggesting its potential use in farm-scale 
best management practices to mitigate the effects of pesticide loads from adjacent crops.
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Worldwide, approximately 2 million tons of pesticides are 
used annually, with China being the major contributing 
country, followed by the USA and Argentina (Sharma et al. 
2019). The use of this wide variety of pesticides in modern 
agriculture has raised global concerns due to the risk of 
contaminating nearby aquatic habitats (Khan et al. 2023).

Pesticides can enter water bodies through surface 
runoff, spray drift, leaching, drainage f lows, and 
atmospheric deposition (Reichenberger et al. 2007). Due 
to their high persistence and toxicity to the non-target 
fauna, organochloride, carbamate, and organophosphate 
insecticides are being replaced by pyrethroids (Weston and 
Lydy 2010; Moore et al. 2008). Pyrethroids have low toxicity 
to mammals, but they are highly toxic to invertebrates, fish, 
and amphibians (Ranatunga et al. 2023). This can have a 
significant impact on the health of ecosystems and their 
biodiversity.

Lambda-cyhalothrin is a broad-spectrum pyrethroid 
insecticide that is increasingly used worldwide. This 
insecticide is largely hydrophobic (octanol–water partition 
coefficient Kow = 7), indicating a tendency to adsorb onto 
organic matter, including vegetation, bottom sediments, and 
suspended particulate materials in water. These components 
serve as the primary vectors for its transport through aquatic 

systems (Hand et al. 2001; He et al. 2008). The combination 
of extensive use and the close connectivity between land 
and streams makes the potential risk of lambda-cyhalothrin 
exposure extremely high for fish, amphibians, and aquatic 
invertebrates (Lauridsen and Friberg 2005; Gu et al. 2007; 
Rasmussen et al. 2008; Nørum et al. 2010; Wiberg-Larsen 
et al. 2021; Marine et al. 2022).

Riparian wetlands play an important role in attenuating 
agricultural pollution from cropland (Pappalardo et  al. 
2015; Solis et al. 2021). Wetland macrophytes offer various 
processes that reduce the mass, toxicity, mobility, volume, 
or concentration of contaminants, including pesticides 
(Vianello et al. 2005; Dhir et al. 2009; Otto et al. 2012; 
Vymazal and Březinová, 2015; Alencar et al. 2020). Azolla 
spp. is a small floating macrophyte commonly found in 
shallow water environments in tropical, subtropical, and 
warm temperate regions of Africa, Asia, and America 
(Sadeghi et al. 2013). Azolla spp. is a rapidly growing aquatic 
plant that can double in size within 2–5 days (Zimmerman 
1985), with particularly fast growth in spring and early 
summer. For several decades, Azolla spp. has been utilized 
as animal feed, as a green manure for rice fertilization due 
to its ability to fix nitrogen (Salma and Naik 2020), and 
in phytoremediation processes due to its rapid growth rate, 

ability to thrive in contaminated waters, and high potential 
to absorb heavy metals (Sood et al. 2011). In recent years, 
the ability of Azolla spp. to remove pesticides from water 
has been studied (Saeb and Wani 2022), but information on 
the removal of pyrethroids, such as lambda-cyhalothrin, is 
very limited.

The objective of this study was to assess the capacity of 
Azolla spp. to decrease the water concentration of lambda-
cyhalothrin and mitigate toxicity to three common aquatic 
fauna of the Argentine pampas: the fish Cnesterodon 
decemmaculatus, the crustacean Hyalella curvispina, and 
the anuran Boana pulchella. It was hypothesized that Azolla 
spp. would decrease the concentration and persistence of 
lambda-cyhalothrin in water, thereby reducing the pesticide 
impact on aquatic environments.

Materials and Methods

Lambda‑Cyhalothrin Dissipation from Water

The persistence of lambda-cyhalothrin was compared in 
two treatments, one containing only water, and the other 
one with the water completely covered by Azolla spp. A 
negative control was conducted with water and vegetation, 
without the addition of lambda-cyhalothrin (Fig. 1). Both 

treatments and controls were run in triplicate. The laboratory 
mesocosms consisted of glass aquariums measuring 60 cm 
long, 20 cm wide, and 40 cm deep, each containing 30 L 
of dechlorinated, unfiltered tap water. Azolla spp. biomass 
in the vegetated treatment represented roughly 100 g wet 
weight in each aquarium. The Azolla spp. was obtained 
from a large wetland about 30 km south of the city of La 
Plata, surrounded by natural pastures and extensive livestock 
fields. Previous studies comparing pesticide concentrations 
in streams with different land uses in the area reported 
higher concentrations in bottom sediments from horticultural 
and agricultural basins and traces in extensive livestock and 
a reserve basin. The sampled wetland represents the best 
condition in the area (Arias et al. 2020). Sampled Azolla 
spp. was acclimatized in the laboratory for two weeks 
under controlled conditions, including room temperature, 
illumination with Indoor Grow Lamps 18W, and a 12-h 
photoperiod. The water was enriched with six nutrient 
additions to attain 300 µg/L inorganic nitrogen and 100 µg/L 
of soluble reactive phosphorus in each addition.

The commercially available formulated product Karate® 
(lambda-cyhalothrin 25%, SYNGENTA AGRO S.A.) was 
applied to each treatment at the beginning of the experiment 
to reach a nominal concentration of 20 µg/L in the aquariums 
water. A stock solution of lambda-cyhalothrin (250 mg/L) 
was prepared from the formulated pesticide diluted in 
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deionized water. Aliquots (2.4 mL) of this solution were 
spiked with a pipette into the aquariums in a single dose 
and the aquariums were gently stirred soon after addition to 
achieve homogeneous distribution. The pesticide addition 
and the initial concentration were designed to represent an 
ephemeral runoff event (Bennett et al. 2005; Mugni et al. 
2011; Mahabali and Spanoghe 2013).

