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b Cavanilles Institute of Biodiversity and Evolutionary Biology, University of Valencia, c/ Catedrático José, Beltrán 2, 46980 Paterna, Valencia, Spain 
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A B S T R A C T   

Urban areas in the Brazilian Amazon have grown at an unprecedented rate during the last years. About 90% of 
the wastewater produced by these urban areas are discharged untreated into Amazonian freshwater ecosystems, 
constituting a potential environmental pathway for pharmaceuticals and other chemicals consumed by modern 
societies (e.g. psychostimulants, personal-care products, hormones). The distribution of these chemicals into the 
Amazon River and their potential risks for freshwater biodiversity have not been evaluated so far. Here, we show 
the results of the largest chemical monitoring campaign conducted in the Amazon region. We assessed exposure 
patterns for 43 pharmaceuticals and other urban contaminants in 40 sampling sites distributed along the Amazon 
River, three major tributaries (Negro, Tapajós and Tocantins Rivers), and four large cities of the Brazilian 
Amazon (Manaus, Santarém, Macapá, Belém). We assessed risks for freshwater biodiversity using species 
sensitivity distributions and mixture toxicity approaches. We found that urban areas constitute important hot- 
spots for chemical contamination, with mixtures containing up to 40 different compounds and exposure con
centrations reaching the world’s maxima for some of them. We show that chemical pollution can result in long- 
term effects for up to 50–80% of aquatic species next to urban areas. Moreover, we identified several ubiquitous 
compounds which can be used as tracers of anthropogenic pressure in the Amazon basin. We conclude that the 
chemical burden created by urbanization significantly contributes to a biodiversity loss in the region and should 
be further controlled.   

1. Introduction 

The Amazon is the largest river basin globally and contains about 
40% of the world’s remaining tropical rainforest, hosting a vast diversity 
of terrestrial and aquatic organisms (Laurance et al., 2001; Tisseuil et al., 
2013). It is estimated that about 30 million people live in the Amazon 
basin nowadays, most of whom live in Brazil (WWF, 2020). About two 
thirds of people in the Brazilian Amazon live in large cities such as 
Manaus, Belém, Macapá or Santarém. These cities have more than 
doubled their population within the last 50 years (Fig. 1), and there are 
prospects for a continued population increase in the future (Côrtes et al., 

2020). Only about 12% of the population inhabiting these cities were 
connected to sewage treatment facilities in 2018 (SNIS, 2020), and this 
figure is expected to be even lower for smaller urban settlements. This 
implies that most wastewater produced by the inhabitants in the region 
is discharged untreated into small tributaries or directly into the 
Amazon River. 

Untreated wastewater contain large amounts of toxic ammonia and 
particulate organic matter, which can contribute to eutrophication and 
anoxia in freshwater ecosystems (de Carvalho Aguiar et al., 2011; 
Jaiswal and Pandey, 2019). Furthermore, they are considered a major 
environmental pathway for pharmaceuticals (Fekadu et al., 2019; 
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Valdez-Carrillo et al., 2020). Pharmaceutical compounds and their me
tabolites are biologically active substances and can, therefore, affect the 
physiological status of a wide range of living organisms (Boxall et al., 
2012). Several studies show that environmental concentrations of 
pharmaceuticals can affect the behaviour, growth, and reproduction of 
aquatic organisms (Brodin et al., 2013; Arnold et al., 2014), ultimately 
affecting the structure and functioning of ecosystems. Moreover, urban 
wastewater also contains a wide range of personal-care products, psy
chostimulants, synthetic hormones, biocides and other compounds 
consumed by modern societies (Castiglioni et al., 2006; Pedrouzo et al., 
2011), which form complex chemical mixtures. 

Anthropogenic contamination has been suggested as one of the main 
drivers of freshwater ecosystem degradation in the Amazon (Castello 
et al., 2013). Some studies report the occurrence of metals derived from 
mining (Capparelli et al., 2020), selected pharmaceuticals and illicit 
drugs (Thomas et al., 2014), pesticides (Pires et al., 2020) and micro
plastics (Gerolin et al., 2020) in relatively small river transects or trib
utaries. However, the large-scale distribution of anthropogenic 
contaminants and their impacts on freshwater biodiversity have not yet 
been quantified. 

In this study we provide the first large-scale exposure assessment of 
pharmaceuticals and other substances related to human presence (psy
chostimulants, personal-care products, hormones) in different sampling 
sites distributed along the Amazon River, three major tributaries (Negro, 
Tapajós and Tocantins Rivers), and smaller streams crossing the cities of 
Manaus, Santarém, Macapá and Belém, covering a distance of more than 
1,500 km. We evaluated 43 active ingredients and metabolites 
belonging to the following chemical groups: antibiotics, anti- 
arrhythmic, anti-hypertensives, lipid regulators, anti-diabetics, gastro
intestinal protectants, anti-inflammatories, analgesics, anti-depressants, 
anti-epileptics, anxiolytics, psychostimulants, adrenergics, anti- 
histaminics, hormones (synthetic and natural) and fragrances. Most of 
the compounds investigated here were identified in a previous wide- 
scope screening, which included over 900 pharmaceuticals, illicit 

drugs and metabolites (Fabregat-Safont et al., 2021). In the current 
study, we focus on the characterization of pharmaceutical exposure in 
areas with direct wastewater discharge and areas with high dilution 
capacity. Moreover, we quantified short and long-term risks for fresh
water ecosystems using probabilistic risk assessment methods, and 
identified compounds that should be continuously monitored due to 
their significant environmental impacts. Our study demonstrates that 
urban areas in the Amazon constitute contamination hot-spots for 
pharmaceuticals and other substances consumed by modern societies 
(psychostimulants, hormones), which significantly contribute to a 
biodiversity loss in the region. 

