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Abstract
The estuarine ecosystem of Laguna Madre de Dios (LMD), in the Caribbean coast of Costa Rica, is
exposed to contamination with pesticide residues coming from the upstream agricultural areas.
Biomarkers can provide a better indication of the �tness of biota in real mixture exposure scenarios than
traditional lethal dose toxicity measurements. Here, we measured biomarkers of biotransformation,
oxidative stress and neurotoxicity on Astyanax aeneus, an abundant �sh species in LMD. Glutathione S-
transferase activity (GST), catalase activity (CAT), lipid peroxidation (LPO), and cholinesterase activity
(ChE) were measured in �sh collected during seven sampling campaigns, carried out between 2016 and
2018. Pesticide residues were analysed in surface water samples collected every time �sh were sampled.
Residues of 25 pesticides, including fungicides, insecticides and herbicides, were detected. The
biomarkers measured in A. aeneus varied along the sampling moments, however, biotransformation and
oxidative stress signals showed coupled responses throughout the assessment. Furthermore, signi�cant
correlations were established between three biomarkers (GST, LPO and CAT) and individual pesticides, as
well as between GST and LPO with groups of pesticides with shared biocide action. Among pesticides,
insecticide residues had a major in�uence on the responses observed in �sh. This work shows that the
frequent exposure to environmentally relevant concentrations of pesticides can be related to
physiological responses in �sh that affect their health. This early warning information should be
considered to improve the protection of estuarine ecosystems in the tropics.

1. Introduction
The Laguna Madre de Dios (LMD) estuary is located in the Caribbean coast of Costa Rica. In�ows
include the Madre de Dios river, along with the Pacuare and Chirripó catchments. All the three watersheds,
but mainly Madre de Dios, sustain areas of intensive agriculture, dominated by banana plantations, with
pineapple and rice being produced as well in the area. Pesticide use is high in these crops, especially in
banana (76 kg*ha-1*yr-1) and pineapple (47 kg*ha-1*yr-1) (Echeverría-Sáenz et al. 2018). Further, the
humid and rainy climate of the region, with about 4500 mm/year (IMN, 2021), �ushes pesticide residues
from croplands into surrounding tributaries of LMD.

Estuaries are productive, diverse yet fragile ecosystems that throughout the world have been suffering
deterioration caused by human activities (Barbier et al. 2011; Jennerjahn and Mitchell 2013; Warwick et
al. 2018) and present particular characteristics regarding the environmental behaviour of chemical
pollutants as well as the effects that they can cause to estuarine biota (Schlenk and Lavado 2011;
Cuevas et al. 2018). In the case of the Madre de Dios river and coastal lagoon, pesticide residues have
been detected in surface water for many years (Mena et al. 2014; Diepens et al. 2014; Arias-Andrés et al.
2018). Meanwhile, a retrospective assessment of ecological risk, estimated with data from regular
surface water sampling, demonstrated that the constant presence of pesticide residues in the system
represents a high risk for its biota, mainly for primary producers and aquatic arthropods (Rämö et al.
2018). In this regard, changes in macroinvertebrate communities related to pesticide pollution have
already been observed in the water catchment (Echeverría-Sáenz et al. 2018).
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Historically, one of the most worrying pieces of evidence of the degradation in the LMD system is the
frequent occurrence of massive �sh die-offs (La Nación 2009; ElPaís.cr 2017). However, the incidence of
these events has not been clearly related to the concentrations of pesticide residues commonly found in
the environment (Polidoro and Morra 2016). On the contrary, according to chemical assessment, the
concentrations of pesticide residues detected most of the times in the surface water of the system, are
below the expected to cause acute effects to �sh (Arias-Andrés et al. 2018; Rämö et al. 2018). Under this
scenario, pulse events related to runoff caused by heavy rains might explain massive die-offs, however,
those cases are not properly characterized yet. Further, it would be relevant to know if the constant
exposure to environmental concentrations of pesticides, individually or in mixtures, causes negative
effects on �sh.

