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ARTICLE INFO ABSTRACT

Keywords: Modern agriculture plays a significant role in the global economy. However, the continuous use of pesticides and
Func'fix?nal feeding groups fertilizers raises concerns about aquatic pollution and its effects on indigenous organisms. Thus, this study
Herbicide investigated the impact of the pesticides Regent® 800 WG (active ingredient - a.i. fipronil) and DMA® 806 BR (a.
Invertebrates . . . P o

Insecticide i. 2,4-D), as well as sugarcane vinasse, an ethanol industry byproduct applied in sugarcane crops as fertilizer,
Tropical species individually and in mixtures, on the functional diversity of benthic macroinvertebrates at a mesocosm scale. For
Stillage that, open-air mesocosms were used, in which the effects of contaminants were evaluated over time (1, 7, 14, 28,

75, and 150 days after contamination). The macroinvertebrate community was monitored using colonization
structures, while physicochemical parameters, metals, and pesticides were analyzed throughout the experiment.
In the control and 2,4-D-treated mesocosms, collectors, predators, and scrapers were the predominant organisms.
In mesocosms contaminated with fipronil and pesticide mixture, predators such as Odonata and Tanypodinae
disappeared after contamination. In the pesticide and vinasse mixture treatment, collectors, filter feeders, and
scrapers predominated over time. Functional richness and diversity were reduced in the pesticide mixture.
Contamination by the mixture of pesticides and vinasse reduced functional diversity, due to the disappearance of
predators and tolerant organisms. Therefore, the functionality of the macroinvertebrate fauna may be affected by
the application of these contaminants in areas close to sugarcane cultivation. These effects represent a risk to the
balance of aquatic ecosystems, compromising trophic chains, ecological functions, and the overall health of the
aquatic ecosystem.

1. Introduction

In recent decades, the use of pesticides has increased significantly
worldwide, driven primarily by the modernization of agriculture and the
pursuit of higher productivity (Santos and Bernardes, 2018). Brazil, in
particular, has become the largest consumer of pesticides, with
approximately 755,489 tons of active ingredients in 2023 (BRASIL,
2025), and 663 new pesticide formulations registered in 2024, the
highest number ever recorded (BRASIL, 2025)(). In this context, 2,

4-dichlorophenoxyacetic acid (2,4-D) and fipronil stand out as highly
consumed pesticides (Cotta et al., 2023), which are primarily, but not
exclusively, applied on crops such as sugarcane (Goulart et al., 2020).
The herbicide 2,4-D is one of the most commonly used active in-
gredients in monocultures, acting as a plant growth inhibitor, particu-
larly in eudicots (Marcato et al., 2017). It induces changes in the cell
wall, increasing its plasticity, and abnormally stimulates protein and
ethylene production. These processes trigger uncontrolled cell division
and compromise the vascular tissues of plants ((US EPA, 2005); Islam
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et al., 2018). 2,4-D exhibits low biodegradability in aquatic environ-
ments and can persist for long periods (Chingombe et al., 2006). It has
been detected in water bodies worldwide at concentrations ranging from
0.009 to 2.44 pg L' (CETESB, 2018; Ferreira et al., 2022). Fipronil, on
the other hand, is a highly hazardous insecticide with strong activity,
systemic action, and a broad spectrum of pest control (Goncalves et al.,
2022). It primarily acts by inhibiting the neurotransmitter
gamma-aminobutyric acid (GABA) (Singh et al., 2021). Fipronil has
been detected in various freshwater environments worldwide, ranging
from 0.006 to 26.2 ug L™ (Bradley et al., 2017; Cuenca et al., 2022). In
Brazil, both fipronil and 2,4-D have also been identified in various water
bodies in different states of the country, at concentrations ranging from
0.1 to 445 pg L! and from 1.14 to 366 ug L™! (Marchesan et al., 2010;
Pinheiro et al., 2010; CETESB, 2018, CETESB, 2021, Panis et al., 2022),
exceeding national and international guidelines for the protection of
aquatic life (CONAMA, 2005; US EPA, 2015).

In addition to the application of pesticides in crops, the generation of
sugarcane vinasse is another significant environmental concern associ-
ated with ethanol production. Vinasse is a byproduct of the
manufacturing process with a high pollution potential (Azevedo-Santos
et al., 2024). It is estimated that for every liter of ethanol produced,
approximately 14 liters of vinasse are generated (Espana-Gamboa et al.,
2012). Vinasse has been used as an alternative fertilizer in sugarcane
monocultures due to its high nutrient content, such as nitrogen and
phosphorus, which contribute to enriching the soil (Baffa et al., 2009).
Its chemical composition is predominantly water (94-97%), along with
high concentrations of organic matter, potassium, calcium, magnesium
(Wadt, 2008; Ferreira, 2009), and other metals (Cotta et al., 2023).
Vinasse composition can vary depending on the specific alcohol pro-
duction process employed (Godoi et al., 2019; Santos et al., 2019).

Pesticides and other compounds can reach aquatic ecosystems
(Kumar et al., 2023), whether through surface runoff, leaching, vola-
tilization, drift, and other transport pathways (Stehle and Schulz, 2015;
Freitas et al., 2024). Vinasse, in turn, can also negatively impact the
aquatic biota (Cotta et al., 2023; Azevedo-Santos et al., 2024), causing
significant harm to aquatic ecosystems (Rulli et al., 2023). There is
growing evidence that the presence of these contaminants in aquatic
environments leads to severe adverse effects, including alterations in
reproduction (Pinto et al., 2021), predation (Ruggiero et al., 2024),
growth (Saraiva et al., 2018), behavior ((Silva et al., 2015); Freitas et al.,
2019), and alterations in antioxidant defense systems, resulting in
oxidative damage (Da Silva et al., 2024); in more extreme cases, exXpo-
sure can lead to organism mortality (Botelho et al., 2012; Silva et al.
2021). Over the long term, these impacts can compromise the popula-
tion dynamics of aquatic ecosystems (Azevedo-Santos et al., 2024).

The classification of aquatic macroinvertebrates into functional
feeding groups (FFGs) is based on their morpho-behavioral character-
istics, which are directly related to how these organisms obtain and
process food. This approach is an important tool for characterizing
ecosystems and assessing the impacts they experience (Cummins et al.,
2005). In addition to the direct effects on organisms, water pollution
from pesticides and other contaminants, such as vinasse, can indirectly
alter the type and/or availability of food resources (Kefford et al., 2024;
(Schafer et al., 2012)). This results in the elimination and/or favoring of
certain functional groups, with consequent impacts on functional rich-
ness and diversity and population balance (Duan et al., 2011).