2. Materials and methods 

2.1. Sampling campaign 

A field sampling campaign was performed between November 16th 
and December 8th of 2019, after the dry season. Water samples were 
taken from 40 different locations in the Amazon River (upper and lower 
reach, I and II, respectively, n = 11), in three major tributaries (Negro 
River (n = 5), Tapajos River (n = 2) and Tocantins Rivers (n = 2)), and in 
smaller tributaries and streams crossing the urban areas of Manaus (n =
8), Santarém (n = 3), Macapá (n = 3) and Belém (n = 6) (Fig. 1). The 
samples in the Negro River included two locations in the Anavilhanas 
National Park (N1 and N2), and two samples in the dilution area of the 
city of Manaus (N4 and N5). The majority of samples in the Amazon 
River were collected relatively close to small urban areas. Two samples 
collected in Belém (B3 and B4) were taken in the discharge area of two 
small tributaries into the Tocantins River, and one of the samples 
collected from the Tocantins River (TO2) was taken downstream of the 
city of Belém to evaluate the potential influence of the urban discharge. 
The sampling locations in Macapá, as well as in the Tocantins River and 
Belém, were subjected to some tidal effects. In these locations, samples 
were taken when there was a low tide, so that we avoided dilution by up- 

Fig. 1. Map of sampling locations and population trends of the largest cities in the Brazilian Amazon. Sampling site initials refer to: N: Negro River (n = 5); M: 
Manaus (n = 8); A: Amazon River (n = 11); TA: Tapajós River (n = 2); S: Santarém (n = 3); MA: Macapá (n = 3); Tocantins River (n = 2); B: Belém (n = 6). The 
population data series for the monitored urban areas was retrieved from IBGE, 2020. 

A. Rico et al.                                                                                                                                                                                                                                     



Environment International 155 (2021) 106702

3

stream tidal currents. Further details on the sampling sites are provided 
in the Supplementary Information (Table S1). Sampling was performed 
from boats or urban bridges by using a pre-washed metal bucket and 
collecting water from a depth of approximately 20–30 cm. Water sam
ples (2 L) were introduced into amber glass bottles and stored at − 4 ◦C 
(under dark conditions) for a maximum of 48 h until further processing. 

2.2. Sample processing and chemical analyses 

Water samples were first filtered through a 0.7 μm glass fiber filter 
(Merck Millipore, Cork, IRL). Then they were subjected to a clean-up 
and pre-concentration procedure. Batches of 4–8 samples collected 
from nearby areas were treated using a portable solid-phase extraction 
(SPE) system. Two different SPE procedures and analytical approaches 
were implemented due to the different polarity of the studied sub
stances. As for fragrances, 1 L of the sample was passed over SPE car
tridges (Oasis HLB Waters, 6 cc, 500 mg) preconditioned with 6 mL of 
MeOH and 6 mL MilliQ Water. For the rest of the compounds, 100 mL of 
sample was adjusted to pH 8–9 by adding NH4OH at 32%. Then, 100 µL 
of an isotope-labelled internal standard (IS) solution containing 25 µg/L 
of IS (Table S2) was added to the water sample. SPE cartridges (Oasis 
HLB, 200 mg/6 cc, Waters, Mildford, MA, USA) were preconditioned 
with 6 mL of methanol, 6 mL of ultrapure water and 6 mL of ultrapure 
water at basic pH (8–9). The water samples were passed through the SPE 
cartridges using a vacuum manifold (Phenomenex, Torrance, CA, USA). 
After loading, the cartridges were rinsed with 10 mL of ultrapure water 
and dried for 10 min under full vacuum (5 bar) to eliminate residual 
water. The loaded SPE cartridges were properly labelled, sealed with 
parafilm, and stored at − 20 ◦C (dark conditions). The SPE cartridges for 
fragrance analysis were shipped to and analysed at the Earth and 
Environmental Sciences Department of the University of Milano Bicocca 
(Italy), while the SPE cartridges used for the rest of the compounds were 
analysed at the IMDEA Water Institute (Spain). The fragrance SPE car
tridges were eluted with 15 mL of n-hexane, 10 mL of n-hexane: meth
ylene chloride (30:70), and 6 mL of ethyl-acetate, were evaporated to 
0.05 mL and transferred into glass vials. Samples with concentrations 
higher than 50 ng/mL were diluted before re-injection for the quanti
fication analysis. The SPE cartridges used for the rest of the compounds 
were eluted with three aliquots of 4 mL of methanol. The obtained ex
tracts were evaporated to dryness at 45 ◦C, 0.2 Torr using a SpeedVac 
concentrator (Thermo Scientific, Massachusetts, USA), reconstituted 
with 0.5 mL of methanol:water (10:90, v/v), and vortex stirring for 1 
min. Next, the SPE extracts were centrifuged for 5 min at 13,000 rpm 
(MiniSpin centrifuge, Eppendorf, USA) and transferred into amber glass 
vials. The SPE extracts (200 times pre-concentrated) as well as their 
corresponding dilutions - by one forth, using methanol:water (10:90, v/ 
v) - were used for the quantitative analysis. Diluted extracts were only 
used to reduce matrix effects when the concentrated ones indicated the 
presence of the target compound. 