The exposure of an organism to pesticides can induce biochemical responses related to
biotransformation, like the activation of enzymes of the Glutathione S-transferase family (GST) that
catalyse conjugation reactions in phase II of the process (Schlenk et al. 2008). As well, the oxidation
reactions from phase I of biotransformation are linked to the liberation of reactive oxygen species that
cause oxidative stress and can lead to cellular damage, like lipid peroxidation (LPO) in the cell
membranes (Narra et al. 2017). As a response to oxidative stress, the cells activate antioxidant defences
with the participation of enzymes like catalase (CAT) which breaks down the hydrogen peroxide
(Martínez-Álvarez et al. 2005; Schlenk et al. 2008). These biotransformation and oxidative stress are
complex, yet unspeci�c processes that can be elicited by several xeno and endobiotics (Schlenk et al.
2008). Some compounds have more speci�c cellular targets and are related to speci�c effects on the
organism. This is the case of chemicals like organophosphate and carbamate insecticides, which cause
neurotoxicity by inhibiting the cholinesterase (ChE) activity in the nervous system (Colovic et al. 2013). All
these types of sub-lethal responses are valuable as biomarkers as they can be triggered in �sh, by
exposure to environmentally relevant concentrations of pesticides (Karmakar et al. 2016; Sandoval-
Herrera et al. 2019). In the case of LMD, where the presence of residues of several pesticides are regularly
present in water, it is expected that �sh would show biotransformation and oxidative stress responses. As
well, cholinesterase inhibition would be expected and related to the presence of organophosphates and
carbamates in the environment.

In Costa Rica, and even in more developed countries, the risks that pesticides represent for the
ecosystems is estimated mainly based on the acute toxicity of individual substances (La Gaceta 2007;
EFSA 2013) but this approach is intensively questioned at the present (Brühl and Zaller 2019; Topping et
al. 2020). In a real scenario, ecosystems are exposed to mixtures of substances and most of the time, in
concentrations not expected to cause acute toxicity (de Souza Machado et al. 2019; Schreiner et al.
2016). This level of pollution in the environment might not be lethal for �sh populations, but the constant
exposure might trigger physiological responses that can affect the �tness of organisms regarding
essential processes like growth, reproduction, and predation avoidance (Floyd et al. 2008; Sandoval-
Herrera et al. 2019).
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The �sh, Astyanax aeneus, has been used for previous ecotoxicological studies carried out in Costa Rica
(Mena et al. 2014; Sandoval-Herrera et al. 2019). This characin is the most abundant �sh species in LMD
and one of the most broadly distributed species in Costa Rica, ranging from brackish water at sea level to
creeks until 1000 meters above sea level and tolerating temperatures from 20 to 37°C (Bussing 2002).

Considering the ecological value and vulnerability of LMD and the amount of evidence regarding the
prevalent contamination of this estuary with pesticides residues, this study aimed to evaluate if the
exposure of resident A. aeneus to such conditions, would cause biochemical responses that might
translate into physiological effects that compromise their population. As well, we mean to provide
evidence that the standard toxicological endpoints are not always adequate to protect �sh and likely
other species in contaminated ecosystems.

2. Material And Methods
Data presented here corresponds to seven sampling campaigns, carried out between 2016 and 2018 in
LMD, covering periods of higher and lower precipitation in the region. We originally planned to capture the
�sh at four points of the estuary, including the three main in�ows and the centre of the lagoon, and
correlate the biomarkers with pesticides analysed for the water sample of each point. However, after
preliminary samplings and an analysis of the �sh distribution along the estuary, we decided to sample
the lagoon as a unit. Thus, �sh were captured at seven points distributed along the margins of the
lagoon, while keeping the collection of water samples at the four points located at main in�ows (Pacuare
river, Santa Marta channel and Madre de Dios river) and the centre of the estuary (Fig. 1).

A total of 173 �sh, both sexes, standard length range: 3.3 to 11.7 cm; average 7.9 ± 1.24 cm were
captured and analysed during the project. A maximum of 30 �sh, were collected every sampling, from the
whole extension of LMD, using seven points distributed along the margins and tributaries of the lagoon
(Fig. 1). Fish were captured using a cast net of 1.8 m radius and 2.5 cm mesh. After collection, �sh were
measured and immediately sacri�ced by decapitation. Then, samples of brain, liver and dorsal muscle
were taken (in the case of liver and brain, the whole organ was collected, in the case of muscle,
approximately 50 mg of dorsal tissue were taken). Each sample was placed in a 1.5 ml microtube and
immediately frozen with liquid nitrogen. Samples were transported in liquid nitrogen to the laboratory of
ecotoxicology at IRET (ECOTOX) where they were preserved at -80°C until the biomarkers were measured.