In a previous study, Cotta et al. (2023) described the impacts of the
pesticides fipronil and 2,4-D, and vinasse, both individually and in
combination, on macroinvertebrate communities by using colonization
structures in outdoor mesocosms. They exposed the communities to
environmentally realistic concentrations of these compounds for 1, 7,
14, 28, 75, and 150 days after contamination, observing changes in
community structure such as shifts in dominance, exclusion of groups,
and reduction in richness. However, what remains unknown is whether
and how these community shifts responses mean in terms of ecosystem
functions, i.e., the FFGs reorganization and/or compensations of
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functional diversity over time and in the different contamination sce-
narios. In the present study, we addressed this gap by processing these
taxonomic data into FFG composition and diversity of benthic macro-
invertebrates across the contamination exposure and stressors combi-
nation. Based on this, the pesticides’ modes of action, and the pathways
of resources, we formulated the following four mechanistic hypotheses:
(i) the herbicide 2,4-D directly impacts vegetal scrapers, limiting their
energy intake by affecting their main food source (periph-
yton/macrophyte biofilms) through its auxin-mimicking (hormone--
disrupting) mechanism of action; (ii) fipronil is expected to reduce the
insect abundance through its direct action on insect GABA/GluCl re-
ceptors (neurotoxicity), followed by effects on predators and
collector-gatherer composition that are composed mainly by insects or
depend on invertebrate detritus; (iii) vinasse alone, due to its high
organic content, favours collector-gatherer, increasing fine particulate
organic matter (FPOM) and detrital resources; however, the high oxygen
demand can simultaneously filter out sensitive taxa, selecting tolerant
species; and (iv) mixture settings are expected to promote a depletion of
functional diversity through additive/synergistic toxicity and changes in
resource/oxygen content and pH level, intensifying shifts in FFG
composition relative to exposures to a single stress factor.

2. Materials and methods
2.1. Experimental design

The mesocosm experiments were conducted at the Center for Water
Resources and Environmental Studies - CHREA (22°01'22'S,
43°57'38'W), located at the University of Sao Paulo (USP), in the
Southeastern region of Brazil. The mesocosms were set up in non-toxic
polypropylene tanks with a capacity of 1500 L, a depth of 0.83 m, and
a top diameter of 1.75 m (Fig. 1). To minimize thermal variations, each
unit was partially buried (0.6 m below ground level). The substrate was
prepared with a 20 cm layer of natural oxisol collected in situ (detailed
physicochemical properties described in Figueiredo et al. (2020), over
which well water was added to reach a 60 cm water column. The biotic
community was established by inoculating sediments from uncontami-
nated mesocosms previously colonized at CRHEA (Moreira et al., 2017),
complemented with aquatic macrophytes (Salvinia auriculata, Pistia
stratiotes, Eichhornia crassipes, and Myriophyllum aquaticum), including
the fauna associated with their root systems, as well as zooplankton and
phytoplankton samples collected from the Broa Reservoir (Itirapina, Sao
Paulo). The mesocosms remained in a stabilization phase for six months
before treatment application, allowing natural colonization by benthic
and aerial macroinvertebrates. We did not perform taxonomic moni-
toring during stabilization; instead, we inferred community stabilization
based on (i) the prolonged duration without disturbance, which greatly
exceeds the 4-8 weeks colonization windows commonly used for mac-
roinvertebrates on artificial substrates and in stream/pond mesocosms
(US EPA, 1999; CALEPA, 2005; Bartkowska et al., 2023), (ii) compliance
with outdoor mesocosm guidelines that emphasize stable abiotic con-
ditions before exposure (OECD, 2006), (iii) our experiment also had
controls, that could be used to infer the level of variability in commu-
nities, and (iv) we sampled twice prior to contamination across all
treatments to indicate baseline responses in mesocosms. One week
before contamination, water quality parameters (temperature, dissolved
oxygen, pH, and conductivity) were measured in all tanks to confirm
consistency between tanks; values are presented in Table S1.

The experiment followed a randomized design with six treatments
and three replicates each: untreated control (C); treatment with the
herbicide DMA® 806BR (active ingredient 2,4-D, Dow AgroSciences
Industrial Ltda) (D); treatment with the insecticide Regent® 800WG
(active ingredient fipronil, BASF AS) (F); treatment with vinasse (V);
mixture of 2,4-D and fipronil (M); and mixture of 2,4-D, fipronil, and
vinasse (MV). The target concentrations were calculated based on the
recommended doses for the application in sugarcane (pre-emergence
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Fig. 1. Colonization structures (A); overview of outdoor mesocosms (B);

stage), considering a total drift scenario in which 100% of the com-
pounds would reach the aquatic surface, as described by Pinto et al.
(2021a). The recommended pesticide doses are 3.5 L ha™' of DMA®
806BR (equivalent to 2.35 kg of active ingredient ha™') and 500 g ha™* of
Regent® 800WG (400 g of active ingredient ha™). Therefore, consid-
ering the volume of the experimental units, 678 mg of 2,4-D (i.e., 1 mL of
the commercial product) and 96 mg of fipronil (i.e., 120 mg of the
commercial product) were added per mesocosm. Each mesocosm
contaminated with vinasse received 20 L, as per regional recommen-
dations (Pinto et al., 2021a). The expected nominal concentrations were
447 pg L for 2,4-D, 64 pg L for fipronil, and 1.3% (v/v) for vinasse for
both the individual and mixture treatments.

2.2. Collection and analysis of the community of benthic
macroinvertebrates

The experiments with benthic macroinvertebrates were carried out
by Cotta et al. (2023), which describes the methodological procedures
for community sampling and characterization, as well as the effects of
pesticides and vinasse pollution on the composition and ecological
indices of macroinvertebrate assemblages. Experiments were conducted
between October 2018 and April 2019 to evaluate the benthic macro-
invertebrate community, using standardized colonization structures
with natural substrate and dry biomass of S. auriculata (Fig. 1). In each
mesocosm, 16 structures were installed 50 days prior to the first sam-
pling to allow natural colonization. Sampling occurred eight times: two
before (T-7 and T-1 days) and six after contamination (T1, T7, T14, T28,
T75, and T150 days). At each collection, two structures per mesocosm
were removed and preserved in ethanol 70% for laboratory analysis.

In parallel with the biological collections, water sampling for
chemical analysis was conducted at the same periods. For this, sterile
glass bottles (1L) were used for pesticide quantification, polyethylene
bottles (1L) for physicochemical and nutrient analyses, as well as
additional samples collected on the contamination day specifically for
metal analysis. The physicochemical parameters of the water, including
temperature, pH, dissolved oxygen, turbidity, and electrical conductiv-
ity, were measured in situ using a multiparameter probe (HORIBA U-10),
while chlorophyll a was quantified using a portable fluorimeter (Turner
Designs Aquafluor).