The identification and quantification of fragrances were performed 
by GC–MS using the MSD 5977B system equipped with GC 8860 (Agilent 
Technologies, CA, USA) in selected ion monitoring (SIM) mode. Sepa
rations were achieved by a GC-column HP-MS5, 30 m, 0.25 mm, 0.25 µm 
(Agilent Technologies) with a 1.5 mL/min of carrier gas flow (He). 
Before injection, the Agilent 7693A Automatic Liquid Sampler added 
0.2 µL of internal standard (atrazine-d5) to each of the nine calibration 
levels and samples. The linearity of the detector response was tested in 
the range from 0.1 μg/L to 50 μg/L. A summary of the chromatographic 
conditions and instrumental parameters is provided in Tables S3 and S4. 

The identification and quantification of the rest of the compounds 
were carried out following the methods described by Rico et al. (2019), 
using high-performance liquid chromatography (HPLC, 1200 Agilent 
series, Palo Alto, CA, USA), coupled to an Agilent 6495 triple quadrupole 
(QQQ) mass spectrometer, equipped with an electrospray ionization 
(ESI) interface (Agilent Technologies, Palo alto, CA, USA) in positive and 
negative mode. Ions were generated using an electrospray ion source 

with Agilent Jet Stream Technology. Descriptions of the optimum 
chromatographic conditions, instrumental parameters, and Multiple 
Reaction Mode (MRM) transitions are provided in Tables S3 and S4. The 
LOQs were determined as the lowest concentration whose quantification 
transition presented a signal-to-noise ratio (S/N) = 10, and qualification 
transition was detected accomplishing abundance criteria. The LODs 
were determined as the minimum detectable amount of analyte with a 
signal-to-noise ratio (S/N) = 3, maintaining abundance criteria between 
transitions. The method linearity for each compound was established 
from the corresponding LOQ level to a maximum concentration of 20 
μg/L, using external standards over a two-concentration range: 100 ng/L 
(for low concentration levels) and 20 μg/L (for high concentration 
levels). The standard regression line was obtained as the mean of three 
injections of each calibration point, which had a regression coefficient 
(R2) of 0.99. 

The recovery percentages for the studied compounds (except for 
fragrances) were assessed for every batch of samples included in the 
solid-phase extraction procedure using samples fortified at 100 ng/L. 
There were three batches of samples taken in areas with low urban 
impact and three in areas with high urban impact, so the results of the 
recovery analysis are presented separately for samples with low and 
high urban impact (Table S5). The recovery efficiency for fragrances was 
checked at two fortification levels (10 ng/mL and 1000 ng/mL) for each 
selected compound in three replicates for each level. Mean recoveries 
ranged between 70% and 130%, with a Relative Standard Deviation 
(RSD) that was below 20% (n = 3) in the majority of the cases 
(Table S5). The sensitivity of the method was estimated by establishing 
the methodological quantification limits (MQLs), considering the ach
ieved recoveries and the pre-concentration factor (LOQ/200) applied in 
the solid-phase extraction protocol. The MQLs and the method detection 
limits (MDLs) are shown in Table S5. When the achieved recoveries fell 
outside the mentioned interval (70–130%), the chemical concentrations 
were corrected using the calculated recovery percentages for the spiked 
sample in each batch. Moreover, field blanks formed by 100 mL of ul
trapure water (pH adjusted to 8–9) containing 100 µL of IS solution were 
made and analysed concurrently with the samples of every SPE batch to 
detect possible contamination. Only traces of some compounds were 
found in the field blanks, which were also used to correct the chemical 
concentrations. 

2.3. Chemical exposure assessment 

Based on the results of the chemical analyses, we calculated the sum 
of compounds monitored above the MDL in each sample, together with 
the total chemical concentration and the relative contribution of each 
compound class to the total chemical concentration. The statistical dif
ferences between the exposure concentrations in the urban areas and the 
rest of samples, and between the different sample groups (i.e., Amazon 
River upper and lower reach, main tributaries and cities) were evaluated 
with a Permutation Multivariate Analysis of Variance (PERMANOVA; 
Anderson, 2001) test based on Euclidean distances with 999 Monte 
Carlo permutations using the PRIMER software (Clarke and Gorley, 
2015). A Redundancy Analysis (RDA) with 999 Monte Carlo permuta
tions was additionally performed with the Canoco v5.0 software (Ter 
Braak and Šmilauer, 2012) to visualize the differences between the 
sample groups in the urban areas, and in the Amazon River and its 
tributaries. All statistical analyses were performed by using a log x + 1 
data transformation, and replacing the concentrations detected below 
the MDL by zeros, and the concentrations between the MQL and the 
MDL by MQL/2. 

