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• Tropical freshwaters should have low Hg
risk.

• We tested Hg magnification in the fish
food web of 12 floodplain-lakes of the
Jurua River.

• Food chainswere short, but Hgmagnifica-
tion rates and baselines were higher than
expected.

• Concentrations in predatoryfish andmag-
nification rates were higher in the low-
water season.

• HighHg concentrations and high fish con-
sumption rates pose risks ofHg toxicity for
humans.
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 Despite a global phase out of some point sources, mercury (Hg) remains elevated in aquatic food webs, posing health
risks for fish-eating consumers. Many tropical regions have fast growing organisms, potentially short food chains, and
few industrial point sources, suggesting low Hg baselines and low rates of trophic magnification with limited risk to
people. Nevertheless, insufficient work on food-web Hg has been undertaken in the tropics and fish consumption is
high in some regions. We studied Hg concentrations in fishes from floodplain lakes of the Juruá River, Amazonas,
Brazil with three objectives: 1) determine rates of Hg trophic magnification, 2) assess whether Hg concentrations
are high enough to impact humans eating fish, and 3) determinewhether there are seasonal differences in fish Hg con-
centrations. A total of 377 fish-muscle samples were collected from 12 floodplain lakes during the low-water (Septem-
ber 2018) and falling-water (June 2019) seasons and analysed for total Hg and stable nitrogen (N) isotopes. The
average trophic magnification factor (increase per trophic level) was 10.1 in the low-water season and 5.4 in the
falling-water season, both well above the global average for freshwaters. This high rate of trophic magnification,
coupled with higher-than-expected Hg concentrations in herbivorous species, led to high concentrations (up to 17.6
ng/g dry weight) in predatory pirarucu and piranha. Nearly 70% of all samples had Hg concentrations above the rec-
ommended human-consumption guidelines. Average concentrations were 42% higher in the low-water season than
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the falling-water season, but differences varied by species. Since Hg concentrations are higher than expected and fish
consumption in this region is high, future research should focus on Hg exposure for human populations here and in
other tropical-rainforest regions, even in the absence of local point sources of Hg.
1. Introduction

Mercury (Hg) is released to the global environment fromnatural geolog-
ical sources and anthropogenic activities (Pirrone et al., 2010). The latter
includes coal burning, mining and smelting of metals, production of ce-
ment, artisanal gold mining, and industrial discharges, and emissions
from these activities are declining with time in Europe and North
America but increasing in Asia (Zhang et al., 2016; UN Environment,
2019). As such, there remains a large global pool of Hg that can be
transported long distances in the atmosphere to enter soil and water bodies
throughwet and dry deposition (Lyman et al., 2020),where it ismethylated
and bioaccumulates in food webs (Kidd et al., 2012). Wind patterns, tem-
perature, landscape characteristics and flooding affect deposition and accu-
mulation of Hg in aquatic environments (Obrist et al., 2018).

The fate of Hg in food webs is influenced by three main factors: Hg en-
tering the base of the food web, length of the food chain and trophic mag-
nification (Kidd et al., 2012), all of which differ across climate zones.
Emission sources in the global south are dominated by artisanal gold min-
ing (UN Environment, 2019; Crespo-Lopez et al., 2021), though there are
many tropical regions with no gold mining, intact forests and limited ripar-
ian disturbance. In those areas we could expect low or high baseline con-
centrations depending on naturally occurring Hg in soils (Fadini and
Jardim, 2001; Wasserman et al., 2003; Figueiredo et al., 2018). Mercury
biomagnifies in food chains (Kidd et al., 2012), but is expected to do so at
lower rates in tropical regions (Lavoie et al., 2013), because fish tend to
grow quicker, possibly allowing for growth dilution of Hg in tissues
(Chételat et al., 2020). Many tropical fish tend to have a short lifespan as
well, preventing the bioaccumulation of Hg over a long period. Tropical re-
gions are also expected to have shorter food chains than areas further from
the Equator (Layman et al., 2005; Jardine, 2016; Lacerot et al., 2021),
owing to a high diversity of primary producers that create conditions favor-
able for herbivorous and omnivorous diets. Together, these features would
suggest limited Hg risk for top predators in tropical regions compared with
temperate and polar climates.