2.3. Composition and functional diversity

Data on the taxonomic composition of the macroinvertebrate com-
munity were obtained in Cotta et al. (2023). The authors identified the
fauna to the family level, except for the classification of Chironomidae
into subfamily and Oligochaeta into subclass. Based on taxonomic
identification, in the present study, the families were categorized into
Functional Feeding Groups (FFGs) according to the way in which or-
ganisms obtain food. The FFGs were: (i) collector-gatherers (CG), (ii)
filter-feeders (FF), (iii) filter-collectors (FC), (iv) scrapers (Sc), (v)
shredders (Sh), and (vi) predators (Pr). This classification was based on

zoomed-in view of a mesocosm contaminated with the pesticide mixture (C).

the keys established in previous studies (Cummins et al., 2005; Dam-
anik-Ambarita et al., 2016; Ramirez & Gutiérrez-Fonseca, 2014) and
considered the predominant feeding strategies of each taxon, as detailed
in Table 4 (results section). Accordingly, individuals from Chironomi-
nae, Orthocladiinae, Leptophlebiidae, and Culicidae were classified as
CG, whereas Ceratopogonidae, Sciomyzidae, Tabanidae, Corixidae, and
Muscidae were classified as Pr. For the other families, the classification
was consistent with the cited references. All organisms from Hydro-
philidae and Dryopidae were in the adult stage and were classified as CG
and Sc, respectively.

2.4. Chemical analysis

The analyses of the physicochemical and biological variables of the
water, as well as the determination of metals and pesticides in the sed-
iments, were carried out in synchronization with the collection schedule
of the previously established colonization structures. For water analyses,
specific and validated analytical methodologies were adopted for each
parameter. Water hardness was determined by titration according to the
ABNT NBR 12621 standard (1995), while total dissolved phosphorus
was quantified by spectrometry following the method described by
Andersen (1976). Ammonium ion concentrations were analyzed as per
Hansen and Koroleff (2007), and nitrite and nitrate levels were deter-
mined according to Mackereth et al. (1978). Total nitrogen was assessed
following standardized APHA methodology (APHA, 1995), and turbidity
was measured using a spectrophotometer ( manufacturer:model Hach
DR 2000).

The quantification of pesticides in water samples was performed
using liquid chromatography coupled with mass spectrometry (LC-MS/
MS), following a validated protocol by Goulart et al. (2020). The limit of
quantification (LOQ) of the method for 2,4-D and fipronil was 5.0 ng/L
and 0.1 ng/L, respectively. In parallel, metal concentrations in both the
pure vinasse used for contamination and the water samples were
determined by atomic absorption spectrometry using AA 240FS VARIAN
equipment, as per APHA guidelines (APHA, 2018). Metals were assessed
in unfiltered samples; thus, values are reported as total metals. Organic
quality parameters included the determination of biochemical oxygen
demand (BOD) through a 5-day incubation method and chemical oxygen
demand (COD) using the closed reflux technique (APHA, 2018), the
latter performed on pure vinasse aliquots.

2.5. Data analysis

To evaluate the effects of pesticides and vinasse on the functional
diversity of the benthic community, mixed model analysis of variance
(ANOVA) was employed, considering a repeated measures design. In
this approach, the different experimental treatments were included as
between-subject effects, while the sampling times were treated as
within-subject effects (repeated measures). The sphericity assumption
was verified using Mauchly's test. In cases where this assumption was
not met, the Greenhouse-Geisser correction was applied to adjust the
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degrees of freedom for temporal analyses. Additionally, the interaction
between treatments and time was assessed by multiple group compari-
sons using Tukey's post-hoc test, with a significance level established at
= 0.05. Analyses were carried out in software Jamovi (version 2.3.21.0).
For the physicochemical parameters measured in the mesocosms,
multivariate differences among treatments and sampling times were
evaluated using PERMANOVA, based on Euclidean distances calculated
from standardized physicochemical variables (z-score). The model
included the factors treatment, time, and their interaction, with signif-
icance assessed using 999 permutations. All analyses were conducted in
RStudio (version 2026.01.0) using R software (version 4.5.2) and the
vegan package (Oksanen et al., 2022). A principal components analysis
(PCA) was used to visualize the multivariate patterns detected by the
PERMANOVA, as the analysis was based on Euclidean distances derived
from standardized physicochemical variables. The PCA was performed
using CANOCO software (version 4.5).

3. Results and discussion
3.1. Description of contaminants

3.1.1. Vinasse

The vinasse used was characterized by low pH (3.91), high concen-
trations of BOD (46500 mg L'} and COD (107000 mg L'l), as well as
high levels of phosphorus (150 mg L!) and total nitrogen (639 mg L),
electrical conductivity (8.42 mS cm'l), and hardness (3500 mg CaCO3 L
1). The physicochemical parameters of the raw vinasse applied to the
mesocosms are given in Table 1.

Vinasse enters aquatic ecosystems through diffuse pathways (Gunkel
et al., 2007) and represents a major environmental concern (Fuess and
Garcia, 2014), as it has a high polluting potential, being up to one
hundred times more harmful than domestic sewage (Christofoletti et al.,
2013). This occurs due to the characteristics of vinasse, a dark brown
effluent characterized by high concentrations of organic compounds,
various ions, including metals, in addition to high electrical conductiv-
ity, COD, and BOD, and reduced pH (Pinto et al., 2021; Piffer et al.,
2022; Pinto et al., 2023). Vinasse composition has the potential to
significantly alter several physicochemical parameters of water, as

Table 1
Physicochemical characterization of pure vinasse adapted from Pinto et al.
(2021).

Paremeter Concentration
pH 3.91
Electrical conductivity (mS cm™) 8.42
Biological oxygen demand - BOD (mg L) 46.500
Chemical oxygen demand - COD (mg L) 107.000
Hardness (mg CaCOs L) 3.500
Total nitrogen (mg LY 639
Total phosphorus (mg L) 150
Ammonium (mg LY 53
Chromium - Cr (mg L) 0.207
Copper - Cu (mg L) 3

Lead - Pb (mg L) 0.340
Manganese -Mn (mg L) 6.24
Iron - Fe (mg L'l) 247
Nickel - Ni (mg L) 0.183
Cadmium - Cd (mg L) 0.025
Zinc - Zn (mg L) 1.23
Cobalt - Co (mg L) 0.219
Lithium - Li (mg L") 0.031
Magnesium - Mg (mgL™) 391
Antimony - Sb (mg L) 0.530
Aluminium - Al (mg L") 500
Barium - Ba (mg Lh 2
Calcium - Ca (mg Lh 1.140
Sodium - Na (mg L) 60
Potassium - K (mg L) 3.360

Source: adapted from Pinto et al. (2021).
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observed in this study, with an increase in metal concentrations, a
decrease in pH, and increases in electrical conductivity, phosphorus, and
ammonium concentrations. Such changes can trigger eutrophication
processes in receiving water bodies (Hoarau et al., 2018), leading to
acute toxicity for different organisms (Fraga et al., 2024) or even the
death of organisms at different trophic levels (Moran-Salazar et al.,
20165 Cotta et al., 2023; Pinto et al., 2023). The composition of raw
vinasse can present great variability, as Coelho et al. (2018) observed
extremely high concentrations of metals, such as: 2.660 mg L™ of po-
tassium (K), 31.300 mg L! of sodium (Na), 527.0 mg L! of calcium (Ca),
269.0 mg L! of magnesium (Mg), 6.920 mg L of iron (Fe) and 2.390 mg
L' of zinc (Zn). Similarly, other studies also identified high metal con-
tents in different vinasse samples, with values ranging from 1.600 to
3.400 mg L' of K, 162 to 264 mg L™ of Mg, 670 to 3.160 mg L' of Ca,
8.6 to 114 mg L™ of Na, 1.2 to 1.7 mg L™! of Zn, 0.35 to 0.8 mg L! of
copper (Cu), and 0.04 to 3.6 mg L™ of chromium (Cr) (Christofoletti
et al., 2013; Correia et al., 2017; Reis and Hu, 2017).