2.4. Ecological risk assessment 

Ecological risks were calculated using the Species Sensitivity Distri
bution (SSD) approach. SSDs are cumulative distribution functions of 
toxicity data for a given compound and are used to calculate the fraction 
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of species that will be potentially affected given an exposure concen
tration (Posthuma et al., 2002). In this study, Potentially Affected 
Fractions (PAFs) were calculated for individual compounds, and the 
multi-substance Potentially Affected Fraction (msPAF) was calculated 
for contaminant mixtures according to de Zwart and Posthuma (2005). 
SSDs parameters were derived from toxicity data available in public 
databases and chemical registration reports (for a detailed description 
see Posthuma et al., 2019), and from calculated toxicity values based on 
read-across information (i.e., quantitative structure-activity relation
ships) using the US EPA ECOSAR software (Mayo-Bean et al., 2012). The 
SSD parameters, µ (median of the log-transformed toxicity values) and σ 
(standard deviation of log-transformed toxicity values or slope), for 
short and long-term effects, were calculated with acute (Effect Con
centration for the 50% of the individuals, EC50) and chronic toxicity 
data (No Observed Effect Concentrations, NOECs), respectively, and 
using a log-normal distribution. In the selection of toxicity data, the 
following organism groups were included: algae, bacteria, invertebrates 
and fish. In some cases, NOEC to EC50 (3 cases in the short-term effect 
SSDs) and acute-to-chronic extrapolation techniques (4 cases in the 
short-term effect SSDs, and 12 cases in the long-term effect SSDs) were 
used to increase the number of toxicity data points available to build the 
SSDs (Table S6). Finally, the robustness of the SSDs to predict ecological 
risks was evaluated based on the following criteria: (1) number of 
available toxicity data, (2) origin of the toxicity data (i.e., experimental, 
extrapolated or read-across), and (3) type of extrapolation (in case the 
data was extrapolated). The SSD parameters used in this study are 
provided in Table S6, together with their evaluation criteria. SSDs based 
on experimental data for ≥ 5 species were assumed to be sufficiently 
representative for the total number of species in the aquatic environ
ment. Calculations based on SSDs with a lower number of toxicity data, 
or based on extrapolated or read-across data, were considered first es
timates, requiring additional laboratory toxicity data and/or field ex
periments to confirm their risks. 

The PAF associated with each chemical concentration in each sample 
was calculated using the Microsoft Excel © function shown in Eq. (1). 

PAFx = NORM⋅DIST(MECx, μx, σx, 1) (1)  

where PAFx is the PAF for the compound x in the sample, MECx is the 
logarithm of the measured environmental concentration for the com
pound x, and µx and σx are the median and slope parameters of the SSD 
for the compound x, respectively. 

Mixture toxicity for each sample was calculated considering the 
Toxic Mode of Action (TMoA) of the different compounds forming the 
mixture. Initially, compounds belonging to the same chemical group 
were assumed to have the same TMoA, as they are expected to affect the 
same receptor and physiological system. However, when the SSD slopes 
of the chemicals belonging to the same group deviated more than 10% 
from the others, they were assigned to a separate TMoA following de 
Zwart and Posthuma (2005) (see Table S6). Subsequently, we calculated 
the msPAF for the compounds belonging to each TMoA (msPAFTMoA) 
assuming concentration addition. For this, we first calculated the Hazard 
Unit (HU) for each compound in each sampling site to adjust for dif
ferences in the potency of the evaluated compounds within the same 
TMoA. The HUs were calculated by dividing the MEC by the µ of the SSD 
for the same compound. The msPAFTMoA for each TMoA were calculated 
using the following Microsoft Excel © function (Eq. (2)): 

msPAFTMoA = NORM⋅DIST(HUTMoA, 0, σTMoA, 1) (2)  

where HUTMoA is the sum of the HUs for each compound in the TMoA, 
and σTMoA is the average σ for all compounds in the TMoA group. 

The total toxicity of the sample (msPAFTotal) was calculated using Eq. 
(3) and assuming response addition among the different TMoAs. 

msPAFTotal = 1 −
∏n

i=1

(
1 − msPAFTMoA,i

)
(3) 

Finally, the msPAFTotal for each sample was represented with the 
relative contribution of each chemical group to the total mixture 
toxicity. 

The single compound PAF and the msPAFTotal represent the fraction 
of species of the ecosystem that will be affected (i.e., the EC50 or NOECs 
are exceeded after short and long-term exposure, respectively) by the 
exposure to an individual compound or a chemical mixture, respec
tively. The hazardous concentration for 5% of species (i.e., which results 
in a protection level of 95% of species) is usually applied as concen
tration threshold to benchmark unacceptable ecological effects in 
chemical risk assessment (Posthuma et al., 2002). In our study, sampling 
sites with PAF or msPAFTotal above this threshold were classified as 
severely impacted by the monitored chemicals, while sampling sites 
with values between 1% and 5% were considered to have a low-to- 
moderate impact. 

3. Results 

3.1. Chemical exposure assessment 

The results of our study show that 40 out of the 43 studied com
pounds were quantified above the limit of detection at least once within 
the study area (Table 1; Table S7). Chemical exposure was significantly 
different in the samples taken in urban areas as compared to those taken 
in the Amazon River and its major tributaries (PERMANOVA, pseudo- 
F1,39 = 81, Monte Carlo p = 0.001). The number of substances identified 
was notably higher in the tributaries crossing urban areas (23–40 per 
sample) than in the Amazon River and its major tributaries (9–17), as 
well as the total exposure concentration (Fig. 2). As shown by the 
PERMANOVA (Table S8) and the RDA (Fig. 3), chemical exposure was 
found to be relatively homogenous in Manaus, Macapá and Belém, but 
significantly different from Santarém, which showed a lower number of 
compounds and a lower total concentration (Fig. 2). The exposure 
pattern in the Negro River (the less impacted by urbanization) was not 
statistically significant to that measured in other parts of the Amazon 
River (Table S8). However, a trend was observed showing an increase in 
the number of compounds and concentrations in the lower reaches of the 
Amazon River (Amazon I and II), and in other major tributaries 
(Tapajós, Tocantins; Figs. 2 and 3), as compared to the Negro River. 