2.1. Biomarker analyses:
For biochemical analyses, samples were homogenized in appropriate phosphate (K2HPO4 / KH2PO4)
buffers: buffer 100 mM with pH 7.2 for brain and muscle samples and 100 mM with pH 7.4 for liver
samples. A Branson® SLPt sonicator was used for sample homogenization. After homogenization,
muscle and brain samples were centrifuged at 10600 rcf, 4°C for 5 min. and the supernatant was used for
ChE analyses. In the case of liver samples, an aliquot of the homogenate was separated immediately
after homogenization and mixed with 0.2 mM butylated hydroxytoluene (BHT) for the LPO analysis; then,
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the rest of the homogenate was centrifuged at 15300 rcf, 4° C for 20 min. and the supernatant was used
for GST and CAT analyses. All biomarker responses were normalized by protein content. For this, protein
concentration was measured in each sample with the Bradford method (1976), using a kit from BioRad®
with bovine serum albumin as a protein standard.

Cholinesterase (ChE) activity in muscle and brain samples was measured according to the method of
Ellman et al. (1961), adapted to microplate by Guilhermino et al. (1996). Brie�y, samples were exposed to
a reaction mixture containing the synthetic substrate, acetylthiocholine (1 mM) and the conjugate 5,5′-
dithiobis(2-nitrobenzoic acid) (DTNB) (0.1 mM); the reaction was measured at 415 nm for 10 min and
expressed as nanomoles of substrate metabolized per minute per milligram of protein. Glutathione S-
transferase (GST) activity was measured according to Habig et al. (1974), exposing samples to a mixture
containing 1 mM of 1-chloro-2,4-dinitrobenzene (CDNB), and 1 mM of reduced glutathione (GSH). The
reaction was monitored at 340 nm for 3 min; activity was reported as nanomoles per minute per
milligram of protein. Lipid peroxidation (LPO) was measured by the thiobarbituric acid reactive species
(TBARS) assay (Oakes and Van der Kraak 2003) and expressed as nanomoles of TBARS per milligram of
protein. Catalase (CAT) activity was measured according to the method of Aebi (1974) as the decrease in
absorbance at 240 nm due to H2O2 consumption. The reaction was followed for 20 seconds and
expressed as micromoles of substrate metabolized per minute per milligram of protein. The integrated
biomarker response (IBR) was calculated according to Devin et al. (2014). Circular permutations in the
order of the biomarkers were performed during the calculation to produce a set of IBR values for each
sample and be able to compare sites.

2.2. Chemical analyses:
Pesticide residues were measured in surface water samples collected at four points of the lagoon,
covering the three main in�ows and the centre of the estuary (red points in Fig. 1). Seven �eld trips were
carried out along the 2016-2018 period, with a total of 28 samples analysed. The samples were extracted
by solid phase, using Isolute ENV+ 200 mg cartridges (Biotage). The analytical techniques used for the
identi�cation and quanti�cation of pesticide residues were: gas chromatography with mass detector
(Agilent 7890A/5975C) and liquid chromatography coupled to a triple-quadrupole mass spectrometer
(Waters ACQUITY UPLC H-Class with a TQ-S micro MS). When a substance was detected but it was below
the limit of quanti�cation (LOQ), its concentration was estimated as half of that LOQ.

Physical-chemical parameters were measured at every point where water samples were collected. Median
values were used for analyses. A calibrated Hach®, HQ40d multi-probe was used to record pH,
temperature (°C), conductivity (µS/cm) and dissolved oxygen (DO, mg/L).

Four water samples were taken every sampling campaign, to work with the worst scenario, when a
substance was detected in more than one sample, the maximum concentration measured among them
was considered for the correlation analyses with �sh biomarkers. Also, pesticides were grouped on the
criteria of biocide action and the correlation of these groups with the biomarker responses was tested. For
this, four groups were considered: herbicides (n herb and µg herb), fungicides (n fung and µg fung),
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insecticides (n insect and µg insect) and because of the use of ChE as a biomarker, organophosphates
(OP) and carbamates were grouped (n OP-Carb and µg OP-Carb). In each case, “n” represents the number
of substances within that group, detected in LMD for that sampling campaign and “µg” represents the
summed amount, in µg/L, of the maximum concentrations of the substances in that group, for that
campaign.