3.1.2. Pesticides

Table 2 shows the concentrations of fipronil and 2,4-D quantified in
the mesocosms throughout the experiment after the contamination. In
the control mesocosms, trace concentrations of 2,4-D and fipronil and its
metabolites were detected over time; however, these values were
negligible compared with those observed in the contaminated treat-
ments. This was attributed to low-level cross-contamination during the
sampling of water, sediment, and fauna. In mesocosms containing 2,4-D,
decreases in concentrations were observed over time, and fipronil was
not detected above the limit of quantification. In the fipronil-treated
mesocosms, concentrations of the parent insecticide decreased
throughout the experiment, reaching the lowest levels at the end of the
exposure period (T150). Concentrations of fipronil-sulfide and fipronil-
sulfone remained below the limit of quantification until T14; however,
both metabolites were quantified at subsequent sampling times and then
gradually decreased until T150. In mesocosms exposed to both mixtures
(M and MV), 2,4-D and fipronil were detected at all sampling dates,
decreasing over time until T150. In these treatments, fipronil-sulfide
concentrations were below the limit of quantification until T7, and
were higher at later dates, as well as for fipronil-sulfone in the MV
mesocosms. In pesticide mixture mesocosms, concentrations above the
limit of quantification were observed at T1 and T7.

Water quality parameters directly influenced the half-life of fipronil,
with emphasis on the treatment that included vinasse mixed with pes-
ticides (MV). Goulart et al. (2024) investigated the pesticides degrada-
tion in the same mesocosms and estimated the half-life of fipronil as 11.7
days for fipronil-only treatment, 13.8 days in the pesticide mixture
treatment, and 24.5 days in the combined pesticide and vinasse treat-
ment. Although the fipronil concentrations in MV were initially lower
than those in other treatments, its value was still 4 ug L™! at T150, while
fipronil reached 0.001 and 0.1 pg L! in control and fipronil-only
treatments, respectively. The reduction in the degradation rate
observed in the pesticide-vinasse treatment can be attributed to the pH
modification promoted by vinasse, which reached values of up to 4.62 at
T1. Fipronil is known to exhibit greater stability in aquatic environments
with acidic to neutral pH, reducing its potential for hydrolysis (Qu et al.,
2016; Singh et al., 2021). This observation has also been reported for
other compounds, such as the insecticide malathion, as increases in pH
and sorption to sediment mitigated its toxicity in aquatic systems
(Brogan and Relyea, 2014; Bray et al., 2021). Vinasse caused a tenfold
increase in water turbidity, rising from values below 5 NTU before
application to greater than 100 NTU after contamination in
vinasse-treated mesocosms, and then decreasing over time until T150
(Table S1). This increase reduced the penetration of solar radiation into
the system, directly affecting the photodegradation process of fipronil,
which is a key driver for this compound (Bonmatin et al., 2015).
Therefore, the higher turbidity in the vinasse treatments limited this
process, since dissipation rates depend on both the depth of light
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Table 2
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Mean concentrations of pesticides over time (ug LY. The acronyms correspond to the molecules fipronil (F), fipronil sulfide (Fd), and fipronil sulfone (Fn). The
treatments are control (C), 2,4-D (D), fipronil (F), mixture of pesticides (M), vinasse (V), and mixture of pesticides with vinasse (MV). LOQ = Limit of Quantification.

C D F
D F Fd Fn D F Fd Fn D F Fd Fn

T-7 <LOQ 0.0006 + <LOQ <1LOQ 0.018 + 0.0003+  <LOQ <LOQ <LOQ 0.0006 + <LOQ <LOQ

0.00007 0.009 0.00003 0.00002

T1 0.0954 + 0.006 + <LOQ <LOQ 1385 + <10Q <LOQ <L0Q <10Q 42.54 + <LOQ <LOQ
0.16 0.013 268.41 11.22

T7 0.1964 + 0.0044 + <LOQ 0.0004 + 52253+ < LOQ <LOQ <LOQ <LOQ 7.96 + <LOQ < LOQ
0.084 0.001 0.0002 54.44 1.04

T14  0.1348 + 0.0047 + <LOQ 0.0007 + 37557+ < LOQ <LOQ <LOQ <LOQ 3.23 + <LOQ <LOQ
0.04 0.002 0.00001 30.22 1.14

T21  0.062 + 0.009 + 0.0002+  0.0014 48486 £ <LOQ <L0Q <LOQ <10Q 352+ 0.065 £ 0.1683 £
0.052 0.014 0.0006 0.002 102.39 1.24 0.028 0.090

T75  0.0121 + 0.0007 + 0.0001 +  0.0002 + 122.14+  <LOQ <LOQ <LOQ 0.0313+  0.0998 +  0.0023 £  0.0027 +
0.003 0.00 0 0.0001 78.85 0.007 0.0852 0.0012 0.015

T150  0.0137 £ 0.0002 + <LOQ 0.00004 +  6.87 £ <10Q <10Q <L0Q 0.0102+  0.0027+  0.0022+  0.0039 £
0.0104 0.0002 0.00005 10.85 0.0123 0.0019 0.0011 0.0025
M A MV
D F Fd Fn D F Fd Fn D F Fd Fn

T-7 <LOQ 0.0005 + <LOQ <LOQ <L0Q 0.0005+  <LOQ <LOQ <10Q 0.0006 =  <LOQ <LOQ

0.000004 0.00007 0.00007

T1 1168 + 38.39 + <LOQ < LOQ <L0Q 0.449 + 0.0012+  0.0045+ 1658 £ 16.94 + < LOQ <LOQ
438.68 0.39 0.36 0.0005 0.002 1735 0.34