Several compounds were measured at very low concentrations in 
relatively remote areas of the Negro River, such as the Anavilhanas 
National Park (samples N1 and N2), and in some areas of the Amazon 
River subjected to high dilution (Table 1). Caffeine and nicotine were 
found in the Anavilhanas National Park at very low concentrations (<30 
ng/L), and in all samples taken along the Amazon River and its major 
tributaries (with concentrations up to 600 ng/L). Acetaminophen 
(paracetamol) was found in the dilution area of Manaus at 20 ng/L (N5), 
and at concentrations up to 200 ng/L in the Amazon River next to the 
cities of Parintins and Jurutí (A4 and A5). The anti-diabetic metformin 
was found in concentrations up to 77 ng/L in the Tocantins River (TO2). 
Moreover, some antibiotics (clarithromycin, sulfamethoxazole, 
trimethoprim), anti-hypertensives (atenolol and its metabolite atenolol 
acid), anti-inflammatories (ibuprofen, ketoprofen), antidepressants 
(venlafaxine), anxiolytics (lorazepam), analgesics (codeine), and fra
grances (galaxolide, musk ketone) were detected at trace concentration 
levels (ng/L) in several sampling sites, being more frequently detected in 
the dilution areas of Manaus (N4 and N5) and Belém (TO2; Table S7). 

The concentrations in the small tributaries and streams crossing 
urban areas were, on average, about two orders of magnitude higher 
than those measured in the dilution areas of the Amazon River and its 
main tributaries. Overall, the total mass of contaminants was dominated 
by anti-diabetics, psychostimulants, and analgesics (Fig. 2). The anti- 
diabetic metformin was found at concentrations up to 24,000 and 
31,000 ng/L in the streams crossing Belém and Manaus, respectively 
(Table 1). Caffeine and its metabolite paraxanthine were found in all 
urban streams, with maximum concentrations of 12,000 and 1,200 ng/ 
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Table 1 
List of measured compounds and minimum-maximum concentrations (ng/L) in the different sample groups. Metabolites are indicated in italics. ’Lower than’ values indicate that the compound has been detected below the 
MQL. n.d.: not detected. n: number of samples in each group.  

Compounds Negro River (n =
5) 

Manaus (n =
8) 

Amazon River I (n 
= 6) 

Tapajós River (n 
= 2) 

Santarém (n =
3) 

Amazon River II (n 
= 5) 

Macapá (n =
3) 

Tocantins River (n 
= 2) 

Belém (n =
6) 

All samples (n =
40) 

Antibiotics 
Lincomycin n.d. 2.0–8.8 n.d. n.d. n.d. n.d. 2.1–7.0 n.d. 2.4–11 n.d. – 11 
Clarithromycin n.d. – <0.1 2.8–22 n.d. – <0.1 <0.1 n.d. – <1.0 n.d. – 0.2 1.0–27.9 n.d. <1.0–28 n.d. – 28 
Metronidazole n.d. 70–159 n.d. n.d. – <0.1 <0.2–2.7 n.d. 2.1–88 n.d. <0.2–75 n.d. – 159 
Sulfamethoxazole n.d. – 0.6 294–893 1.2–1.4 n.d. – 1.3 2.3–3.6 1.1–1.9 193–794 <0.6–4.6 6.6–434 n.d. – 893 
N4- 

acetylsulfamethoxazole 
n.d. 184–679 n.d. – <0.1 n.d. n.d. – 5.3 n.d. – <0.1 26–313 n.d. – 0.7 1.6–233 n.d. – 679 

Trimethoprim n.d. – 1.0 42–143 n.d. – 1.2 <0.1–0.6 <0.2–1.3 <0.1–0.7 4.6–50 <0.1–0.4 <0.2–45 n.d. – 143  

Anti-arrhythmics 
Flecainide n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.  

Anti-hypertensives 
Atenolol n.d. – 1.9 45–194 n.d. – 1.2 n.d. 1.7–9.3 n.d. – 0.9 32–230 n.d. – 2.9 3.8–282 n.d. – 282 
Atenolol acid n.d. – 0.7 142–683 n.d. – 0.6 n.d. – <0.1 0.4–1.2 n.d. – 0.6 7.8–303 <0.1–1.2 2.3–485 n.d. – 683 
Enalapril n.d. 32–103 n.d. n.d. n.d. n.d. 4.4–23 n.d. 29–56 n.d. – 103 
Furosemide n.d. 14–133 n.d. n.d. n.d. n.d. 5.7–62 n.d. 36–92 n.d. – 133 
Propranolol n.d. – 7.2 5.5–26 n.d. n.d. n.d. n.d. n.d. – 8.0 n.d. 9.3–15 n.d. – 26 
Valsartan n.d. 90–1306 n.d. n.d. <2.0–5.9 n.d. – 4.7 152–2914 n.d. – 3.0 14–3391 n.d. – 3391  

Lipid regulators 
Atorvastatin n.d. 1.1–2.5 n.d. n.d. n.d. n.d. n.d. – 6.7 n.d. n.d. – 7.3 n.d. – 7.3 
Gemfibrozil n.d. 1.8–20 n.d. n.d. n.d. – <1.0 n.d. 1.4–18 n.d. n.d. – 6.6 n.d. – 20  