Water samples were collected from each aquarium 1 h, 
and 1, 4, 7, and 14 days after lambda-cyhalothrin addition 
in amber glass bottles, stored in the dark at 4  °C, and 
extracted with dichloromethane within 7 days of storage. 
Lambda-cyhalothrin concentration in Azolla spp. biomass 
was measured at the end of the experiment. The vegetation 
samples were dried at room temperature, crushed, and 
20  g was mixed with sodium sulfate and extracted by 
sonication with dichloromethane. Cleanup procedures were 
carried out using Florisil solid phase extraction (USEPA, 

2007; Solis et al. 2016). All the evaporated extracts were 
diluted in hexane and analyzed by gas chromatography (GC 
HP 6890) with a 30-m HP1 column and a 63Ni electron-
capture detector (ECD). Two microliters were injected in 
splitless mode, with the detector kept at 290 °C. The oven-
temperature program started at 190 °C, followed by an 
increase of 10 °C/min up to 260 °C (maintained for 13 min), 
then 10  °C/min up to 290  °C (maintained for 7  min). 
Identification and quantification were performed with a high-
purity lambda-cyhalothrin standard pesticide (Accustandard; 
4-point calibration curve) and tetrachloro-m-xylene (Ultra 
Scientific) as an internal standard. The detection limits (3:1 
signal-versus-noise value) were 0.002 µg/L and 1.0 ng/g in 
water and vegetation, respectively. The quantitation limits 
(10:1 signal-versus-noise value) in water and macrophytes 
were 0.009 µg/L and 3.5 ng/g, respectively. Ultra-high-purity 
nitrogen was the carrier and makeup gas, set to a constant 

Fig. 1   Experimental design
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flow of 28 cm/s and 40 mL/min, respectively. The procedural 
and instrumental blanks had concentrations below the 
detection limits. Mean extraction efficiencies based on 
fortified samples were > 90% for both, water and vegetation. 
The analyses were carried out until the concentrations 
declined below the limit of determination.

Temperature, dissolved oxygen, pH, and conductivity in 
the aquariums were measured at each sampling. Dissolved 
oxygen and temperature were measured with a Yellow 
Spring Instrument (YSI 51B) recorder, pH with an Orion 
250A, and conductivity with a Hanna 8733.

Toxicity Tests

Test organisms were collected from a stream not impacted 
by agricultural activity (35° 07′ 22″ S; 57° 41′ 12″ W) and 
raised in the laboratory in aquariums containing tap water, 
at 20  °C and natural photoperiod (light/dark 14/10  h). 
The locally abundant macrophyte Lemna spp. was placed 
on the water surface. H. curvispina fed on the periphytic 
community associated with its rhizosphere and was 
supplemented twice a week with a mixture of fresh lettuce 
leaves and dried algae ad libitum. C. decemmaculatus and B. 
pulchella were fed daily ad libitum with Shulet® Carassius 
commercial fish food.

Toxicity tests were carried out in triplicate with water 
sampled from each aquarium without vegetation (Fig. 1). 
The three selected organisms (C. decemmaculatus, H. 
curvispina, and B. pulchella) were exposed separately. 
Toxicity to C. decemmaculatus and B. pulchella was tested 
at 1 h, 4, 7 and 14 days and to H. curvispina at 1 h, 4, 7 and 
9 days since lambda-cyhalothrin application. Standardized 
protocols were followed for the toxicity tests (USEPA, 
2000). Ten organisms were exposed to water samples from 
both treatments and the control for 96 h. Mortality was the 
endpoint for C. decemmaculatus and H. curvispina, and tail 
flection was the endpoint for B. pulchella. H. curvispina, 
8.6 ± 3 mm, was exposed in 100 mL beakers, B. pulchella, 
in the 25 Gosner´s stage, and C. decemmaculatus, 15 ± 2 mm 
length, 21–35 mg, were exposed in 1000 mL water samples. 
The tests, performed in the laboratory, were static, without 
feeding, and with natural photoperiod.

The treatment of the specimens was carried out in 
accordance with regulations on animal welfare of the 
National Council of Scientific and Technical Research of 
Argentina (CONICET), following the guidelines of its Ethics 

Committee (OCR-RD-20050701–1047.pdf conicet.gov.ar) 
and its biological sampling guide (https://​proye​ctosi​nv.​conic​
et.​gov.​ar/​solic​itud-​colec​ta-​cient​ifca/).

Statistical Analysis

Analysis of variance (ANOVA) was used to compare both 
lambda-cyhalothrin concentrations and biological endpoints 
between treatments (vegetated and unvegetated) and control. 
Separate ANOVA tests were performed for each time point 
and organism. After the ANOVA test, Tukey's HSD was 
used as a post hoc test. Angle transformation was used for 
data analysis. Normality and homoscedasticity were tested 
using the Shapiro–Wilk and Bartlett tests. If the assumptions 
of homoscedasticity or normality were not met, the non-
parametric Kruskal–Wallis test was used. The Student's 
t-test was used to compare the mean measured water quality 
parameters (conductivity, temperature, pH, and oxygen 
concentrations) between treatments. A natural logarithmic 
regression model was used to fit a curve describing lambda-
cyhalothrin concentrations along the experiment. The half-
life was then estimated from the regression curve. The half-
lives were compared between treatments using Student's 
t-test. A significance level of α = 0.05 was used for all tests. 
Statistical analyses were performed using InfoStat (Di 
Rienzo et al. 2020) and XLSTAT software.