2.3. Statistical analyses:
All analyses were carried out using R 3.6.1 (R Core Team 2019). Biomarker data were analysed for
normality (Shapiro test, p < 0.05). As the data for four out of �ve biomarkers did not meet a normal
distribution, a non-parametric test (Kruskal-Wallis, p <0.05) followed by the post-hoc pairwise Wilcoxon
rank sum test were applied to compare the biomarker responses and identify differences in their
responses among sampling campaigns. The relationship between the maximum concentrations of
pesticides (individually and grouped), as well as the number of compounds per sample, detected during
each sampling moment and the biomarkers measured in the sample of A. aeneus was tested with a
Spearman correlation (rho), using the Hmisc package (Harrell 2020). Before any comparisons of
biomarkers responses among sampling moments and correlation between the biomarkers and pesticide
residues were done, the effect of size and sex of the �sh on the biomarker responses were assessed. The
effect of sex was evaluated with a Wilcoxon test (<0.05) and differences were found for ChEm [higher in
males (p=2e-4)] and CAT [higher in males (p=4e-5)]. Effect of size was evaluated with a spearman
correlation (rho) and muscle ChE (p=8e-13) as well as brain ChE (p=1e-2) had negative correlation with
size. Meanwhile, no in�uence of sex or size was observed for LPO and GST. For this reason, data for
those biomarkers affected by size or sex were analysed differently: In the case of catalase, comparisons
and correlations were tested by sex. In the case of brain ChE, the data was divided into size categories
and the extremes of size were removed, then, the comparisons and correlations were tested with a sub-
sample which´s size did not correlate with size (n=103). Finally, as the correlation of muscle ChE with size
was signi�cant for any size category, this biomarker was removed from the analyses. We suggest muscle
ChE is not a good biomarker in �sh for �eld studies where the size of the animals varies. We include a
�gure (Online resource 1) to show the strong negative correlation of this biomarker with the size of the
�sh.

The pesticide residues matrix composition throughout LMD sampling points and �eld trips was evaluated
with a PERMANOVA analysis, using the adonis, vegan 2.5.7 package (Oksanen 2011); a
presence/absence data transformation was applied to reduce the in�uence of common pesticides
residues in the water samples.

3. Results
The physical-chemical parameters recorded during the assessment were in the acceptable range,
according to the distribution of the species described by Bussing (2002) (Table 1). Temperature varied
between 24.3 and 32.4°C; pH between 6.1 and 8. The higher variations were observed in the DO, between
3.5 and 11 mg/L; and conductivity, between 182 and 832 µS/cm. In the last case, probably related to the
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changes in salinity of the estuary. Two environmental parameters, DO and pH, had signi�cant
correlations with biomarkers measured in A. aeneus, �nd details onward in this section.

Table 1
Physical-chemical parameters recorded at LMD for every sampling moment. Data are

medians (range) from four measurements recorded every time.
Sampling Temperature (°C) pH Conductivity (µS/cm) DO (mg/L)

may-16 30.5 (28.5-31.1) 7.9 (7.6-8.0) 832 (176-064) 9.5 (7.3-9.7)

jul-16 27.5 (26.2-29.4) 6.4 (6.1-6.6) 182 (156-615) 5.1 (3,8-6)

oct-16 30.5 (26.9-32.4) 7.3 (7.1-7.5) 233 (121-305) 4.7 (3.5-7)

dec-16 27.2 (24.3-28.1) 7.4 (7.2-7.4) 190 (128-203) 8.9 (8.2-10.3)

feb-17 29.3 (27-30.5) 6.9 (6,8-6,9) 440 (230-490) 9.3 (7.3-11)

sep-17 29.4 (27.8-30.1) 7.7 (7.4-7.8) 240 (154-270) 8.0 (7.4-10.5)

feb-18 25.6 (24.7-26,4) 7.5 (7.3-7.7) 518 (181-728) 6.5 (4.6-7.5)