Anti-diabetics 
Metformin <3.0 6214–30742 <3.0–18 <3.0–9.6 22–167 <3.0–42 411–9204 9.7–77 77–23762 <0.3–30742  

Gastrointestinal protectants 
Omeprazole n.d. – 1.1 n.d. – 2.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. – 0.7 n.d. – 2.7  

Anti-inflammatories 
Diclofenac n.d. 46–167 n.d. n.d. <3.0 n.d. 32–155 n.d. <3.0–142 n.d. – 167 
Ibuprofen n.d. – <0.5 360–1803 <0.5 <1.5–1.5 3.2–12 <0.5–3.2 119–870 <0.5–1.7 4.7–799 n.d. – 1803 
Ketoprofen n.d. 14215,0 n.d. – 28 n.d. <10 n.d. <10–42 n.d. <10–69 n.d. – 69 
Naproxen n.d. 177–473 n.d. n.d. n.d. n.d. – 6.3 14–384 n.d. 4.5–470 n.d. – 473  

Analgesics 
Acetaminophen <0.7–19.1 4057–17605 3.7–226 <0.7–15 26–127 <0.7–10 90–7486 <0.7–9.7 45–9122 <0.7–17605 
Codeine n.d. – <0.1 2.4–13 n.d. – 0.2 n.d. – 5.3 <0.4–1.0 n.d. 1.0–71 n.d. – 0.3 <0.4–46 n.d. – 71  

Anti-depressants 
Venlafaxine <0.2–3.5 19–76 < 0.2 n.d. < 2.0 <5.0–5.8 <2.0–73 9.9–128 <2.0 <5.0–73 <0.2–128  

Anti-epileptics 
Carbamazepine n.d. – <0.1 95–240 n.d. – <0.1 <0.1 3.5–48.6 <0.1–0.4 42–178 <0.1–11 2.3–207 n.d. – 240 
Carbamazepine epoxide n.d. 6.9–25 n.d. n.d. <0.2–12 n.d. 3.1–16 n.d. <0.2–27 n.d. – 27  

Anxiolytics 
Diazepam n.d. n.d. – 7.8 n.d. n.d. n.d. n.d. <0.7–3.8 n.d. n.d. – <0.7 n.d. – 7.8 
Lorazepam n.d. 4.8–66 n.d. – 0.6 n.d. n.d. – <2.0 n.d. – 0.4 6.6–31 n.d. n.d. – 30 n.d. – 66  

Psychostimulants 
Benzoylecgonine n.d. – 35 448–1958 5.3–89 n.d. – 7.8 4.0–14 n.d. – 4.3 55–340 2.2–5.0 26–695 n.d. – 1958 
Caffeine 15–45 7033–12237 14–61 158–163 185–3289 49–573 2004–7249 61–133 284–10265 14–12237 
Paraxanthine <0.3 217–808 <0.3 3.2–4.2 52–180 <3.0–7.6 54–711 < 3.0 9.3–1246 <0.3–1246 
Nicotine 0.8–118 310–997 7.5–292 185–608 195–1165 54–127 111–490 108–299 360–1670 0.8–1670 

(continued on next page) 
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L. Also, nicotine and its metabolite cotinine were found in these samples, 
with parent compound concentrations up to 1,700 ng/L. Benzoylecgo
nine, one of the main metabolites of cocaine, was found in concentra
tions up to 2,000 ng/L in Manaus. It was also detected in all urban areas 
at relatively high concentrations (100 ng/L), and at very low concen
trations in some areas of the Amazon River and its tributaries. The 
analgesic acetaminophen, the anti-hypertensive valsartan and the anti- 
inflammatory ibuprofen were consistently found in all urban areas, 
with concentrations up to 18,000, 3,400 and 1,800 ng/L, respectively. 
The sum of antibiotic concentrations in the urban streams was 
500–1,700 ng/L, with sulfamethoxazole and its metabolite (N4-ace
tylsulfamethoxazole) having the largest contribution. The natural es
trogenic hormones estrone and estriol were frequently detected in the 
urban samples at concentrations of nearly 100 ng/L, while 17β-estradiol 
was found at low concentration levels (few ng/L). The androgenic hor
mone testosterone was found in few urban samples at very low con
centration levels. Fragrances such as galaxolide and tonalide were found 
at relatively high concentrations in the streams of Manaus, Macapá and 
Belém, reaching concentrations up to 3,000 and 1,200 ng/L, respec
tively (Table 1). 

3.2. Ecological risk assessment 

The risk assessment performed using acute toxicity data indicated 
insignificant risks in the Amazon River and its major tributaries 
(msPAFTotal < 1%). However, high short-term risks were calculated in 
sampling sites within or close to urban areas, with msPAFTotal values 
exceeding 5% of species in nearly 90% of the samples taken in Manaus, 
Macapá and Belém. The maximum msPAFTotal values calculated for 
these samples were 18%, 11% and 16%, respectively (Fig. 4; Table S9). 
The compounds with the highest contribution to short-term effects were 
estrone and paraxanthine, which had individual PAFs exceeding 5%. 
Other substances with a notable contribution to short-term effects were 
furosemide and 17β-estradiol, with calculated PAFs ranging between 
1–4% and 1–2%, respectively (Fig. 4; Table S10). 