Mercury is a toxic metal, and its risk to human populations usually de-
pends on a combination of concentrations in fish, and fish-consumption
rates. Based on the consumption guidelines from many jurisdictions (e.g.
United States Environmental Protection Agency, U.S. EPA), the maximum
recommended concentration is 500ng/gwetweight,with lower concentra-
tions for regular consumers of fish. Recent studies in Amazonian rivers
found that predators, such as barred catfish (caparari - Pseudoplatystoma
fasciatum), wolf fish (trihara - Hoplias malabaricus), peacock bass (tucunaré
- Cichla ocellaris) and pirarucu (Arapaima sp.), can have mean concentra-
tions above the guideline, while herbivores and detritivores were always
below this threshold (Albuquerque et al., 2020; da Silva and de Oliveira
Lima, 2020). Typically, 20% to 50%of allfish sampleswill haveHg concen-
trations higher than the 500 ng/g guideline (Anjos et al., 2016; Lino et al.,
2018). In the Amazon basin, inland fisheries produce 450,000 t of fish an-
nually due to the large protein demand by local populations (WWF
2020). Fish-protein per-capita consumption in Amazonian riverine commu-
nities is between 100 g and 550 g per day (Begossi et al., 2018), among the
highest in the world. Mercury concentrations are therefore a serious con-
cern for both the local communities in the Amazon River system (Passos
and Mergler, 2008), as well as for consumers of exported fish outside the
Amazon (Meneses et al., 2022).

Flooding of rivers directly associated with the upper Amazon River oc-
curs from about mid-December to mid-May while the low-water season
usually occurs from June to December. These seasonal floods cause the
re-suspension and distribution of particles in water, including Hg, that pre-
viously resided in the soils and sediment. Under anaerobic conditions
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caused byflooding and subsequent lake stratification (Brito et al., 2017), in-
organic Hg can also be converted into bioavailable and toxic methyl Hg by
sulphate reducing bacteria, leading to higher concentrations in the food
web. The rate of methylation of Hg increases with increasing temperature,
peaking during the hottest months, which could counteract some of the fac-
tors noted above that would keep Hg risk low for tropical top predators.
However, in flooding seasons, there is an increase in interspecies interac-
tions and forage ranges for fish, increasing nutrient availability and growth
rates of plankton and fish, which can lead to growth dilution of Hg (Bastos
et al., 2007; Brito et al., 2017). Based on these considerations, Hg concen-
trations could be either higher or lower in the high-water season compared
to the low-water season.

In this study, we analysed Hg concentrations in fish from the Juruá
River, Amazonas, Brazil. The Brazilian Amazon has been changing rapidly
due to migration and regional development (Bastos et al., 2007), but
more isolated areas, such as the middle Juruá, still have intact forests and
protected reserves. There is no artisanal gold mining in the Juruá catch-
ment, and forestry activities are limited, though some atmospheric trans-
port of Hg from mining and fires could lead to Hg deposition in the
headwaters. Together with expected food-web properties, low Hg concen-
trations were anticipated at the base of the food chain, limited Hg trophic
magnification through the food web, and short food chains that would sug-
gest a small risk of Hg to local people despite their high fish-consumption
rates. Based on this information, we had three objectives: 1) calculate Hg
trophic magnification factors in the fish food web, 2) compare fish Hg con-
centrations to guidelines for consumption, and 3) determine whether there
are seasonal differences in Hg concentrations in fish that could point to un-
derlying factors responsible for Hg sources and its fate in food webs.

2. Methods

The Secretaria de Estado doMeio Ambiente Amazonas (SEMA-DEMUC;
Ref. 41/2018), Instituto Chico Mendes de Conservacão da Biodiversidade
(ICMBio; Ref. SISBIO 62427–1), and the Ethic Committee of the Instituto
Nacional de Pesquisas da Amazônia (INPA; Ref. 040/2018) authorized
the research. Samples were collected from 12 floodplain lakes along the
Juruá River in September 2018 during the low-water season and during
the falling-water season in June 2019 (Hawes and Peres, 2016). The Juruá's
floodplain lakes are important sites for inlandfisheries that support the live-
lihoods and basic diets for people living in remote rural settlements and
larger market towns within the region (Newton et al., 2012; Endo et al.,
2016). These lakes are dominated by sand and mud substrate with limited
aquatic vegetation. Theyfill with sediment-ladenwater from themain river
during the high-water season, but, unlike in other Amazonian lakes (Gomes
et al., 2020), pH remains high in the low-water season when the lakes be-
come disconnected. During the low-water sampling, lakes were generally
circumneutral, with low conductivity and a range of trophic status from ol-
igotrophic to hypereutrophic (Table S1), consistent with earlier work on a
broader range of lakes within the region (Campos-Silva et al., 2021).