7 488.74 + 10.69 + <LOQ 0.12 + <LOQ <LOQ <LOQ <LOQ 31854+  6.56 + <LOQ <LOQ
20.25 0.12 0.20 28.28 1.37

T14  401.88 569+03  <LOQ <LOQ 0.093 0.0148 <L0Q <LOQ 208.6 6.0 <LOQ <LOQ
65.67

T21  539.73 + 5.27 £0.13  0.080 + 0.1367 + 0.148 0.006 <LOQ <LOQ 233.6 7 0.050 0.060
27.60 0.013 0.018

T75  239.55+ 01+0.072 00131+ 0.0132+ 0.1861 £  0.0042+  <LOQ <LOQ 0.7 3.5 0.3054 0.1081
34.679 0.0134 0.011 0 0

T150 91.3288 +  0.0243 0.0265+  0.038 £ < L0Q <L0Q <LOQ <LOQ 0.055 0.0877 0.1356 0.0428
15.8386 0.0088 0.0183 0.027

penetration and the turbidity of the water column. As fipronil has a Table 3
able

moderate to strong affinity for organic matter (organic carbon partition
coefficient — Koc from 825 to 6863), it is expected to adsorb to sus-
pended solids and sediment (Kim et al., 2025). This tendency was pre-
viously confirmed by Goulart et al. (2024), who showed that vinasse
increased the organic matter content of sediment samples and conse-
quently favored the sorption of fipronil in that compartment.

In the mesocosms, 2,4-D has half-life that can vary from 10 to 50 days
(Goulart et al., 2024). In this study, its behavior was the opposite of that
of fipronil, with greater degradation observed in the MV treatment. In
the 2,4-D-alone treatment, concentrations at the end of the experiment
(T150) were 6.87 + 10.85 pg L™, whereas in the MV treatment, values
were significantly lower, reaching 0.055 ug L™ at the same time point.
This difference from the other treatments may stem from vinasse’s high
loads of organic matter and nutrients, which create favorable conditions
for biofilm development and microbial activity capable of accelerating
pesticide degradation (Jote, 2019; Katagi, 2010; Ordaz-Guillén et al.,
2014).

3.1.3. Metals

Metal concentrations in the water analysed on the day of mesocosm
contamination are presented in Table 3. Vinasse application increased
metal levels in the water, with a tenfold increase in manganese and a
twentyfold increase in potassium compared with control mesocosms (p
< 0.05). In addition, concentrations of barium, cobalt, copper, and zinc
were also significantly higher than those in the control treatment (p <
0.05). This increase can be attributed to the fact that vinasse presents
high concentrations of metals in its composition, as observed in item 4.1
of this work and reported by other authors in the literature
(Christofoletti et al., 2013; Pinto et al., 2023). This condition may
represent a negative impact on aquatic ecosystems, since the charac-
teristic acidity of vinasse tends to increase the bioavailability of metals,
favoring their assimilation by exposed organisms and increasing their
toxicity (Eggleton and Thomas, 2004; Botelho et al., 2012). Since metals

Concentrations (mean =+ SE) of metals in water (mg LY of the control (Q), 2,4-D
(D), fipronil (F), pesticide mixture (M), vinasse (V), and pesticide mixture with
vinasse (MV) mesocosms in samples collected on the day of contamination.
Asterisks (*) indicate differences from the mesocosm control.

C D F M \4 MV
Aluminum 1.4 + 4.9 + 52+ 3.7 + 3.3+ 34+
0.7 2.9% 3.8* 1.1 1.0 0.3
Barium 0.004 0.01 + 0.05 + 0.02 + 0.03 + 0.03 +
+ 0.004 0.02 0.01* 0.002* 0.01*
0.002
Cadmiun <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Cobalt <LOQ <LOQ <LOQ 0.005 0.04 + 0.06 +
+0.01 0.01* 0.01*
Chromium <LOQ 0.0005 0.0005 <LOQ 0.001 0.0003
+ + + + 0.00
0.0001 0.0005 0.001*
Copper 0.02 + 0.04 + 0.03 + 0.04 + 0.05 + 0.06 +
0.005 0.01* 0.01* 0.004* 0.002* 0.01*
Lead 0.02 + 0.02 + 0.02 + <LOQ 0.02 + 0.01 +
0.01 0.003 0.02 0.001 0.003
Manganese 0.09 + 0.2+ 0.2 + 0.3+ 09 + 0.8 +
0.03 0.2 0.2 0.1 0.5* 0.1*
Nickel 0.003 0.001 + 0.002 + 0.002 0.001 0.01 +
+ 0.001 0.002 + +0.002 0.02
0.004 0.004
Potassium 3.3+ 4.5 + 4.6 + 4.9 + 62.2 + 65.1 +
0.6 0.4 1.2 1.4 3.1* 3.7*
Zinc 0.009 0.004 + 0.03 + 0.05 + 0.06 + 0.1 +
+0.01 0.004 0.01 0.05 0.01* 0.07*

LOQ (Limit of Quantification) being 0.008 mg L! for Cadmium, 0.009 mg L™! for
Cobalt, 0.00006 mg L for Chromium and 0.008 mg L™ for Lead.

are not subject to microbial or chemical degradation, they tend to persist
in the water column or become deposited in the sediment (Briffa et al.,
2020). Several metals can bioaccumulate within organisms and may
even be biomagnified through food webs ((Fraga et al., 2024); Mustapha
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et al., 2025). The interaction between vinasse and metals can trigger
acute and chronic toxicity, affecting biological parameters such as the
population growth rate of Allonais inaequalis and the body development
of Chironomus sancticaroli (Fraga et al., 2024). Similarly, Pinto et al.
(2023) demonstrated that exposure to water contaminated with a
mixture of vinasse and pesticide (MV) resulted in the mortality of
C. sancticaroli, even 75 days after the contamination event.

3.2. Physicochemical variables of water

PERMANOVA analysis revealed significant effects of treatment, time,
and their interaction on the set of physicochemical variables evaluated
(p < 0.001 for all terms). Treatment explained 28.0% of the total vari-
ance (R? = 0.280), whereas time accounted for 15.9% (R? = 0.160). The
treatment x time interaction showed the highest explanatory power (R?
= 0.326), indicating that physicochemical responses to the treatments
varied over time and followed distinct trajectories under each experi-
mental condition. Due to the significant interaction, the large number of
possible comparisons, and the unbalanced number of replicates among
groups, pairwise contrasts exhibited low statistical power and no sig-
nificant differences after correction for multiple comparisons (p > 0.05).
Therefore, the interpretation of experimental effects was primarily
based on the global PERMANOVA model together with the patterns
revealed by PCA ordination.