The risk assessment performed using chronic toxicity data showed 
insignificant risks for the samples taken in the Negro River (msPAFTotal 
< 1%). However, low-to-moderate risks (1%<msPAFTotal < 5%) were 
calculated for 50% of the samples taken in the Amazon River, the two 
samples in the Tapajós River, and one of the two samples in the 
Tocantins River. In most cases, the calculated msPAFTotal was slightly 
above 1%, except for sample A8, which was 3% (Fig. 4; Table S9). 

Severe long-term risks were calculated for the samples taken in urban 
areas, with msPAFTotal values ranging between 58 and 77% in Manaus, 
3–20% in Santarém, 23–58% in Macapá, 6–69% in Belém (Fig. 4; 
Table S9). Long-term risks were dominated by psychostimulants, anal
gesics, estrogens, anti-inflammatories and anti-hypertensives (with 
chemical class PAFs above 5% in at least one sampling site; Fig. 4). 
Particularly, caffeine was the compound showing the highest long-term 
toxicity (with single compound PAFs up to 41%), followed by acet
aminophen (22%), estrone (17%), furosemide, ibuprofen, paraxanthine 
(12%), benzoylecgonine (9%) and 17β-Estradiol (8%; Table S10). The 
risk calculations for these substances were based on SSDs built with 
experimental toxicity data and a sufficient number of species (≥5), with 
the exception of furosemide (4 species), and the metabolites benzoy
lecgonine and paraxanthine (which were based on read-across extrap
olations for 3 species; Table S6). This indicates that the robustness of the 
assessment for the latter three substances is lower as compared to the 
other compounds, and a refined assessment could be performed as soon 
as additional experimental toxicity data becomes available. 

4. Discussion 

This study shows that the streams crossing the main urban areas of 
the Amazon region constitute major pathways for pharmaceuticals and 
other chemicals related to human presence (i.e., life-style compounds, Ta
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home-care products) into the Amazon River. Some chemical concen
trations in the streams of Manaus, Macapá and Belém resemble exposure 
profiles shown by untreated sewage or very contaminated surface water 
bodies in other parts of the world (Fekadu et al., 2019; Valdez-Carrillo 
et al., 2020). On the other hand, we found a lower contamination 
level in the samples taken in Santarém, which may be related to the 
lower population density and the higher dilution rate of urban waste
waters, as there is no evidence of lower chemical consumption or higher 
implementation of sanitation measures in this city. 

This is the first time that metformin is measured in surface waters of 
Latin America (Valdez-Carrillo et al., 2020) and, to the best of our 
knowledge, the concentrations found in the streams of Manaus and 
Belém constitute the maximum values reported in the literature so far 

(Fekadu et al., 2019). This compound is usually found at high concen
trations (up to 100,000 ng/L) in the influents of sewage treatment fa
cilities, but it is usually well eliminated by conventional wastewater 
treatments, so concentrations in surface waters are typically much lower 
(Scheurer et al., 2012; Oosterhuis et al., 2013). The concentrations of 
caffeine and its metabolite paraxanthine monitored in urban areas fall 
above the 99th centile of the global exposure distributions reported by 
Rodríguez-Gil et al. (2018). Moreover, commonly used substances such 
as acetaminophen, valsartan and ibuprofen were consistently found in 
all urban streams, with concentrations that are in the range of those 
found in very polluted rivers of Latin America and Africa (Fekadu et al., 
2019; Valdez-Carrillo et al., 2020). It is noteworthy the high concen
trations of benzoylecgonine (metabolite of cocaine) found in Manaus, 

Fig. 2. Relative contribution of each chemical class to the total measured concentrations. (a) Concentrations in the Amazon River and its main tributaries. (b) 
Cocentrations in the streams and tributaries crossing urban areas. Note that the concentration scale in the panel (a) and (b) are different. Numbers on top of the bars 
indicate the number of compounds identified in each sample. 

Fig. 3. Chemical exposure differences among sample groups. (a) Redundancy analysis (RDA) biplot showing differences in chemical exposure patterns between 
different sections and tributaries of the Amazon River. (b) RDA biplot showing differences in chemical exposure patterns between tributaries crossing the main urban 
areas of the Brazilian Amazon. 
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and its widespread occurrence in some areas of the Amazon River and its 
tributaries. Previous studies demonstrate that this metabolite was 
commonly found in the same streams, together with high concentrations 
of cocaine (Thomas et al., 2014), which may indicate an elevated con
sumption as well as the possibility to have cocaine processing labora
tories in the study area (Fabregat-Safont et al., In press). 

It is estimated that the Amazon basin receives about 12 × 1012 m3 of 
water annually (Sioli, 1984), and the volume of urban wastewater 
contributing to it is lower than 0.01% (SNIS, 2020). In line with this, our 
study demonstrates that exposure concentrations in the urban discharge 
areas of the Amazon River and tributaries are about two orders of 
magnitude lower that those measured in urban streams, and decrease 
further down-stream. However, despite the high dilution potential, we 
identified some compounds that are ubiquitous in several parts of the 
Amazon River. These include primarily caffeine and nicotine, but also 
acetaminophen, and could be used as tracers of human activity (Buerge 
et al., 2003; Senta et al., 2015). 