Approximately 60 species of fish were collected using gill nets. Due to
the limited taxonomic knowledge of some groups, especially for juveniles,
some sibling species may have been grouped, but they would have similar
trophic relationships. All specimens were weighed and measured in situ
for standard and total length, and a small skinless, dorsalmuscle-tissue sam-
ple was collected from each fish, yielding a total of 377 samples (Table S2).
These were immediately stored in a freezer (−20 °C) for <30 days until
arrival at INPA, where tissues were freeze-dried and ground. Samples of
20.0 ± 5.0 mg were placed in nickel boats for analysis of total Hg (ng/g
dry weight) on a Direct Mercury Analyzer (Milestone DMA-80) calibrated
with a certified reference material (TORT-3, lobster hepatopancreas).
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Recovery of a second certified reference material (DORM-4, fish protein)
was 93 ± 6% S.D. (n = 35). Blanks were consistently less than half of
the detection limit, so samples were not blank-corrected.

Many studies assume that methyl Hg is the dominant form in fish tissue
(Bloom, 1992) so total Hg can serve only as a proxy for methyl Hg. How-
ever, % methyl Hg can be variable in fish tissues, especially small-bodied
and omnivorous species (Lescord et al., 2018), so % methyl Hg was calcu-
lated for a subset of the fish samples (n = 24) using the methods given in
Barst et al. (2013) (Supplementary Information). Samples tested for %
methyl Hg covered a range of species and trophic levels/feeding guilds.

To assess trophic magnification, samples were analysed for stable N iso-
topes. Sampleswere packed into tin capsules at 1.0±0.2mg, combusted in
an elemental analyzer (Costech ECS4010), and delivered via continuous
flow to an isotope ratio mass spectrometer (Thermo Scientific Delta V).
Data are reported in delta notation according to δ15N = (15N/14Nsample) /
(15N/14NAIR)− 1×1000, where AIR is atmospheric nitrogen, the standard
for δ15N measurements. Instrumental precision, measured as the standard
deviation of repeated in-house standards, was 0.15‰ (n = 70).

Total Hg concentrations were log10-transformed for all statistical com-
parisons. Concentrations were regressed against δ15N, which is a proxy
for trophic position (Jacobi et al., 2020). The slope of this linear relation-
ship is known as the Trophic Magnification Slope (TMS) which averages
0.16 ± 0.11 for total Hg worldwide (Lavoie et al., 2013). A TMS greater
than zero indicates there is biomagnification in the food web, whereas a
negative slope indicates biodilution. The Trophic Magnification Factor
(TMF) can be calculated from the TMS and represents the increase in Hg
concentration per trophic level, as calculated from: TMF = 10(TMS x 3.4),
where 3.4 is an average increase in δ15N with each trophic level, known
as the trophic enrichment factor (TEF, Post, 2002). A TMF greater than 1 in-
dicates biomagnification and a TMF less than one indicates biodilution. The
average TMF globally for total Hg is 3.5 (Lavoie et al., 2013), indicating a
3.5-fold increase in total Hg with each step in the food chain.

The six species of fish with the largest sample sizes: aruanã (silver
arowana, Osteoglossum bicirrhosum), bodó (Amazon sailfin catfish,
Liposarcus pardalis), curimatã (black prochilodus, Prochilodus nigricans), pi-
ranha (red-bellied piranha, Pygocentrus nattereri), pirarucu (Arapaima sp.)
and tucunaré (peacock bass, Cichla sp.), were compared and analysed for
Hg concentrations, N-isotope ratios and trophic position for the wet and
dry season. Trophic position (TP) was calculated as TP = 2 + (δ15Nfish

− δ15Nbaseline)/3.4 (Post, 2002) where δ15Nbaseline was the δ15N value of
primary consumers (zooplankton, insects, snails) that occupy trophic posi-
tion 2 (Jacobi et al., 2020) and 3.4 is the TEF. While a TEF of 3.4‰ is likely
high for these species (Jacobi et al., 2020), it was applied to maintain con-
sistency with the broader trophic magnification literature (Lavoie et al.,
2013). We also include a calculation of alternative TMF values when apply-
ing lower TEFs (Supplementary Information, Table S3). All baseline inver-
tebrate samples were collected from the same lakes at the same time as
the fish samples.
Table 1
Slopes of log10 (Hg concentration) vs. δ15N relationships and corresponding Trophic Ma
Brazil, during the low-water season (September 2018) and the falling-water season (Jun
between the low- and falling-water seasons, while season p values indicate whether int