Thirty-seven pesticides were analysed in the water samples, based on their use on the crops upstream
from LMD. A total of 25 pesticides were detected in the lagoon during the research period: 15 fungicides,
6 insecticides and 4 herbicides (Table 2). Four substances, the insecticide buprofezin, the herbicide
ametryn and the fungicides azoxystrobin and pyrimethanil, were detected in every sampling campaign.
The least number of substances, eight, was recorded in May-2016; eleven substances registered in Jul-
2016 and Dec-2016, �fteen in Feb-2017, sixteen in Oct-2016 and Feb-2017; while the higher number,
nineteen, was registered in Feb-2018. Comparing the maximum concentrations registered during this
assessment to reference toxicity values, none of the substances detected in the lagoon, individually, was
expected to cause acute nor chronic effects on �sh (Table 2).

According to PERMANOVA analyses, the pesticides presence/absence matrix shows statistical
differences between sampling times (F6,19=10.024; r2=0.76; p=0.001) but not between sampling sites for
a given sampling moment (F4,21=0.62; r2=0.11; p =0.846)
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Table 2
Pesticide residues detected along seven surface water samplings of Laguna Madre de Dios (LMD).

Points (●) indicate that the substance was detected in the corresponding sampling moment in LMD.
Maximum (peak) concentration measured for each substance during the assessment, as well as

reference toxicity values (acute and chronic) of each compound to �sh, are included.
Pesticide Sampling campaign (month-year) peak

(µg/L)
bRef
LC50
(µg/L)

bRef
EC50
Chronic
(µg/L)

  May-
16

Jul-
16

Oct-
16

Dec-
16

Feb-
17

Sep-
17

Feb-
18

     

ametryn ● ● ● ● ● ● ● 0.46 5000 700

azoxystrobin ● ● ● ● ● ● ● 1.11 470 147

boscalid         ● ● ● 0.3 2700 125

bromacil       ●       0.08 36000 96500

buprofezin ● ● ● ● ● ● ● 0.12 330 52

carbaryl     ●       ● 0.05 2600 210

chlorothalonil     ● ●       0.01 17 1.4

chlorpyrifos   ●   ●     ● 0.03 25 0.14

diazinon   ● ● ●   ● ● 0.3 3100 700

difenoconazole       ● ●   ● 0.5 1100 23

diuron ●   ●   ● ● ● 0.41 6700 410

epoxiconazole   ● ● ● ● ● ● 0.4 3140 10

ethoprophos   ● ●   ● ●   0.6 320 64

fenamiphos     ●       ● 0.15 9,3 3.8

fenpropimorph     ●   ● ● ● 0.03 2300 100

�uopyram     ●   ● ● ● 0.39 980 135

hexazinone   ● ● ● ● ●   0.33 320000 85.5

metalaxyl ●       ● ● ● 0.05 960 -

myclobutanil ● ●     ● ● ● 0.13 2000 200

propiconazole             ● 0.03 2600 68

pyrimethanil ● ● ● ● ● ● ● 0.13 10560 1600

tebuconazole     ●         0.15 4400 10
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Pesticide Sampling campaign (month-year) peak
(µg/L)

bRef
LC50
(µg/L)

bRef
EC50
Chronic
(µg/L)

thiabendazole ●   ●   ● ● ● 0.72 550 12

triadimenol             ● 0.18 21300 3130

triadimefon   ●           0.2 4080 17

b Reference acute and chronic toxicity values for different �sh species, as retrieved from the Pesticides
Properties DataBase (PPDB) (Lewis et al. 2016).

Biomarker’s responses in �sh varied during the evaluated period (Fig. 2). Regarding brain ChE activity, the
lower levels were observed in Dec-2016 and Sep-2017. (Fig. 2. A). Consistency was observed regarding
the response of biotransformation and oxidative stress biomarkers: higher levels of GST, LPO and CAT
were measured in �sh collected in the periods of Jul-2016 and Oct-2016, while the lower level of response
in these three markers occurred in the sample collected during May-2016 (Fig. 2. B, C, D). There was no
coincidence in the response of the neurotoxic biomarker regarding the biotransformation and oxidative
stress signals. It was interesting, in the case of catalase, that even as the response of the biomarker
differed among males and females, the response of both sexes was similar in most cases, especially at
the moments of lower and higher responses (Fig. 2. C). The IBR showed higher responses of biomarkers
together in Jul-2016 and Oct-2016; while, consistent with individual biomarkers, the lower response was
estimated in May-2016 (Fig. 2. E).