Results

Table 1 summarizes the environmental variables measured 
throughout the experiment. The vegetated treatment 
exhibited lower water pH and dissolved oxygen concentration 
and higher conductivity than the unvegetated treatment. 
Pinero-Rodriguez et al. (2021) reported that dense mats of 
Azolla filiculoides decreased pH and oxygen concentration 
and released nutrients in experimental mesocosms. Water pH 
and oxygen were attributed to root respiration and impaired 
water-atmosphere exchange (Pinero-Rodriguez, et al., 2021). 
Nutrient release by Azolla spp. may have contributed to the 
observed increase in conductivity in our experiment. A 
detritus layer was formed on the bottom of the vegetated 
treatment. The source of ions for the increased conductivity 
observed in this treatment could be either released from the 
Azolla spp. biomass and/or from the decomposition of the 
bottom detritus layer.

Table 1   Mean ± standard 
deviation of the measurements 
carried out in the aquariums

Significant differences are marked with asterisks

Temp. (°C) pH Cond. (µS/cm) Dis. Oxygen (mg/L)

Unvegetated 21.8 ± 1.0 7.93 ± 0.27* 865.5 ± 46.9* 7.9 ± 0.4*
Vegetated 22.3 ± 1.0 7.56 ± 0.22 921.0 ± 70.5 6.5 ± 1.5

https://proyectosinv.conicet.gov.ar/solicitud-colecta-cientifca/
https://proyectosinv.conicet.gov.ar/solicitud-colecta-cientifca/
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The concentration of lambda-cyhalothrin in water 
decreased rapidly in both treatments during the experiment, 
as shown in Fig. 2. Concentrations were significantly lower 
in the Azolla spp. treatment at 1 h (F = 12.49, p = 0.0241), 
1 day (F = 25.44, p = 0.0073), 4 days, (F = 14.95, p = 0.0181), 
7  days (F = 43.85, p = 0.0027), and 14  days (F = 7.25, 
p = 0.0545). Lambda-cyhalothrin concentration in the Azolla 
spp. treatment decreased to 10% of the initial concentration 
on the 4th day after pesticide addition, compared to 14 days 
in the unvegetated treatment.

The estimated half-life of lambda-cyhalothrin 
was significantly shorter in the Azolla spp. treatment 
(0.4 days) than in the non-vegetated treatment (1.2 days) 
(t = 9.51, p = 0.0007).

At the end of the assay, the concentration of lambda-
cyhalothrin within the Azolla spp. biomass was 
2.49 ± 0.44  µg/g (dry weight). The amount of lambda-
cyhalothrin retained within the Azolla spp. biomass 
represented approximately 10% of the initial amount added 
at the beginning of the experiment. Each aquarium contained 
roughly 25 g dw of Azolla spp. biomass.

The mortality of C. decemmaculatus was 100% in 
both treatments after application (1st day) as shown in 
Fig. 3. From the 4th day until the end of the experiment, 
mortality was significantly lower in the vegetated treatment 
compared to the unvegetated treatment (t = 4: F = 15.05, 
p = 0.0046; t = 7: F = 11.58, p = 0.0087; t = 14: F = 50.23, 
p = 0.0002). On the 4th day, mortality in the Azolla spp. 
treatment decreased to 30%, while it remained at 100% in 
the unvegetated treatment. On the 7th day after application, 
mortality was less than 10% for the Azolla spp. treatment, 
while it remained high (55%) until the end of the experiment 
(14th day) in the unvegetated treatment.

H. curvispina mortality was 100% up to the 7th day in 
both treatments (Table 2). On the 9th day, mortality was 

significantly lower in the Azolla spp. treatment (77 ± 9%) 
than in the non-vegetated treatment (100%) (F = 50.23, 
p = 0.0002).

The anuran B. pulchella did not show mortality in any 
treatment throughout the experiment. However, sublethal 
effects were observed, such as lateral flexion of the tail 
(Fig. 4) and erratic swimming. Lateral tail flexion occurred 
in 100% of the individuals throughout the experiment in 
the unvegetated treatment while it completely ceased in the 
Azolla spp. treatment on the 14th day (Table 2).

Discussion

The concentration of lambda-cyhalothrin in the water 
decreased rapidly, particularly in the vegetated treatment, 
as expected for a lipophilic compound, indicating significant 
adsorption to the biomass of Azolla spp. The chemical 
feature of lambda-cyhalothrin determines its environmental 

Fig. 2   Lambda-cyhalothrin concentration in the Azolla spp. and 
unvegetated treatments throughout the experiment

Fig. 3   Mortality of Cnesterodon decemmaculatus exposed 
to aquarium water at diferent times after lambda-cyhalothrin 
application. Mean of three replicates. Vertical lines represent error 
bars. Significant differences are indicated by asterisks

Table 2   Mortality ± standard error of Hyalella curvispina and lateral 
flection of the tail in Boana pulchella in the exposure to aquarium 
water at different times after lambda-cyhalothrin application