Lake Low-water r2, p (n) Fa

Slope ± SE (TMF) Sl

Bomfim 0.296 ± 0.033 (10.1) 0.85, <0.001 (16) 0.
Damião 0.192 ± 0.034 (4.5) 0.80, <0.001 (10) 0.
Mandioca 0.308 ± 0.025 (11.1) 0.80, <0.001 (51) 0.
Marari Grande 0.403 ± 0.128 (23.5) 0.50, 0.010 (17) 0.
Puca 0.282 ± 0.018 (9.1) 0.95, <0.001 (15) 0.
Pupunha de Baixo 0.267 ± 0.033 (8.1) 0.78, <0.001 (20) 0.
Resaca do Xibauá 0.240 ± 0.039 (6.5) 0.65, <0.001 (22) 0.
Sacado do Jiburi 0.291 ± 0.037 (9.8) 0.85, <0.001 (13) 0.
Samaúma 0.366 ± 0.030 (17.6) 0.83, <0.001 (38) 0.
Santa Clara 0.226 ± 0.037 (5.9) 0.79, <0.001 (12) 0.
São Sebastião 0.235 ± 0.021 (6.3) 0.92, <0.001 (13) 0.
Veado 0.280 ± 0.042 (9.0) 0.79, <0.001 (29) 0.
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All Hg concentrations were compared with the U.S. EPA Guidelines for
Hg exposure (500 ng/gwet weight or 2000 ng/g dry weight assuming 75%
moisture). Values from each trip were also compared separately to deter-
mine if there were any seasonal changes in Hg concentrations. Data were
tested for homogeneity of variance using Levene's Test. A general linear
model was then constructed for all lakes and both seasons, with season
and species asfixed factors and lake as a random factor. Themodel included
all pairwise interactions. Species-specific models were then analysed to de-
termine which species showed seasonal differences, including total length
and trophic position as covariates and lake as a random factor. Statistical
significancewas set at alpha=0.05. All analyses were conducted in R (ver-
sion 4.0.1).

3. Results

Log (Hg concentration) vs δ15N regressions strongly fit the data for each
lake in both seasons (Table 1, Fig. S1). In the low-water season, r2 values
were between 0.50 and 0.95 and all p-values were < 0.01. In the falling-
water season, the r2 values ranged from 0.26 to 0.95, and all regressions
were significant except at Sacado do Jiburi where the δ15N range was lim-
ited (<3‰). The average TMS determined for all floodplain lakes was
0.282 in the low-water season, corresponding to an average TMF of 10.1,
and 0.208 in the falling-water season, corresponding to a TMF of 5.4
(Table 1). Five of the 12 lakes had significantly lower slopes in the
falling-water season, indicated by a significant interaction between season
and lake (Fig. S1). Trophic magnification slopes were all positive and TMFs
were all greater than 1, regardless of lake or season (Table 1). The highest
TMF was at Marari Grande in the low-water season (23.5) and the lowest
was at Sacado do Jiburi in the falling-water season (2.7).

Concentrations of total Hg inmany of the fish species weremuch higher
than the recommended guidelines of 2000 ng/g dry weight (d.w.). The
arithmetic-mean concentration for all the samples was 1638 ng/g (d.w.)
and the geometric mean was 968 ng/g (d.w.). The lowest individual
value was 70 ng/g (d.w.) in a cará (Family Cichlidae), with a trophic
position of 2.34 and the highest individual concentration was 17,610 ng/g
(d.w.) in a pirarucu with a trophic position of 3.58. High concentrations in
piranha, despite their small body size, illustrate the importance of trophic
position in driving Hg accumulation. Four of the six most common species
collected had an average Hg concentration higher than guidelines
(Table 2). The majority of the Hg was methyl Hg, with % methyl Hg be-
tween 80 and 90% in 20 of the 22 samples tested (Fig. S2). While
detritivorous species appeared to have lower % methyl Hg (Fig. S2), the
samples from bodó and curimatã, which are among the most commonly
caught and consumed species for local subsistence, still had values >80%.

Mercury concentrations were generally higher in the low-water season
than in the falling-water season. Five of the six commonfish species we cap-
tured had higher values in the low-water season than the falling-water sea-
son, and the differences were strongest in the top predators (Fig. 1). There
gnification Factors (TMFs) for 12 floodplain lakes along the Juruá River, Amazonas,
e 2019). Interaction p values indicate whether slopes were equivalent within lakes
ercepts were equivalent between the low- and falling-water seasons.

lling-water r2, p (n) Interaction Season

ope ± SE (TMF) p p

256 ± 0.026 (7.4) 0.87, <0.001 (16) 0.357 0.040
246 ± 0.085 (6.9) 0.48, 0.018 (12) 0.557 0.011
199 ± 0.033 (4.7) 0.82, <0.001 (10) 0.038 NA
176 ± 0.027 (4.0) 0.75, <0.001 (16) 0.040 NA
178 ± 0.044 (4.0) 0.58, 0.002 (15) 0.026 NA
293 ± 0.028 (9.9) 0.95, <0.001 (10) 0.540 <0.001
172 ± 0.048 (3.8) 0.62, 0.007 (15) 0.326 0.021
128 ± 0.073 (2.7) 0.26, 0.113 (12) 0.046 NA
221 ± 0.026 (5.6) 0.87, <0.001 (15) 0.013 NA
216 ± 0.026 (5.4) 0.83, <0.001 (16) 0.831 0.611
222 ± 0.036 (5.7) 0.80, <0.001 (13) 0.771 0.844
189 ± 0.040 (4.4) 0.76, 0.002 (9) 0.160 0.208