Water samples were taken at four points of the lagoon (Fig. 1) every time a sample of �sh was collected.
The higher concentration of each substance measured per sampling moment was used to test
correlations with the measured response of the biomarkers. Some of the pesticides found in the lagoon
had signi�cant correlations with the biomarkers measured in A. aeneus: the OP, ethoprophos, was
positively correlated with the induction of GST, a biomarker related with biotransformation phase II;
meanwhile, diazinon (OP) and the chitin synthesis inhibitor, buprofezin, were correlated with signs of
oxidative stress (LPO) (Fig. 3. A). LPO was negatively correlated with the fungicides metalaxyl and
azoxystrobin and the later compound had a negative correlation with CAT in males, as well. Aside from
the pesticides, DO correlated negatively with LPO and the IBR, while pH had a negative correlation with
CAT in both sexes. The IBR showed signi�cant positive correlations with GST and CAT in females.
Regarding IBR, its magnitude was also positively correlated with diazinon (Fig. 3A).

When the pesticide residues were considered by groups (OP-carbamate or by biocide action), we found
positive correlations between the amounts of insecticides and the amount of OP-carbamates present in
the water with the induction of GST and the IBR. As well, the number of OP-carbamates present was
positively correlated with LPO (Fig. 3. B). Interestingly, no signi�cant correlation was observed between
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the presence of OP and carbamates, individually or grouped, with lower levels of brain ChE activity in A.
aeneus, as it would be expected because of their modes of action.

4. Discussion
Estuaries are dynamic ecosystems with variations in temperature, salinity and dissolved oxygen
changing rapidly. The communities have become established in such habitats, with organisms adapted
to this natural stress (Elliott and Quintino 2007). However, the species inhabiting these ecosystems can
be very sensitive to anthropogenic stressors (Monserrat et al. 2007; Jennerjahn and Mitchell 2013; Toft et
al. 2018; Barletta and Lima 2019). The pollution of estuaries with sub-lethal concentrations of chemical
contaminants, including pesticides, can affect the physiology of resident �sh and these alterations can
translate into effects on higher levels of biological organization (Ferreira et al. 2005; Baldwin et al. 2009).

The description of the hydrography in LMD estuary is incipient. The data currently available (not included
here) indicates that the lagoon is highly dominated by sea water and has vertical strati�cation in
temperature and salinity during periods of low-water discharges from rivers (March – April). Conversely,
the lagoon is highly dominated by fresh water during periods of high-water discharges from rivers
(October – December), during this period seawater �ows into the lagoon only during spring tides and
more vertical mixing takes place. Besides, part of the colder waters from Pacuare river tends to �ow
upstream into the lagoon just underneath the lighter and warmer waters from Madre de Dios river and
Santa Martha Channel which �ow seaward; the other part of the water discharge from Pacuare river �ows
directly to the sea just above the denser sea-water in�ow moving to the lagoon at the bottom level. The
�ow from the Pacuare river has such as strong momentum that neither �ows from the sea nor the lagoon
can penetrate to the Pacuare basin.

This complex hydrodynamics and the bathymetry create horizontal gradients of salinity across the
lagoon at the subsurface level, particularly during low-water discharges from rivers when the salt-wedge
can penetrate long distances into the lagoon. At the surface level there are no appreciable horizontal
gradients in salinity; however, the encounter of fresh-water masses of different temperatures can occur
near the surface, particularly when warmer waters from Madre de Dios river meet the colder waters from
the Pacuare river. A deeper explanation of the hydrodynamics of LMD is out of the scope of this work and
it will be addressed in a separate manuscript still under preparation.

Considering the above description, the estuary shows little horizontal changes at the surface level,
depending on the period of the year and which of the three main tributaries (Pacuare River, Madre de Dios
River or Santa Marta channel) is bringing the majority of the fresh water. Therefore, little horizontal
heterogeneity can be assumed in the estuary at a given moment at the surface level. This was another
argument for us to analyse the biomarker data taking the lagoon as a unit at the surface level, and
assessing the changes in time, according to the pesticides present at each moment.