In the PCA analysis of water variables, the first axis represented 74%
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o
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o
N
-
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o
®c @ MV before @ Ammonium
A D W MvTitoT28 ’
1 F ® MvTTS ‘
S MV T150
@ Vbefore
® vTitoT28
o V75
uli ® vTiso
0.5 PC1 (74%) 33

Fig. 2. Principal Component Analysis (PCA) of the physicochemical variables
of water from the mesocosms under different treatments and sampling times. C
= Control; D = 2,4-D; F = Fipronil; M = Fipronil and 2,4-D; V = Vinasse; MV =
Fipronil, 2,4-D, and Vinasse. TP = total phosphorus, EC = electrical conduc-
tivity, and TDP = total dissolved phosphorus.
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of the variance, while the second axis represented 20%. In the diagram
(Fig. 2), the mesocosms that were not treated with vinasse were grouped
regardless of the sampling time, indicating that water parameters were
consistent between treatments these treatments and control over time.
In the mesocosms treated with vinasse (V and MV), there was a clear
separation from the other treatments, including the control. The con-
centration of total and dissolved ammonium and phosphorus and elec-
trical conductivity were strongly and directly associated with the
vinasse points (Fig. 2). These parameters increased in vinasse-treated
mesocosms after contamination (Table S1), resulting from a direct
process of vinasse addition which, due to its composition, led to an in-
crease in ammonia and dissolved phosphorus. The remaining parame-
ters were not displayed in the diagram because they showed a low
contribution to the separation among points. Nevertheless, a marked
decrease in water pH was observed following vinasse addition, indi-
cating the development of a more acidic environment in vinasse-treated
mesocosms from T1 to T14 (pH < 5.5), with values returning to above
6.5 at T21, T75, and T150.

This study showed a reduction in dissolved oxygen concentrations in
all treatments, which could be explained by the organic matter degra-
dation process; decomposing bacteria preferentially use dissolved oxy-
gen, resulting in a decrease in its availability for organisms of greater
biological complexity (Von Sperling, 1996). This reduction may be
associated with the progressive mortality of macrophytes present in the
mesocosms, which led to the accumulation of organic matter in the
system and is considered the main factor responsible for the drop in
oxygen levels in non-vinasse-treated mesocosms (Pinto et al., 2021).
However, even more pronounced changes were observed in the treat-
ments that received vinasse (see Table S1), which presented significantly
lower dissolved oxygen concentrations. These changes can be largely
attributed to the high organic matter content of the vinasse (Table 1),
which promotes the proliferation of decomposing microorganisms and
leads to oxygen depletion (Azevedo-Santos et al., 2024). The decom-
posing activity, associated with the significant supply of nutrients from
the vinasse, increased electrical conductivity of water and stimulated
the growth of algae (Aguiar et al., 2011; Rulli et al., 2023). This process
justifies the increases observed in the levels of chlorophyll a and b,
especially in the vinasse-treatments mesocosms.

3.3. Benthic macroinvertebrate community

3.3.1. Composition of the community

A total of 19 families distributed in seven orders and the subclass
Oligochaeta were found in the mesocosms throughout the experiment
(Table 4 and Table 5), belonging to the families Libellulidae and Coe-
nagrionidae (Order Odonata), Planorbidae (Order Pulmonata), Hydro-
philidae, Haliplidae and Dryopidae (Order Coleoptera), Leptophlebiidae
and Caenidae (Order Ephemeroptera), Physidae (Order Basommato-
phora), Corixidae and Belostomatide (Order Hemiptera) and Phoridae,
Ephydriidae, Sciomyzidae, Tabanidae, Muscidae, Culicidae, Ceratopo-
gonidae (Order Diptera), and the subfamilies Chironominae and Tany-
podinae (Family Chironomidae) also belonging to the Order Diptera
(Table 4 and Table 5). These families total 3066 identified organisms, of
which the largest number was found in the control (966 organisms)
(Table 4).

3.3.2. Community functional diversity

The organisms were classified according to the functional feeding
groups, and the results obtained can be seen in Fig. 3. No temporal
differences were detected for total abundance (ANOVA, F = 1.767 and p
= 0.125). Considering the abundance of functional groups individually,
no differences were found between treatments. No temporal differences
were found in the abundance of predators, collector-gatherers, and
scrapers (ANOVA, F = 1.333; 1.854 and 0.685, p > 0.05). No shredders
were found in any sample throughout the study.

Regarding recovery patterns, our results indicate that the benthic



Table 4

Mean number of benthic macroinvertebrate families in the control (C), 2,4-D (D) and fipronil mesocosms over the time of 7 days (T-7) and 1-day (T-1) before contamination and 1 (T1), 7 (T7), 14 (T14), 28 (T28), 75 (T75)
and 150 (T150) days after contamination. The classification of Functional Food Groups (FFG) was separated into collector-gatherers (CG), filter-feeders (FF), filter-collectors (FC), scrapers (SC), shredders (SH), and
predators (PR).

FFG C D F
Order Family T-7 T-1 T1 T7 T14 T21 T75 T150 T-7 T-1 T1 T7 T14 T21 T75 T150 T-7 T-1 T1 T7 T14 T21 T75 T150
Odonata Libellulidae 2 1 4 1 2 2 5 4 - 1 - 2 3 - 2 4 1 - 2 - - - - -
Coenagrionidae - 3 - - - - - - - - - - - - - - - - - - - - - -
Pulmonata Planorbidae 7 6 3 2 9 8 23 8 - - 1 1 2 1 34 1 - 12 9 3 6 14 22 2
Diptera Phoridae - - - - - - - - - - - - - - - R - - R R R -
Ephydridae - - - - - - - - - - - - - - - - - - - - R R R -
Sciomyzidae PR - - - - - - - - - - - - - 1 - - - - - - - - - -
Tabanidae PR - - - - - - - - - - - - 1 - - - - - - - - _ - -
Muscidae PR - 1 - - - 1 - - - - - - - - - - - - - - R R R -
Culicidae CG - - - - - - - - - - - - - - - - - - - - - - - -
Ceratopogonidae PR - - - - - - - 1 - - - - - - - - - - - - - R R -
Chironominae CG 145 34 25 12 - 2 25 107 27 - 3 12 3 8 41 39 13 17 - - - - 8 154
Tanypodinae PR 13 8 - 11 2 1 - 1 3 - 4 - - 1 7 1 - - - - -
Orthocladiinae CG - - - - - - - - - - 1 - - - - - - - - - R R - -
Coleoptera Hydrophilidae***  FC - - - - - - - - - - - - - - - - - - R R - . . R
Haliplidae - - - - - - - - - - - - - - - - - - - - R R - -
Dryopidae**** SC - - - - - - - - 1 - - - - - - - - - - - R R - -
Ephemeroptera Leptophlebiidae CG - - - - - - - 1 - - - - - - - - - - R R - - . R
Caenidade CG - - - - - - - - 1 - - - - - - - - - - - - - - -
Basommatophora  Physidae SC - - - - - - - - - - - - - - - - - - - - R R R -
Hemiptera Corixidae PR - - - - - - - - - - - - - - - - - - - - - R R -
Belostomatidae PR - - - - - - - - - - - - - - - - - R - R R R R
Oligochaeta* CG 2 7 7 12 77 68 79 234 14 3 26 29 62 9 35 55 3 - 22 14 7 69 17 11

* The Oligochaeta classification at the subclass level.