Significant differences are marked with asterisks

Time (days) Unvegetated Vegetated

H. curvispina % Mortality 1 h 100 ± 0 100 ± 0
4 100 ± 0 100 ± 0
7 100 ± 0 100 ± 0
9 100 ± 0 77 ± 9*

B. pulchella % Tail flection 1 h 100 ± 0 100 ± 0
4 100 ± 0 100 ± 0
7 100 ± 0 100 ± 0
14 100 ± 0 0 ± 0*
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fate; high Koc and Kow (5,5 and 7, respectively, Bennett 
et al. 2005), combined with low solubility (0.005 mg/L) favor 
rapid dissipation from the aqueous phase. Photodegradation 
takes about 40 days (PPDB database, 2023), much longer 
than the experimental exposure. Small differences in 
dissolved oxygen and conductivity between treatments 
do not appear to have a significant effect on the observed 
degradation patterns. Adsorption on glass is expected for 
such a hydrophobic compound. Adsorption of pyrethroids 
to glass walls in centrifuge tubes and vials is significant 
(Zhou et al. 1995; Oudou and Hansen 2002). The sorption of 
lambda-cyhalothrin on organically coated montmorillonite 
was much greater than on "pure" clay particles (Zhou et al. 
1995). Thus, it could be suggested that the glass bond 
contributes to the rapid decrease in both treatments, while 
the organic substrate (Azolla spp.) contributes to the faster 
decrease in the Azolla spp. treatment. Lambda-cyhalothrin 
is stable at pH 5–7, but hydrolysis at pH 9 results in a half-
life of 8.7 days (Bennett et al. 2005). At the pH ranges 
recorded in the present experiment, lambda-cyhalothrin may 
have been partially hydrolyzed, which was greater in the 
unvegetated treatment (mean pH 7.9) than in the vegetated 
treatment (mean pH 7.6). However, the overall disappearance 
was significantly greater in the vegetated treatment. Present 
evidence suggests that the faster dissipation in the vegetated 
treatment was mainly caused by rapid and extensive binding 
to Azolla roots. The more rapid dissipation observed 
in the vegetated treatment, achieved as early as 1 h after 
application, is consistent with the literature. Hand et al. 
(2001) reported that the adsorption of lambda-cyhalothrin 
to Ceratophyllum demersum and Potamogeton crispus was 
rapid, extensive, and virtually irreversible for both plant 
species studied. Degradation occurred by ester cleavage, as 
evidenced by the rapid increase in the degradation metabolite 
cyclopropane acid in water, suggesting that cleavage likely 
occurred at the plant surface. The unicellular green alga 
Dunaliella bioculata was found to excrete esterases capable 
of extracellular metabolism of deltamethrin (Baeza-
Squiban et al. 1990). In an indoor microcosm containing 
water, sediment, and macrophytes from a pond, Hand et al. 
(2001) reported that degradation was rapid, with DT50 
and DT90 values of less than 3 and 19 h, respectively, 

lower than estimated in the present study (DT50 = 9 h). 
Although no specific studies were conducted with Azolla 
spp., previous research has shown that lambda-cyhalothrin 
binds extensively to aquatic vegetation (Hand et al. 2001; 
Leistra et al. 2003; Moore et al. 2009). Leistra et al. (2003) 
studied lambda-cyhalothrin concentrations in enclosures 
placed in vegetated (Myriophyllum spicatum, Sagittaria 
sagittifolia) and unvegetated ditches. Similarly to our results, 
they observed that only 24–40% of the dose remained in the 
water one day after application, the rate of decrease was 
faster in enclosures with the highest macrophyte biomass 
(145 g dw). After one day of exposure in the highest biomass 
enclosure, the lambda-cyhalothrin residue in the plant tissue 
reached 0.33 µg/g dw, which represented 50% of the dose. 
This concentration later decreased to 10% after 7 days. At 
intermediate and low plant densities, the maximum lambda-
cyhalothrin concentration was only 3–11% of the dose, after 
1–2 days. In our experiment, a higher initial concentration 
resulted in higher concentrations in plant biomass and 
similar rates of water disappearance. We measured the 
biomass concentration at the end of the experiment, whereas 
Leistra et al. (2003) measured the maximum concentrations 
in plant biomass in the first days after application, suggesting 
that, in our experiment, a larger proportion of the lambda-
cyhalothrin applied might have been retained earlier in the 
Azolla spp. biomass.

Likewise, Mahabali and Spanoghe (2013) investigated 
the removal of lambda-cyhalothrin in mesocosms with 
Nymphaea amazon and Eleocharis mutata, exposed to 
low (10  μg/L) and high (30  μg/L) lambda-cyhalothrin 
concentrations. The half-life of lambda-cyhalothrin was 
found to be 22–25 h. Between 48 and 72 h, 100% of the 
lambda-cyhalothrin was removed from the water phase, 
regardless of the dose applied or the type of plant. Moore 
et al. (2009) showed that 49% of the lambda-cyhalothrin 
mass was associated with vegetation in a constructed 
wetland in the Mississippi Delta, dominated by Cyprus 
iria, Sorghum halepense, Digitaria ischaemum, Polygonum 
lapathifolium, and Alternanthera philoxeroides.

Consistent with the faster decrease in lambda-
cyhalothrin concentrations in the vegetated treatment than 
in the unvegetated treatment, toxicity to the three aquatic 

Fig. 4   Sublethal effect of lambda-cyhalothrin on B. pulchella. Tail flection caused erratic swimming in the vegetated and unvegetated exposure 
treatments (A and B, respectively). No effect was observed in control treatments (C)
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organisms tested also decreased faster in the vegetated 
treatment. Previous studies have shown that macrophytes 
can reduce toxicity of contaminants in aquatic organisms, 
but few have evaluated this effect to lambda-cyhalothrin. 
Bouldin et  al. (2005) compared the toxicity of atrazine 
and lambda-cyhalothrin to the invertebrate Ceriodaphnia 
dubia and the fish Pimephales promelas in vegetated and 
unvegetated mesocosms. The study assessed two different 
macrophytes: the soft rush Juncus effuses and the primrose 
Ludwigia peploides. The temporal patterns of toxicity 
reduction showed that aquatic vegetation mitigated toxicity. 
The comparative survival of test organisms suggested the 
effective mitigation of pesticides from runoff depending on 
the macrophyte contact and vegetation attributes.