Table 2
Mean (± 1 S.D.) body sizes, stable‑nitrogen-isotope (δ15N) ratios, trophic positions
and feeding guilds for six common fish species found in floodplain lakes along the
Juruá River.

Species Season Body length
(cm)

δ15N Trophic
position

Feeding
guild

Bodó Low (24) 36.2 ± 5.8 7.3 ± 1.2 2.4 ± 0.2 Detritivore
Falling (10) 40.6 ± 3.5 7.9 ± 1.0 2.6 ± 0.2

Curimatã Low (32) 32.7 ± 6.1 8.0 ± 0.9 2.6 ± 0.3 Detritivore
Falling (6) 22.8 ± 2.1 8.7 ± 0.4 2.6 ± 0.3

Pirarucu Low (34) 185.7 ± 31.4 9.9 ± 0.8 3.2 ± 0.3 Carnivore
Falling (5) 142.7 ± 32.8 9.8 ± 0.5 3.2 ± 0.4

Tucunaré Low (15) 38.4 ± 3.6 10.8 ± 0.3 3.4 ± 0.4 Carnivore
Falling (16) 31.6 ± 7.6 10.6 ± 0.3 3.4 ± 0.4

Aruanã Low (20) 63.4 ± 11.3 11.1 ± 0.5 3.7 ± 0.4 Carnivore
Falling (15) 59.2 ± 11.9 10.5 ± 0.4 3.4 ± 0.4

Piranha Low (9) 19.3 ± 2.3 11.2 ± 0.3 3.8 ± 0.4 Carnivore
Falling (28) 19.2 ± 3.2 11.0 ± 0.6 3.5 ± 0.4
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were differences among species, seasons and lakes, and all two-way interac-
tions were significant (p < 0.05), with the interactions driven by bodó that
had a higher concentration in the falling-water season. Species-specific
models indicated that the carnivorous aruanã, tucunaré, pirarucu and pira-
nha all had significantly higher Hg concentrations during the low-water
season (p < 0.05), while the detritivorous bodó had higher concentrations
during the falling-water season (p < 0.05), and concentrations in the
detritivorous curimatã were not significantly different between seasons.
The effects of length and trophic position depended on the species. Length
was significant for the predators tucunaré, pirarucu, piranha and aruanã,
while trophic position was significant for pirarucu, piranha, bodó and
aruanã.

4. Discussion

Mercury concentrations increased strongly with trophic level in Ama-
zon floodplain-lake food webs, resulting in TMFs that are well into the
upper end of the range observed worldwide and running counter to earlier
predictions about lower trophicmagnification in tropical foodwebs (Lavoie
et al., 2013). Concentrations of Hg reached values that are a concern for the
health of human consumers, and these high concentrations were apparent
in both low- and falling-water seasons when fish are consumed at high
rates. Future studies should assess Hg exposure in local human populations
and fish-eating wildlife to determine whether there are adverse effects due
to Hg toxicity, and consider the potential for co-occurring elements such as
selenium in ameliorating Hg toxicity risk (Rocha et al., 2014; Ralston et al.,
2019).
Fig. 1. Median log total Hg concentrations (ng/g) in muscle tissue of six common
fish species found in floodplain lakes along the Juruá River in the low-water (red)
and falling-water (blue) seasons. Boxes represent the interquartile range, lines
show minima and maxima, and points are outliers. The horizontal dashed line
indicates the Hg consumption guideline (~2000 ng/g assuming 75% moisture).
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Trophic magnification of Hg in Juruá floodplain lakes was higher than
averages found in previous studies. Globally, TMFs for total Hg are 3.2
and 4.8 for freshwater and marine sites, respectively (Lavoie et al., 2013).
The mean TMF values in this study were above these values in both the
low- and falling-water season, and well above a previously reported mean
value for tropical freshwaters (2.6, Lavoie et al., 2013) that included
other locations in the Amazon (TMF = 4.5 to 5.2, Azevedo-Silva et al.,
2016). Tropical freshwaters outside of South America have even lower
TMF values (Jardine et al., 2012, Ouédraogo et al., 2015), and Hg concen-
trations therefore were expected to be lower in tropical predatory fish for a
given food-chain position. However, concentrations in this study exceeded
those even for typical cold-water fish at northern latitudes (Depew et al.,
2013), opposite to expectations. This occurred despite relatively low tro-
phic positions of predators such as pirarucu, aruanã, tucunaré, and piranha
(Table 2), which were comparable to those from tropical African reservoirs
(Ouédraogo et al., 2015). Application of lower δ15N TEFs resulted in TMFs
that were more in line with global averages (Table S3), but applying such
low TEFs would also increase mean trophic positions beyond expected
values based on known diets of these species. For example, applying a
TEF of 2.0‰ results in a mean trophic position for pirarucu of 4.2, much
higher than the mean value calculated from stomach contents (3.6, Jacobi
et al., 2020).