It should be noted that exposure patterns of the monitored com
pounds could vary over the year and that the grab sampling method used 
here could introduce some bias in our risk calculations. However, we 
consider that the exposure assessment performed in this study is rela
tively worst-case, as the study was conducted in a period with low river 
flow and low chemical dilution potential. Under such conditions, we 
found low-to-moderate risks in areas of the main river close to urban 
emission points, with 1–3% of species being affected by long-term 
exposure. Establishing contaminant thresholds for Amazonian fresh
water ecosystems is challenging given the high degree of ecological 
speciation and biological trait variability (Haffer, 2008; Smith et al., 
2014), which usually contributes to a wide species sensitivity range to 
chemicals (Van den Berg et al., 2019). It is estimated that there are about 
3,500 fish species in the Amazon (Junk et al., 2007), so establishing a 
threshold of 1% would imply an impact on 35 species, and this figure 
may be even larger for aquatic invertebrates and plants. Previous studies 
have compared the sensitivity of Amazonian freshwater organisms and 
their temperate counterparts to pesticides, showing little or non- 
significant differences (Rico et al., 2010; Rico et al., 2011; de Souza 
et al., 2020). However, our knowledge on the sensitivity of Amazonian 
freshwater organisms to pharmaceuticals is too limited. Further in
vestigations are needed to test the impact of the contaminant mixtures 
identified in this study on species assemblages representative of the 
Amazonian region, as well as to quantify direct and indirect effects on 
structural and functional ecosystem parameters. 

Our study shows that streams crossing urban areas of the Brazilian 
Amazon constitute major hotspots of chemical contamination. Particu
larly, caffeine, acetaminophen, estrone, ibuprofen, and 17β-estradiol 
were identified as a major threat for freshwater organisms, while 

furosemide, paraxanthine and benzoylecgonine were identified as po
tential hazardous substances given the limitation on the amount of 
toxicity data available. We estimated that the percentage of freshwater 
species affected by mixtures of these contaminants reaches 50–80% in 
most urban areas. At the measured exposure levels, caffeine can affect 
the regenerative capacity of worms (Pires et al., 2016) and reduce the 
biomass of freshwater biofilms (Lawrence et al., 2012); while anti- 
inflammatory drugs such as paracetamol or ibuprofen can cause 
oxidative stress, genetic alterations and impair the reproductive success 
of aquatic invertebrates and fish (Flippin et al., 2007; Parolini, 2020). 
Finally, estrone and 17β-estradiol have been reported to contribute to 
the feminization of fish and can result in a decline of fish population 
abundances (Senta et al., 2015). Therefore, severe effects on biodiversity 
are expected in streams directly impacted by urban wastewater 
contamination. 

We must acknowledge that the calculations provided here could 
underestimate the risks for substances with low polarity (i.e., fragrances, 
anti-inflamatories and hormones; Table S5) and that the compounds 
evaluated here only constitute a small fraction regarding the number of 
substances emitted via untreated wastewater. In fact, in urban streams, 
we noted black sediments and water smell characteristic of anoxic 
conditions produced by an excess of organic matter, and identified large 
amounts of plastic and metal waste. Follow-up studies should be dedi
cated to study the contribution of untreated wastewater emissions to 
eutrophication and anoxia in Amazonian freshwater ecosystems, and to 
quantify the ecological risks caused by other potentially toxic substances 
such as metals, pesticides or microplastics, which will be addressed in 
follow-up studies within the SILENT AMAZON project (www.silentama 
zon.com). 

Our study confirms that the Amazonian region is well behind 
achieving the sustainable development goals set for 2030 by the United 
Nations (UN, 2016), in particular Goal 6.3 (to improve water quality via 
the reduction in pollution, elimination of dumping and to minimize the 
release of hazardous chemicals and untreated wastewater into the 
aquatic environment). In this regard, we support the implementation of 
measures to minimize the environmental impacts of wastewater emis
sions. These may include, for example, (1) the expansion of the sanitary 
system and household’s connectivity, (2) the implementation of new 
sewage treatment facilities and upgrading of the few existing ones, and 
(3) the implementation of nature-based solutions, such as constructed 
wetlands, to increment the natural attenuation of contaminants. 

The potential decrease of invertebrates and fish biomass next to 
urban areas of the Brazilian Amazon can be intrinsically related to a loss 
of food resources for reptiles, birds and humans (by reducing fish cap
tures), and may also have detrimental effects for basic ecological func
tions such as organic matter decomposition (Posthuma and de Zwart, 

Fig. 4. Results of the ecological risk assessment. (a) and (b) show the multi-substance Potentially Affected Fraction of species (msPAFTotal) affected by short and long- 
term exposure, respectively, and the relative contribution of each chemical class to the mixture toxicity. msPAFTotal values above 0.05 (i.e., affecting more than 5% of 
species) are considered to result in unacceptable ecological risks. Only chemical classes with a relevant contribution to the total mixture toxicity (i.e., msPAF above 
0.01 in at least one sample) are shown, while the rest are grouped under Óthers ́. 
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2006; Pilière et al., 2014). At a broader scale, the water quality impacts 
by urban pollution may add up to those caused by agriculture (Schiesari 
et al., 2013) or mining (Capparelli et al., 2020), and together with other 
pressures such as damming, droughts or deforestation (Castello et al., 
2013; Latrubesse et al., 2017), can contribute to set-up barriers for 
migratory species and contribute to a biodiversity loss (Castello and 
Macedo, 2016). Therefore, we conclude that the protection of Amazo
nian freshwater biodiversity requires the implementation of monitoring 
programs to regularly assess and control the chemical status of fresh
water ecosystems in areas with significant demographic pressure. 
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