Brogan and Relyea (2017) determined the effect of 
Elodea canadensis on the toxicity to Daphnia magna 
of nine insecticides from three different chemical 
classes: carbamates (aldicarb, carbaryl, carbofuran); 
organophosphates (malathion, diazinon, chlorpyrifos); and 
pyrethroids (permethrin, bifenthrin, lambda-cyhalothrin). 
The authors reported that Elodea canadensis attenuated 
toxicity, especially for the pesticides of larger octanol–water 
partition coefficients (Log Kow > 6.0), such as permethrin 
and lambda-cyhalothrin. The authors suggested that 
the removal from water by plant sorption represented an 
important mechanism by which plants attenuate the toxicity 
of pyrethroid insecticides.

According to Luckeydoo et al. (2002), the contribution 
of vegetation to the phytoremediation process of water is 
accomplished through sedimentation, biomass storage, 
and provision of microhabitats for beneficial microbial 
organisms. Increased organic matter production enhances 
the sorption of hydrophobic compounds (Hand et al. 2001).

In the present study, the amphipod H. curvispina 
was found to be the most sensitive, while the fish C. 
decemmaculatus was moderately sensitive and the 
amphibian B. pulchella was largely tolerant. Although no 
mortality was observed for B. pulchella at the tested dose, 
its swimming ability was reduced, which could lead to 
competitive impairment in the field. This effect, however, 
was attenuated by Azolla spp.

Azolla spp. is easy to manipulate and could be grown in 
any sheltered water surface within a farm, even in indoor 
aquariums, and then transplanted into ponds, ditches, 
and streams in early spring, when it attains fast growth 
and may cover the water surface. Intercropped with rice, 
Azolla spp. attained a biomass of 100 g dw/m2 (Bonetto and 
Carcaño, 1995). The present study suggests that favoring 
the development of Azolla spp. in small ponds and ditches 
to achieve a conspicuous cover may be useful to reduce 
toxicity from nearby crops. Therefore, it can be included 
in farmers' best management practices (BMPs) to mitigate 
toxicity from runoff events in crop fields. Azolla spp. is a 

common component of the regional habitats together with 
other macrophytes. In larger lagoons Azolla spp. is swept 
by the wind and remains at the borders. In small ponds, it 
may occupy the water surface only temporarily, disappearing 
after winter freezing and high summer temperatures and 
irradiances. The regional fauna coexists with abundant 
aquatic vegetation. Adding Azolla spp. to small ponds 
at a farm scale in spring is not expected to produce any 
discernible effect on the regional fauna.

Conclusions

Our study demonstrates that Azolla spp., a common 
freshwater wetland macrophyte, reduces the concentration 
and toxicity of lambda-cyhalothrin to various aquatic 
organisms in laboratory exposures. We observed a significant 
reduction in the half-life of lambda-cyhalothrin to less 
than one day in the presence of Azolla spp. These findings 
suggest that the presence of Azolla spp. in small waterbodies 
adjacent to crop fields will substantially attenuate the impact 
of lambda-cyhalothrin on aquatic biota.

Given that wetlands are often drained to expand 
agricultural land, our study highlights the importance of 
preserving and restoring these ecosystems to safeguard 
their crucial role in mitigating the effects of pesticide 
contamination in agricultural basins. Azolla spp. can be 
integrated into farm-scale best management practices, such 
as constructed wetlands or ditches, to mitigate pesticide 
contamination. The lambda-cyhalothrin content in the 
vegetation biomass at the end of the exposure was a small 
fraction of the initial application, suggesting that there would 
be no need to harvest and further dispose of the Azolla spp. 
to avoid potential bioaccumulation.

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s00244-​024-​01083-9.

Acknowledgements  The authors acknowledge the anonymous 
reviewers for their valuable comments and suggestions.

Author contributions  Jezabel PRIMOST, Conceptualization, 
Methodology, Writing, Formal analysis; Marina SOLIS, 
Conceptualization, Methodology, Writing; Morena PANTUCCI 
SARALEGUI, Conceptualization, Methodology, Writing, Formal 
analysis; Silvia FANELLI, Conceptualization, Methodology, Writing, 
Formal analysis; Carlos BONETTO, Conceptualization, Methodology, 
Writing, Funding acquisition, Supervision; Hernán MUGNI. 
Conceptualization, Methodology, Formal analysis, Investigation, 
Writing, Funding acquisition, Supervision.

Funding  This research was supported by the National Scientific 
and Technical Research Council (CONICET) (PIP 2021- 2509) and 
the Argentine National Agency for the Promotion of Science and 
Technology (ANPCyT) (PICT 2021-0856).

https://doi.org/10.1007/s00244-024-01083-9
https://doi.org/10.1007/s00244-024-01083-9


	 Archives of Environmental Contamination and Toxicology

 Data availability  Data will be made available on request.