Though high TMFs were unexpected, TMFs were estimated from tabu-
lated data in da Silva et al. (2005) for another Amazonian system, the Tapa-
jós River, and calculated values ranged from 7.1 to 14.3, suggesting that
high Hg trophic magnification may be more widespread than expected.
Rapid growth rates in tropical regions were expected to lead to growth di-
lution of Hg in fish (Chételat et al., 2020), but the high concentrations ob-
served in pirarucu that is among the fastest growing fishes in the world,
do not accordwith that hypothesis. This highlights the complexities around
food consumption rates, assimilation efficiencies, and elimination rates that
are the subject of Hg mass-balance models (Trudel and Rasmussen, 2006;
Madenjian et al., 2021).

High TMFs should be associated with low baseline concentrations
(Lavoie et al., 2013), yet these Juruá floodplain lakes had high TMFs and
high baselines, the latter indicated by high concentrations in species occu-
pying low food-chain positions. In other tropical freshwaters, large-bodied
herbivores and detritivores had lower concentrations than those observed
here. For example, concentrations in Nile tilapia (Oreochromus niloticus)
ranged from 0.003 to 0.014 μg/g wet weight, equivalent to ~12 to 56
ng/g dry weight (Ouédraogo et al., 2015), roughly one quarter of the con-
centrations we observed in large-bodied herbivore/detritivores, while
bony bream (Nematalosa erebi) in northern Australia had concentrations
under 100 ng/g dry weight (Jardine et al., 2012), less than half of that in
the Juruá. This suggests a much higher Hg baseline concentration in the
Juruá likely owing to high natural background in soils (Wasserman et al.,
2003) that are seasonally flooded. High baseline concentrations, evidenced
by high concentrations in non-piscivorous fishes (~150 to 400 ng/g dry
weight, da Silva et al., 2005), occur in the Tapajós River, which has inten-
sive artisanal gold mining, suggesting that these Amazonian tributaries
have high Hg levels whether or not they are exposed to local point sources.

Mercury concentrations in fish were expected to be higher in the
flooding season than the dry season. Flooding and filling of floodplain
lakes causes resuspension and redistribution of Hg from soils and sedi-
ments, and breakdown of organic matter leads to anoxia and Hg methyla-
tion by sulfur-reducing bacteria (Achá et al., 2011; Pestana et al., 2019).
The higher concentrations in detritivorous bodó in the falling-water season
suggests a detrital entry point for the Hg (Fostier et al., 2015) that is highest
during and after flooding, with Hg transmitted to top predators later in the
low-water season. This temporal disconnect also contributed to the ob-
served differences in TMFs between seasons, but only half of the lakes
showed this pattern. Differences in concentrations between the seasons
have also been hypothesized as the result of greater prey density in the
dry season compared to the wet, or may be due to physio-chemical differ-
ences (pH and electrical conductivity, Gomes et al., 2020). Overall, while
there are significant seasonal changes in concentrations and TMFs, both
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seasons have high enough concentrations towarrant concern for fish-eating
consumers.