Regarding the assessment of effects at the biochemical-physiological level in biota exposed to chemical
pollution, the biomarker approach was proposed long ago as an appropriate early warning system for the
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assessment of environmental hazards in �sh, including the exposure to pesticides (van der Oost et al.
2003). In estuarine ecosystems, biomarker responses might be affected by several factors, like changes
in salinity and temperature that can alter the bioavailability of the contaminant substances as well as the
metabolism of the organisms (Schipper et al. 2009; Fonseca et al. 2011; Madeira et al. 2013). In
temperate regions, the scenario can be different, for example, in sub-arctic species of bivalves and �sh, a
low seasonal variation in biomarker responses has been observed (Nahrgang et al. 2013) and this has
been attributed to the low variation in temperature and salinity of the environment. Meanwhile, tropical
estuarine species need to adapt to salinity changes and these mechanisms of adaptation can in�uence
the biotransformation pathways (Schlenk and Lavado 2011) which might also explain seasonal variation
in the response of biomarkers in such ecosystems.

Additionally, seasonal variation in biomarker responses in aquatic organisms can also be in�uenced by
the variation in the contamination received by the habitat (Quintaneiro et al. 2006). In this regard, Padmini
and Geetha (2009) reported that levels of LPO of �sh (Mugil cephalus) inhabiting an estuary exposed to
industrial pollution showed a seasonal variation, with values higher in the warmer season. Meanwhile,
organisms of the same species, living in a reference site, had no signi�cant seasonal variation.

In the present study, a variation was observed in the response of biomarkers measured in A. aeneus
throughout the period evaluated. It is known that environmental factors, as well as species-related
characteristics, may in�uence this behaviour (van der Oost et al. 2003) but in our case, conductivity was
the environmental parameter with the higher variability during the assessment and still this variation was
not correlated to any of the biomarker responses. Further, the observation of a coupled response in
biotransformation and oxidative stress related biomarkers, along with the positive correlations found with
pesticides and discussed later, suggests that the variation in this case was more in�uenced by the
presence of pesticide residues (as amounts of substances in surface water) than by other environmental
factors. In this regard, Stringini-Severo et al. (2020) found that zebra�sh embryos exposed to water
samples from agricultural areas, had increased GST activities and LPO levels when exposed to the
samples with higher amounts of pesticides.

Part of our hypothesis for this work was the presence of OPs and carbamates in LMD would cause ChE
inhibition in A. aeneus. However, although this group of substances was present in the lagoon water, no
signi�cant correlation was found with a reduction in ChE activity in the �sh. This could be explained if a
previous exposure to ChE-inhibiting compounds occurred and the residual neurological effect was still
measurable while the concentrations of the substances already decreased (Zhao and Hwang 2009), but
again, the natural variability in the activity of the enzyme should be considered (Fulton and Key 2001).
Regarding the observation of signi�cantly lower brain ChE activity at two of the sampling periods and
considering a possible previous exposure to ChE-inhibiting pesticides, it should be noted that even
environmentally relevant concentrations of such substances can alter the behaviour of �sh. This has
been observed with chlorpyrifos affecting the locomotion of two tropical �sh species (Bonifacio et al.
2017) or ethoprophos, interfering with the escape response of A. aeneus (Sandoval-Herrera et al. 2019).
Further, Baldwin et al. (2009) estimated that the physiological effects associated with short
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environmental exposure to sub-lethal concentrations of pesticides, especially ChE inhibitors, can affect
growth and productivity of salmon.

Even though the OPs and carbamates found in the lagoon did not correlate with the neurotoxic biomarker,
the presence of such substances related positively with biotransformation (GST) and oxidative stress
signals (LPO). Similar responses have been documented in other �sh species. For instance, the exposure
to a low concentration of an OP (2-butenoic acid-3-(diethoxy phosphinothionyl) ethyl ester) induced
biotransformation and oxidative stress-related responses in tilapia (Rao 2006) and the exposure to a
mixture of OP-carbamate induced CAT activity in carps (Khare et al. 2019). As well, similar responses
were observed in a characin species exposed to methyl parathion (Amaral-Monteiro et al. 2006). In this
regard, some carbamates and OPs, including diazinon, are known to induce oxidative stress in �sh
(Slaninova et al. 2009) and the biotransformation routes associated with glutathione are involved in the
physiological response to these events (Peña-Llopis et al. 2003).