Declarations 

Conflict of interest  The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

References

Alencar BTB, Ribeiro VHV, Cabral CM, dos Santos NMC, Ferreira 
EA, Francino DMT, Santos JBd, Silva DV, Souza MdF (2020) Use 
of macrophytes to reduce the contamination of water resources 
by pesticides. Ecol Indic 109:105785. https://​doi.​org/​10.​1016/j.​
ecoli​nd.​2019.​105785

Arias M, Scalise A, Solis M, Paracampo A, Indaco M, Fanelli S, 
Mugni H, Bonetto C (2020) Horticulture affects macroinvertebrate 
assemblages in adjacent streams (Buenos Aires, Argentina). 
Knowl Manag Aquat Ecosyst 421:5. https://​doi.​org/​10.​1051/​
kmae/​20190​48

Baeza-Squiban A, Bouaicha N, Santa-Maria A, Marano F (1990) 
Demonstration of the excretion by Dunaliella bioculata of 
esterases implicated in the metabolism of deltamethrin, a 
pyrethroid insecticide. Bull Environ Contam Toxicol 45:39–45. 
https://​doi.​org/​10.​1007/​BF017​01826

Bennett ER, Moore MT, Cooper CM, Smith S Jr, Shields FD Jr, 
Drouillard KG et al (2005) Vegetated agricultural drainage ditches 
for the mitigation of pyrethroid-associated runoff. Environ Toxicol 
Chem 24(9):2121–2127. https://​doi.​org/​10.​1897/​04-​357R.1

Bonetto C, Carcaño A (1995) Azolla utilization, rice yield and nitrogen 
balance in Argentina. Internat J Ecol Environ Sci 21:37–44

Bouldin JL, Farris JL, Moore MT, Stephens WW, Smith S Jr, Cooper 
CM (2005) Evaluated fate and effects of atrazine and lambda-
cyhalothrin in vegetated and unvegetated microcosms. Environ 
Toxicol 20:487–498. https://​doi.​org/​10.​1002/​tox.​20137

Brogan WR, Relyea RA (2017) Multiple mitigation mechanisms: 
effects of submerged plants on the toxicity of nine insecticides to 
aquatic animals. Environ Pollut 220:688–695. https://​doi.​org/​10.​
1016/j.​envpol.​2016.​10.​030

Dhir B, Sharmila P, Saradhi PP (2009) Potential of aquatic macrophytes 
for removing contaminants from the environment. Crit Rev 
Environ Sci Technol 39(9):754–781. https://​doi.​org/​10.​1080/​
10643​38080​19777​76

Gu BG, Wang HM, Chen WL, Cai DJ, Shan ZJ (2007) Risk assessment 
of λ-cyhalothrin on aquatic organisms in paddy field in China. 
Regul Toxicol Pharmacol 48(1):69–74. https://​doi.​org/​10.​1016/j.​
yrtph.​2007.​01.​005

Hand LH, Kuet SF, Lane MC, Maund SJ, Warinton JS, Hill IR 
(2001) Influences of aquatic plants on the fate of the pyrethroid 
insecticide Lambda-cyhalothrin in aquatic environments. Environ 
Toxicol Chem 20:1740–1745. https://​doi.​org/​10.​1002/​etc.​56202​
00817

He LM, Troiano J, Wang A, Goh K (2008) Environmental Chemistry, 
ecotoxicity, and fate of lambda-cyhalothrin. Rev Environ Contam 
Toxicol 195:71–91. https://​doi.​org/​10.​1007/​978-0-​387-​77030-7_3

Khan BA, Nadeem MA, Nawaz H, Amin MM, Abbasi GH, Nadeem 
M et al (2023) Pesticides: impacts on agriculture productivity, 
environment, and management strategies. In: Aftab T (ed) 
Emerging contaminants and plants: interactions, adaptations 
and remediation technologies. Springer International Publishing, 
Cham, pp 109–134

Lauridsen RB, Friberg N (2005) Stream macroinvertebrate drift 
response to pulsed exposure of the synthetic pyrethroid 

lambda-cyhalothrin. Environ Toxicol 20(5):513–521. https://​
doi.​org/​10.​1002/​tox.​20140

Leistra M, Zweers AJ, Warinton JS, Crum SJH, Hand LH, Beltman 
WHJ, Maund SJ (2003) Fate of the insecticide lambda-
cyhalothrin in ditch enclosures differing in vegetation density. 
Pest Manag Sci 60:75–84. https://​doi.​org/​10.​1002/​ps.​780

Luckeydoo LM, Fausey NR, Brown LC, Davis CB (2002) Early 
development of vascular vegetation of constructed wetlands 
in northwest Ohio receiving agricultural waters. Agric Ecosys 
Environ 88:89–94. https://​doi.​org/​10.​1016/​S0167-​8809(01)​
00155-4

Mahabali S, Spanoghe P (2013) Mitigation of two insecticides by 
wetland plants: feasibility study for the treatment of agricultural 
runoff in Suriname (South America). Wat Air Soil Pollut 
225(1):1771. https://​doi.​org/​10.​1007/​s11270-​013-​1771-2

Moore MT, Denton DL, Cooper CM, Wrysinski J, Miller JL, Reece 
K, Crane D, Robins P (2008) Mitigation assessment of vegetated 
drainage ditches for collecting irrigation runoff in California. 
J Environ Qual 37:486–493. https://​doi.​org/​10.​2134/​jeq20​07.​
0172

Moore MT, Cooper CM, Smith S, Cullum RF, Knight SS, Locke MA, 
Bennett ER (2009) Mitigation of two pyrethroid insecticides in a 
Mississippi Delta constructed wetland. Env Poll 157(1):250–256. 
https://​doi.​org/​10.​1016/j.​envpol.​2008.​07.​025

Mugni H, Ronco A, Bonetto C (2011) Insecticide toxicity to Hyalella 
curvispina in runoff and stream water within a soybean farm 
(Buenos Aires, Argentina). Ecotoxicol Environ Saf 74(3):350–
354. https://​doi.​org/​10.​1016/j.​ecoenv.​2010.​07.​030

Nikolaishvili M, Jikia G, Davitashvili M, Margalitashvili D, Nadiradze 
T, Zuroshvili L (2022) Negative effect of lambda-cyhalothrin 
(Insecticide) on Alazani River Fish, Luciobarbus Mursa. Eur Sci 
J 18(27):1. https://​doi.​org/​10.​19044/​esj.​2022.​v18n2​7p1