" Functional Food Classification not identified by Functional Food Group.

" All organisms were in the adult stage and were classified as collectors-gatherers.
""" All organisms were in the adult stage and were classified as scrapers.
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Table 5

Mean number of benthic macroinvertebrate families in the control (C), 2,4-D (D) and fipronil mesocosms over the time of 7 days (T-7) and 1 day (T-1) before contamination and 1 (T1), 7 (T7), 14 (T14), 28 (T28), 75 (T75)
and 150 (T150) days after contamination. The classification of Functional Food Groups (FFG) was separated into collector-gatherers (CG), filter-feeders (FF), filter-collectors (FC), scrapers (SC), shredders (SH), and
predators (PR). (continuation).

FEFG A% M MV
Order Family T-7 T-1 T1 T7 T14 T21 T75 T150 T-7 T-1 T1 T7 T14 T21 T75 T150 T-7 T-1 T1 T7 T14 T21 T75 T150
Odonata Libellulidae - - - 4 3 4 1 - - 1 - - - - - 1 1 1 1 2 - - -
Coenagrionidae - - - - - - - - 1 - - - - - - - - - - - - - -
Pulmonata Planorbidae 2 2 1 2 - - - 2 - - - - - 13 127 5 9 6 4 - 1 - - 14
Diptera Phoridae - - - 1 - - - - - - - - - - - - - - - 13 R -
Ephydridae - - - - - - - - - - - - - - - - B - - R 1- B, R
Sciomyzidae PR - - - - 1 18 - - - - - - - - - - - - - - - 22 - -
Tabanidae PR - - - - - - - - - - - - - - - - - - - - 1 - R -
Muscidae PR - - - - - - - - - - - - - - - - - - - - - - - R
Culicidae CG - - - - - 18 - - - - - - - - - - - 1 - - - - - -
Ceratopogonidae PR 1 1 1 1 1 1 1 1 - - - - - - - - - - - - - 1 - -
Chironominae CG 61 26 9 3 - 1 - 11 18 27 2 - - - 7 89 94 77 24 5 - - 38 14
Tanypodinae PR 12 1 3 - - - - - 5 1 2 - - - - - 7 11 2 1 - - - 1
Orthocladiinae CG - - - - - - - - - - - - - - - 1 2 - - - - - -
Coleoptera Hydrophilidae***  FC - - - - - - - - - - - - - - 1 7 - - - R R R - R
Haliplidae - - 1 1 - - - - - - - - - - - - - - - - - - - -
Dryopidae™*** SC - - - - - - - - - - - - - - - - - - - - - - - -
Ephemeroptera Leptophlebiidae CG - - - - - - - - - - - - - - - - - - R R R R . R
Caenidade CG 1 - - - - - - - - - - - - - - - - - 1 - - - - -
Basommatophora  Physidae SC - - - - - - - - - - - - - - - - - - - - 1 - - -
Hemiptera Corixidae PR - - - - - - - - - - - - - - - - - - - - 1 - - -
Belostomatidae PR - - - - - - - - - - - - - - - - - - - - R - - -
Oligochaeta* CG 3 2- - - - - - - 7 1 28 1- 1- 58 14- 81 3 4 3 3 - - - 3

* The Oligochaetata classification at the subclass level.

" Functional Food Classification not identified by Functional Food Group.

" All organisms were in the adult stage and were classified as collectors-gatherers.
""" All organisms were in the adult stage and were classified as scrapers.
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Fig. 3. Functional diversity of benthic macroinvertebrates for the treatments control (C), 2,4-D (D), fipronil (F), pesticide mixture (M), vinasse (V), and pesticide
mixture with vinasse (MV) during a period of 7 days (T-7) and 1-day (T-1) before contamination and 1 (T1), 7 (T7), 14 (T14)), 28 (T28), 75 (T75), and 150 (T150)

days after contamination.

macroinvertebrate community did not show full functional recovery by
the end of the 150-day experiment. Although some functional groups
reappeared at later sampling times (e.g., scrapers in treatment M after
T28), key groups such as predators remained absent in treatments
contaminated with fipronil and pesticide mixtures until T150. Similarly,
collectors and scrapers showed unstable or incomplete recovery in
vinasse and vinasse—pesticide treatments. These patterns suggest limited
resilience and indicate that chronic exposure to pesticides and vinasse
can lead to long-lasting functional impairments, preventing the re-
establishment of community structure.

In the control, a significant number of collectors-gatherers can be
observed, followed by predators and scrapers (Fig. 3). In the mesocosms
treated with 2,4-D, collecting-gathering organisms were also found, and
this classification was the most abundant, as well as predators and
scrapers. In mesocosms treated with fipronil and pesticide mixture,
predators were observed before contamination, in T-7 and T-1, and
shortly after contamination in T1. After this period, predators dis-
appeared in these two treatments and remained absent for 150 days after
contamination. In these treatments, the organisms belonging to the
order Odonata and the subfamily Tanypodinae, which are predators,
disappeared during these periods, explaining the responses observed
with the predators. For treatment F, only collectors-gatherers were
found in T7 and T14, specifically due to organisms of the subclass Oli-
gochaeta. Filter collectors were observed in the pesticide mixture
treatment due to the appearance of the Hydrophilidae family. In this
same treatment, the scrapers appeared in the samples from T28
onwards.

In the vinasse treatment, collectors and scrapers in T14 and T75
disappeared, and only predators were found in these treatments due to
the presence of organisms from the Libellulidae, Sciomyzidae, and
Ceratopogonidae families. The same happened for mesocosms treated
with the mixture of vinasse and pesticides in T75 when only collectors-
gatherers were found in the samples, specifically those belonging to the
subfamily Chironominae. In T7, the scrapers were not found, and in T14,
the collector-gatherers disappeared, increasing the relative abundance
of scrapers. Finally, changes were observed between treatments for
richness and functional diversity (mixed models ANOVA, F = 2.565 and
p < 0.05), with a decrease of these parameters in the mesocosms M (p <
0.05) about the control.

In treatment control, as in the other mesocosms before contamina-
tion, a significant number of collector-gatherers were observed, fol-
lowed by predators and scrapers. The greater dominance of collectors-
gatherers occurred mainly due to the presence of organisms from the
subfamily Chironominae and subclass Oligochaeta. Collectors-gatherers
are organisms that have mouthparts modified to collect fine (0.05-1
mm) and ultrafine (0.0005-0.05mm) organic matter that accumulates at
the bottom of the water body, on the sediment, or other deposit regions
of organic matter (Ramirez and Gutiérrez-Fonseca, 2014). This group of
organisms is generally abundant in different types of environments,
preserved and/or disturbed, mainly in lentic water bodies or regions of
deposit (backwater) in lotic environments, where normally there is a
greater deposition of organic matter, presenting an important role, both
in the cycling of matter and energy and in secondary productivity within
aquatic environments (Berg and Hellenthal, 1992; Damanik-Ambarita
et al., 2016).