Another insecticide, buprofezin, was positively related to higher levels of LPO. In the case of this
substance, it has been demonstrated to induce oxidative stress in mammals (Ji et al. 2016). In �sh, the
exposure of carps to a combination of this insecticide with �pronil has induced oxidative stress and
suppression of antioxidant response (Ghazanfar et al. 2018).

The fungicides metalaxyl and azoxystrobin correlated negatively with LPO. Regarding metalaxyl, no
studies on its effect on �sh LPO were found, however, a test carried out on Tubifex exposed to this
fungicide showed that lipid peroxidation was increased, but only after three weeks of exposure (Di et al.
2017). At earlier times, this biomarker was at the level of controls and that delayed effect was related to a
saturation of the antioxidant systems. In the case of �sh exposed to azoxystrobin, different scenarios
have been described: Kumar et al. (2020) found no signi�cant increase in LPO of Danio rerio with a 48-
hour exposure. In the same species, Han et al. (2016) reported LPO increase during four weeks of
exposure to this fungicide. We found two reports that agree with our observation of reduced LPO levels,
the �rst, by Jia et al. (2018) found signi�cantly lower levels of LPO related to a 21-day exposure to
azoxystrobin. In the second paper, by Rossi et al. (2020), they observed decreased LPO levels in an
Astyanax species, 21 days after an application of a mixture of pesticides. Interestingly, in most of the
aforementioned references of works done with worms and �sh exposed to these two fungicides, an
induction of biotransformation and antioxidant responses was consistently observed. This could explain
why, in the context of mixture present in LMD, the presence of such substances at low concentrations and
the induction of the antioxidant response can relate to a reduced LPO.

The calculation of IBR allowed the simpli�cation of information and accentuated the differences among
samplings. The weight of GST in�uenced this outcome, as interpreted from the correlation. Considering
this integration and relationships, insecticides showed the higher effects observed in �sh. Regarding the
set of biomarkers used, GST showed the best performance since it was not associated with
environmental parameters or with the size or sex of the animals.
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We consider our results relevant regarding the effects of �sh being exposed to mixtures of pesticides in a
real scenario in�uenced by agriculture. In a similar study, Teixeira Marins et al. (2020) found comparable
biomarker responses in an Astyanax species, with a different context regarding the compounds present in
the environment. Further, it is known that the simultaneous exposure to different pollutants can alter the
processes of biotransformation and lead to the attenuation or enhancement of the toxicity of speci�c
compounds (Schlenk 2005) which can make confusing the interpretation of biomarkers in �eld
assessments. However, our data shows that some of these responses can be clearly congruent with the
environmental exposure to pesticides.

5. Conclusions
This work illustrates that the constant pollution of a tropical estuary with pesticide residues caused by
runoff from upstream croplands can affect resident biota. The permanent presence of pesticide residues
with different biocide actions, even at concentrations that are not expected to cause acute effects, is
affecting the physiology and causing oxidative stress on resident �sh. The physiological processes
related to biotransformation and oxidative stress in A. aeneus, respond to the pollution of its habitat with
pesticides. The observations in this study are likely found in other areas of Costa Rica and similar
ecosystems throughout the tropics. Clearly, the information obtained with the implementation of this
approach can add to the protection of such valuable ecosystems.
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Figure 1

LMD, indicating points where �sh and water samples were collected. A. aeneus were collected at all
points while water grab samples were collected only at the red points
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Figure 2

Biomarkers measured in A. aeneus collected at LMD throughout seven campaigns, indicated as month-
year. Statistical differences (p≤0.05) in the biomarkers measured among sampling moments are
indicated with different letters. Bars indicate standard error. In the case of CAT, data is presented by sex.

Figure 3

Signi�cant correlations of biomarkers measured in A. aeneus with peaks of pesticide residues detected in
LMD. Schemes summarize the signi�cant (p≤0.05) correlations between speci�c individual pesticides
(A), or groups of pesticides (B), and biomarker responses. Positive correlations are indicated with blue
interrupted arrow and negative correlations with red continuous arrows
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