The oral reference dose for methyl Hg is 0.1 ng/g body weight per day
for non-carcinogenic endpoints (Rice et al., 2000). This value is the con-
centration that can be consumed daily over time without causing any de-
tectable adverse effects such as neurotoxicity in children, adults and
fetuses (Rice et al., 2000). If people in the region randomly consumed
the species tested, they would be exposed to far greater concentrations
than the reference dose, considering the average weight of a human is
70 kg, average daily fish consumption in the Juruá is 100 to 550 g and
the average Hg concentration is 1638 ng/g dry weight (~410 ng/g wet
weight). This would result in a daily exposure between 0.6 and 3.2 ng/g
body weight per day, greatly exceeding the reference dose. Although
the reference dose is conservative (Clarkson, 2002), most of the species
tested in our study also exceeded the national consumption guideline in
Brazil (500 ng/gwet weight). Based on the fish consumption rates by peo-
ple in the Juruá, these standards are not sufficient and human populations
are likely at risk of Hg toxicity (Passos and Mergler, 2008; Crespo-Lopez
et al., 2021). However, detritivores, herbivores and omnivores represent
the majority of the subsistence catch in the Juruá (Instituto Juruá, unpub-
lished data), and since these species had much lower concentrations than
the carnivorous species such as tucunaré, piranha, aruanã, and the iconic
pirarucu, Hg exposure risk will be reduced. Also, the lower molar ratios of
Hg:Se in herbivorous species (Lima et al., 2005; Lino et al., 2020) and
other foods (Rocha et al., 2014; da Silva Junior et al., 2022) could protect
consumers in rural communities against the high concentrations of Hg in
the carnivores. Therefore, future studies should incorporate the consump-
tion rates of fish species from different trophic guilds and plant foods in
Hg risk assessments to provide a clearer picture regarding the exposure
of such communities.

Humans are not the only top predators that may be affected by high Hg
concentrations. Caimans are amphibious carnivores, and the black caiman
(Melanosuchus niger) is among the largest predators in the Amazonian eco-
system. This species includes fish in its diet (Laverty and Dobson, 2013),
and average Hg concentrations of 1100 ng/g have been measured in their
claws (Gomes et al., 2020). River dolphins (Inia spp. and Sotalia fluviatilis)
are also likely to be affected, with their diet including piranhas, shrimp,
crabs and turtles (Mosquera-Guerra et al., 2019). Mercury concentrations
ranged from 870 ng/g to 3990 ng/g in muscle tissues of these dolphin spe-
cies (Mosquera-Guerra et al., 2019), consistent with values for high-
trophic-level consumers in our study, and likely exceed expected toxicity
thresholds (Kershaw and Hall, 2019). Mercury exposure and effects in
these and other fish-eating predators, such as giant otters (Pteronura
brasiliensis) would warrant further investigation.

With these high observed Hg concentrations, we are left with little an-
thropogenic explanation for their origin. The main anthropogenic sources
of Hg in the Amazon are from artisanal small-scale gold mining, deforesta-
tion and biomass burning, and hydroelectric dams (Crespo-Lopez et al.,
2021). Though artisanal gold mining is prominent elsewhere in the Ama-
zon, including the Tapajós, we are unaware of any local activity in the
Juruá catchment. Tree leaves are known to accumulate atmospheric Hg
(Ericksen et al., 2003), but Hg loading to forest canopies is low beyond ap-
proximately 50 km from these emission sources (Gerson et al., 2022),much
farther than the nearest likely Hg emission source from gold mining. How-
ever, since plants are a significant sink for atmospheric Hg (Zhou et al.,
2021), it is possible that natural accumulation in forest litter over time
could be a significant source of Hg to soils in the Amazon.

Forestry causes disturbances and erosion of soils and sediments,
allowing Hg to enter waterbodies, including Hg added through goldmining
(Telmer et al., 2006). However, there is little evidence for significant defor-
estation upstream of our sites or on its tributaries. Furthermore, while the
construction of hydroelectric dams remobilizes and resuspends Hg from
sediments and soils (Arrifano et al., 2018), there are no dams upstream of
the study sites. As such, while there are many sources present in the Ama-
zon, there are no obvious local sources to which we could attribute such
high concentrations in the Juruá River.
5

Future studies in this region should closely examine the biogeochemis-
try of Hg by testing seasonal patterns inmethylation potential, influences of
water quality (e.g. dissolved oxygen depletion) and other factors expected
to influence availability of Hg at the base of the food web. In parallel, stud-
ies should aim to link species-specific consumption patterns with any ad-
verse effects on communities surrounding these waterbodies by assessing
endpoints of Hg exposure and potential Hg-toxicity symptoms. Those stud-
ies, along with our current data, could lead to recommendations on what
fish species can be eaten safely, to provide a critical source of protein, vita-
mins and essential fatty acids for people in these riverine communities
while minimizing risks from Hg exposure.