Nørum U, Friberg N, Jensen MR, Pedersen JM, Bjerregaard P 
(2010) Behavioural changes in three species of freshwater 
macroinvertebrates exposed to the pyrethroid lambda-cyhalothrin: 
Laboratory and stream microcosm studies. Aquat Toxicol 
98(4):328–335. https://​doi.​org/​10.​1016/j.​aquat​ox.​2010.​03.​004

Otto S, Cardinali A, Marotta E, Paradisi C, Zanin G (2012) Effect of 
vegetative filter strips on herbicide runoff under various types 
of rainfall. Chemosphere 88:113–119. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2012.​02.​081

Oudou H, Hansen HC (2002) Sorption of lambda-cyhalothrin, 
cypermethrin, deltamethrin and fenvalerate to quartz, corundum, 
kaolinite and montmorillonite. Chemosphere 49(10):1285–1294. 
https://​doi.​org/​10.​1016/​S0045-​6535(02)​00507-6

Pappalardo SE, Otto S, Gasparini V, Zanin G, Borin M (2015) 
Mitigation of herbicide runoff as an ecosystem service from a 
constructed surface flow wetland. Hydrobiologia 774(1):193–202. 
https://​doi.​org/​10.​1007/​s10750-​015-​2375-1

Pinero-Rodríguez MJ, Fernández-Zamudio R, Arribas R, Gomez-
Mestre I, Díaz-Paniagua C (2021) The invasive aquatic fern 
Azolla filiculoides negatively impacts water quality, aquatic 
vegetation and amphibian larvae in Mediterranean environments. 
Biol. Invasions 23(3):755–69. https://​doi.​org/​10.​1007/​
s10530-​020-​02402-6

Ranatunga M, Kellar C, Pettigrove V (2023) Toxicological impacts of 
synthetic pyrethroids on non-target aquatic organisms: a review. 
Environ Adv 12:100388. https://​doi.​org/​10.​1016/j.​envadv.​2023.​
100388

Rasmussen JJ, Friberg N, Larsen SE (2008) Impact of lambda-
cyhalothrin on a macroinvertebrate assemblage in outdoor 
experimental channels: implications for ecosystem functioning. 
Aquat Toxicol 90(3):228–234. https://​doi.​org/​10.​1016/j.​aquat​ox.​
2008.​09.​003

Reichenberger S, Bach M, Skitschak A, Frede HG (2007) Mitigation 
strategies to reduce pesticide inputs into ground-and surface water 

https://doi.org/10.1016/j.ecolind.2019.105785
https://doi.org/10.1016/j.ecolind.2019.105785
https://doi.org/10.1051/kmae/2019048
https://doi.org/10.1051/kmae/2019048
https://doi.org/10.1007/BF01701826
https://doi.org/10.1897/04-357R.1
https://doi.org/10.1002/tox.20137
https://doi.org/10.1016/j.envpol.2016.10.030
https://doi.org/10.1016/j.envpol.2016.10.030
https://doi.org/10.1080/10643380801977776
https://doi.org/10.1080/10643380801977776
https://doi.org/10.1016/j.yrtph.2007.01.005
https://doi.org/10.1016/j.yrtph.2007.01.005
https://doi.org/10.1002/etc.5620200817
https://doi.org/10.1002/etc.5620200817
https://doi.org/10.1007/978-0-387-77030-7_3
https://doi.org/10.1002/tox.20140
https://doi.org/10.1002/tox.20140
https://doi.org/10.1002/ps.780
https://doi.org/10.1016/S0167-8809(01)00155-4
https://doi.org/10.1016/S0167-8809(01)00155-4
https://doi.org/10.1007/s11270-013-1771-2
https://doi.org/10.2134/jeq2007.0172
https://doi.org/10.2134/jeq2007.0172
https://doi.org/10.1016/j.envpol.2008.07.025
https://doi.org/10.1016/j.ecoenv.2010.07.030
https://doi.org/10.19044/esj.2022.v18n27p1
https://doi.org/10.1016/j.aquatox.2010.03.004
https://doi.org/10.1016/j.chemosphere.2012.02.081
https://doi.org/10.1016/j.chemosphere.2012.02.081
https://doi.org/10.1016/S0045-6535(02)00507-6
https://doi.org/10.1007/s10750-015-2375-1
https://doi.org/10.1007/s10530-020-02402-6
https://doi.org/10.1007/s10530-020-02402-6
https://doi.org/10.1016/j.envadv.2023.100388
https://doi.org/10.1016/j.envadv.2023.100388
https://doi.org/10.1016/j.aquatox.2008.09.003
https://doi.org/10.1016/j.aquatox.2008.09.003


Archives of Environmental Contamination and Toxicology	

and their effectiveness; A review. Sci Total Environ 384:1–35. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2007.​04.​046

Sadeghi J, Zarkami R, Sabetraftar K, Van Damme P (2013) A review 
of some ecological factors affecting the growth of Azolla spp. 
Caspian J Environ Sci 11:65–76

Saeb K, Wani A (2022) Phytoremediation of organophosphorus 
pesticides from aqueous media using Azolla Filiculoides (Case 
study: Anzali Wetland). Biomed J Sci Tech Res. https://​doi.​org/​
10.​26717/​BJSTR.​2022.​45.​007263

Salma SU, Naik ATR (2020) Azolla: a Boon or Bane. J Aquat Pollut 
Toxicol 4(4):35. https://​doi.​org/​10.​36648/​2581-​804X.4.​4.​35

Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa 
N et al (2019) Worldwide pesticide usage and its impacts on 
ecosystem. SN Appl Sci 1(11):1446. https://​doi.​org/​10.​1007/​
s42452-​019-​1485-1