Oligochaeta and Chironominae include organisms tolerant to high
levels of organic pollution, mainly due to morphological and physio-
logical adaptive characteristics that allow these organisms to survive
even in oxygen-poor environments (Statzner and Beche, 2010). How-
ever, as previously described, no organisms from either group were
observed at T14 in the vinasse and vinasse—pesticide mixture treatments,
or at T75 in the vinasse treatment alone, due to the factors discussed
above, indicating the disappearance of collector-gatherers in these
mesocosms. This, in turn, rejects our third hypothesis, since the collec-
tors did not benefit from the increased organic content caused by the
presence of vinasse. Although vinasse is rich in organic matter and,
theoretically, could favor collectors, our results indicate that this func-
tional group did not benefit from exposure to vinasse. This unexpected
response can be explained by the high organic load and toxicity of
vinasse, which can lead to oxygen depletion and physiological stress,
limiting the ability of collector organisms to exploit increased food re-
sources. Furthermore, the observed increase in chlorophyll a and b does
not necessarily translate into higher food quality or accessibility, since
organic enrichment can promote the growth of unpalatable algae and
microbial biofilms. These effects are likely to occur due to combined
exposure to pesticides, which can impair feeding activity, mobility, and
survival of collector and scraper taxa. Therefore, the rejection of hy-
pothesis (iii) suggests a decoupling between resource availability and
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functional group performance under conditions of high chemical stress.

Due to the decrease in collectors-gatherers in vinasse-treated meso-
cosms, there was an increase in the relative abundance of predators and,
to a lesser extent, of scrapers. Predators are those organisms that capture
and consume live prey (Merritt and Cummins, 1996) and are repre-
sented in these treatments by the larvae of the order Odonata. Odonata
larvae play an important role in the dynamics of the aquatic ecosystem
(Costa et al., 2006), especially in lentic systems, are relevant predators
in the freshwater food web, and serve as food for higher trophic levels
(Arnqvist & Johansson, 1998). In addition to the disappearance of other
functional groups, another factor associated with the increased abun-
dance of predators is the increased availability of prey due to the pro-
liferation of Phoridae, Ephydridae, and Sciomyzidae fly larvae in
treatments contaminated by vinasse (Corbet, 1999).

The elimination of insects in treatments contaminated by fipronil
alone and mixed with 2,4-D resulted in the disappearance of predators.
This partially confirms hypothesis (ii), as the abundance of scavengers
was affected by fipronil, whereas no such effect was observed for col-
lectors. Furthermore, hypothesis (i) can be rejected, since scrapers were
not directly affected in the 2,4-D-contaminated treatments. The decline
and disappearance of predators can cause major changes in ecosystem
functions, as they are responsible for transferring energy between tro-
phic levels and have the potential to control the populations of other
organisms (Oberndorfer et al., 1984; Cooper et al., 1990). This obser-
vation is especially important because it highlights the lethal effects that
can occur in top trophic populations, which are directly associated with
the action of applied pesticides. Fipronil, in turn, has neurotoxic char-
acteristics (Xu et al., 2018; Mamboungou et al., 2024), which can
compromise the locomotion and predation capacity of exposed organ-
isms (Ruggiero et al., 2024), further aggravating the imbalance in the
energy flow of the ecosystem. Such an impact may justify the disap-
pearance of predators and, consequently, explain the increase in the
relative abundance of organisms from the collector-gatherer and scraper
functional guilds.

Scraper organisms were the third most predominant functional
group throughout the experiment. Scrapers play the trophic roles of
herbivores, detritivores, and generalists, as they use different feeding
strategies at the same time or during different life stages. Scraping
biofilms, composed of algae, bacteria, fungi, animals, and debris
adhered to different substrates, make up the various microhabitats in
aquatic environments (Rawer-Jost et al., 2000). Despite an increase in
the values of chlorophyll a and b parameters, associated with the in-
crease in algae concentration, in the treatments containing vinasse, the
collectors and scrapers disappeared in these mesocosms in some periods.
In this case, an increase in the availability of food resources did not
reflect, indirectly, in favoring this functional group, probably due to the
high toxicity of vinasse and its mixture with pesticides. Organic pollu-
tion generally harms scraper fauna, leading to a decrease and/or
disappearance of this functional group (Duan et al., 2011; Helson and
Williams, 2013). The disappearance of collectors and scrapers can un-
balance the aquatic ecosystem because, when consuming algae, these
individuals exert an important effect on the population control of pri-
mary producers (Ramirez and Gutiérrez-Fonseca, 2014), on the con-
sumption of productive biomass, and exert a strong influence on the
algae species composition (Feminella and Hawkins, 1995).

Functional richness and diversity decreased because of exposure to
the pesticide mixture, a pattern similar to that observed by Hou et al.
(2025), confirming hypothesis (iv). This reinforces the risks associated
with the occurrence of these two compounds in water bodies, both for
the structure and functioning of these environments (Rumschlag et al.,
2020), since changes in population dynamics can, in the long term,
cause profound modifications in different ecosystem services, such as
changes in the ecosystem's energy flow (Muturi et al., 2017), which can
result in more severe impacts, such as eutrophication (Onyango et al.,
2024).
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5. Conclusion

The main effects observed in this study were: (I) - vinasse contami-
nation provoked alterations in water quality parameters, including
changes in nutrient concentrations, among other ions; (II) - The presence
of vinasse influenced the degradation rate of the pesticides, increasing
the persistence of fipronil and a decrease in the degradation time of 2,4-
D; (III) - The concentrations of metals in the water were mainly attrib-
uted to the presence of vinasse; (IV) - The changes mentioned above
were reflected in the functional characteristics of the communities, and
the treatments with 2,4-D, a greater occurrence of collector-gatherers
and a drastic reduction of scrapers were observed, which were which
were recorded at time T75. (V) - In the treatments with fipronil, a total
absence of predators was observed at all times sampled after contami-
nation; (VI) - In the treatments with pesticide mixture, there was a
disappearance of predators; on the other hand, in the treatment with
vinasse alone, the dominance of predators was observed, especially at
times T14 and T75, accompanied by a reduction in collector-gatherers;
(VII) - In the combined treatment of pesticides and vinasse, dominance
of collector-gatherers was observed until time T7, followed by evident
changes in the functional composition at subsequent times, which re-
inforces the joint influence of all pollutants on the structure and func-
tional diversity of the community. Therefore, contamination by
pesticides and vinasse had significant negative impacts on the functional
diversity of macroinvertebrate communities, reducing the variety of
ecological functions performed by these species. This can result in an
impoverishment of essential ecological functions, compromising the
health of aquatic ecosystems and their ability to provide ecosystem
services.
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