Solis M, Mugni H, Hunt L, Marrochi N, Fanelli S, Bonetto C (2016) 
Land use effect on invertebrate assemblages in Pampasic streams 
(Buenos Aires, Argentina). Environ Monit Assess 188(9):539. 
https://​doi.​org/​10.​1007/​s10661-​016-​5545-3

Solis M, Cappelletti N, Bonetto C, Franco M, Fanelli S, Amalvy J, 
Mugni H (2021) Attenuation of insecticide impact by a small 
wetland in a stream draining a horticultural basin in Argentina. 
Sci Total Environ 785:147317. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2021.​147317

Sood A, Uniyal PL, Prasanna R, Ahluwalia AS (2011) 
Phytoremediation potential of aquatic macrophyte. Azolla 
AMBIO 2012(41):122–137. https://​doi.​org/​10.​1002/​etc.​56202​
20611

Vianello M, Vischetti C, Scarponi L, Zanin G (2005) Herbicide losses 
in runoff events from a field with a low slope: role of a vegetative 
filter strip. Chemosphere 61:717–725. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2005.​03.​043

Vymazal J, Březinová T (2015) The use of constructed wetlands for 
removal of pesticides from agricultural runoff and drainage: a 
review. Environ Int 75:11–20. https://​doi.​org/​10.​1016/j.​envint.​
2014.​10.​026

Weston DP, Lydy MJ (2010) Urban and agricultural sources of 
pyrethroid insecticides to the Sacramento-San Joaquin Delta of 

California. Environ Sci Technol 44(5):1833–1840. https://​doi.​org/​
10.​1021/​es903​5573

Wiberg-Larsen P, Nørum U, Rasmussen JJ (2021) Repeated insecticide 
pulses increase harmful effects on stream macroinvertebrate 
biodiversity and function. Environ Pollut 273:116404. https://​
doi.​org/​10.​1016/j.​envpol.​2020.​116404

Zhou JL, Rowland S, Mantoura RFC (1995) Partition of synthetic 
pyrethroid insecticides between dissolved and particulate phases. 
Water Res 29(4):1023–1031. https://​doi.​org/​10.​1016/​0043-​
1354(94)​00240-8

Zimmerman WJ (1985) Biomass and pigment production in three 
isolates of Azolla II. Response to light and temperature stress. 
Ann Bot 56(5):701–709. https://​doi.​org/​10.​1093/​oxfor​djour​nals.​
aob.​a0870​59

PPDB (2023) Pesticide Properties Database (PPDB) website. 
https://​sitem.​herts.​ac.​uk/​aeru/​ppdb/​index.​htm. Agriculture and 
Environment Research Unit (AERU). University of Hertfordshire.

Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M, 
Robledo CW (2020). InfoStat versión. Centro de Transferencia 
InfoStat, FCA, Universidad Nacional de Córdoba, Argentina. URL 
http://​www.​infos​tat.​com.​ar

US Environmental Protection Agency (2000) Methods for 
measuring the toxicity and bioaccumulation of sediment-
associated contaminants with freshwater invertebrates. United 
States Environmental Protection Agency, National Center for 
Environmental Publications (NSCEP), Cincinnati, OH. EPA 
600/R-99/064.

US Environmental Protection Agency (2007) Report on the 
Environment: Science Report. https://​cfpub.​epa.​gov/​ncea/​risk/​
recor​displ​ay.​cfm?​deid=​140917.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Authors and Affiliations

Jezabel Primost1   · Marina Solis1 · Morena Pantucci Saralegui1 · Silvia Fanelli1 · Carlos Bonetto1 · Hernan Mugni1

 *	 Jezabel Primost 
	 jezabel.primost@gmail.com; jezabel.primost@ilpla.edu.ar

1	 ILPLA (CONICET-CCT La Plata) – UNLP Instituto de 
Limnología “Dr. Raúl. A. Ringuelet”, Boulevard 120 y 62., 
1900 La Plata, Buenos Aires, Argentina

https://doi.org/10.1016/j.scitotenv.2007.04.046
https://doi.org/10.26717/BJSTR.2022.45.007263
https://doi.org/10.26717/BJSTR.2022.45.007263
https://doi.org/10.36648/2581-804X.4.4.35
https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.1007/s10661-016-5545-3
https://doi.org/10.1016/j.scitotenv.2021.147317
https://doi.org/10.1016/j.scitotenv.2021.147317
https://doi.org/10.1002/etc.5620220611
https://doi.org/10.1002/etc.5620220611
https://doi.org/10.1016/j.chemosphere.2005.03.043
https://doi.org/10.1016/j.chemosphere.2005.03.043
https://doi.org/10.1016/j.envint.2014.10.026
https://doi.org/10.1016/j.envint.2014.10.026
https://doi.org/10.1021/es9035573
https://doi.org/10.1021/es9035573
https://doi.org/10.1016/j.envpol.2020.116404
https://doi.org/10.1016/j.envpol.2020.116404
https://doi.org/10.1016/0043-1354(94)00240-8
https://doi.org/10.1016/0043-1354(94)00240-8
https://doi.org/10.1093/oxfordjournals.aob.a087059
https://doi.org/10.1093/oxfordjournals.aob.a087059
https://sitem.herts.ac.uk/aeru/ppdb/index.htm
http://www.infostat.com.ar
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=140917
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=140917
http://orcid.org/0009-0000-8657-9110

	Attenuation Effect of Azolla spp. on Lambda-Cyhalothrin Toxicity to Aquatic Organisms
	Abstract
	Graphical Abstract

	Materials and Methods
	Lambda-Cyhalothrin Dissipation from Water
	Toxicity Tests
	Statistical Analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