CRediT authorship contribution statement

KN: Formal analysis, Investigation, Writing – Original Draft, Data
Curation; TJ: Conceptualization, Methodology, Formal analysis, Investiga-
tion, Writing – Review & Editing, Visualization, Supervision, Funding ac-
quisition; FV: Conceptualization, Methodology, Investigation, Funding
acquisition; CJ: Investigation, Data Curation, Writing – Review & Editing;
JH:Methodology, Investigation,Writing –Review& Editing; JC-S:Concep-
tualization, Writing – Review& Editing; SS: Investigation,WM: Conceptu-
alization, Writing – Review & Editing.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

We thank the villagers of the Médio Juruá, Jansen Zuanon, Iolanda
Moutinho, RafaelMaribelto, Will Fincham, and Kirsten Sepos for assistance
in the collection and processing of data. This study was supported by Na-
tional Geographic Society grants to FV (#WW-245R-17) and JEH (#WW-
220C-17), the Global Institute for Water Security and the University of
Saskatchewan's International Office. JVC-S and JEH acknowledge their
postdoctoral positions funded by the Research Council of Norway (Grants
295650 and 288086, respectively). WEM was supported by a productivity
grant from the Conselho Nacional de Pesquisas da Amazônia (CNPq), the
Program for Biodiversity Research in Western Amazônia (PPBio-AmOc)
and the National Institute for Amazonian Biodiversity (INCT-CENBAM).
CMJ is grateful for scholarships from Fundação de Amparo à Pesquisa do
Estado do Amazonas (FAPEAM) and Emerging Leaders in the Americas Pro-
gram (ELAP). This publication is part of the Instituto Juruá series (www.
institutojurua.org.br). We are grateful to two anonymous reviewers for
their comments and suggestions that greatly improved the manuscript.

Appendix A. Supplementary information

Supplementary information to this article can be found online at
https://doi.org/10.1016/j.scitotenv.2022.155161.

References

Achá, D., Hintelmann, H., Yee, J., 2011. Importance of sulfate reducing bacteria in mercury
methylation and demethylation in periphyton from bolivian Amazon region.
Chemosphere 82 (6), 911–916.

Albuquerque, F.E.A., Minervino, A.H.H., Miranda, M., Herrero-Latorre, C., Júnior, R.A.B.,
Oliveira, F.L.C., López-Alonso, M., 2020. Toxic and essential trace element concentrations
in fish species in the Lower Amazon, Brazil. Sci. Total Environ. 732, 138983.

Anjos, M.R.D., Machado, N.G., Silva, M.E.P.D., Bastos, W.R., Miranda, M.R., Carvalho, D.P.D.,
Mussy, M.H., Holanda, I.B.B.D., Biudes, M.S., Fulan, J.Â., 2016. Bioaccumulation of
methylmercury in fish tissue from the Roosevelt River, southwestern Amazon basin.
Rev. Ambiente Água 11, 508–518.

Arrifano, G.P., Martín-Doimeadios, R.C.R., Jiménez-Moreno, M., Ramírez-Mateos, V., da
Silva, N.F., Souza-Monteiro, J.R., Crespo-Lopez, M.E., 2018. Large-scale projects in the
amazon and human exposure to mercury: the case-study of the Tucuruí Dam. Ecotoxicol.
Environ. Saf. 147, 299–305.

http://www.institutojurua.org.br
http://www.institutojurua.org.br
https://doi.org/10.1016/j.scitotenv.2022.155161
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822224408
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822224408
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822224408
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820155971
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820155971
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820295605
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820295605
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820295605
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820378340
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820378340
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820378340


K. Nyholt et al. Science of the Total Environment 833 (2022) 155161
Azevedo-Silva, C.E., Almeida, R., Carvalho, D.P., Ometto, J.P., de Camargo, P.B., Dorneles,
P.R., Azeredo, A., Bastos, W.R., Malm, O., Torres, J.P., 2016. Mercury biomagnification
and the trophic structure of the ichthyofauna from a remote lake in the brazilian Amazon.
Environ. Res. 151, 286–296.

Barst, B.D., Hammerschmidt, C.R., Chumchal, M.M., Muir, D.C.G., Smith, J.D., Roberts, A.P.,
Rainwater, T.R., Drevnick, P.E., 2013. Determination of mercury speciation in fish tissue
with a direct mercury analyzer: mercury speciation in fish tissue with DMA. Environ.
Toxicol. Chem. 32, 1237–1241.

Bastos, W.R., de Almeida, R., Dórea, J.G., Barbosa, A.C., 2007. Annual flooding and fish-
mercury bioaccumulation in the environmentally impacted rio Madeira (Amazon). Eco-
toxicology 16 (3), 341–346.

Begossi, A., Salivonchyk, S.V., Hallwass, G., Hanazaki, N., Lopes, P.F.M., Silvano, R.A.M.,
Dumaresq, D., Pittock, J., 2018. Fish consumption on the Amazon: a review of biodiver-
sity, hydropower and food security issues. Braz. J. Biol. 79, 345–357.

Brito, B.C., Forsberg, B.R., Kasper, D., Amaral, J.H., de Vasconcelos, M.R., de Sousa, O.P.,
Cunha, F.A., Bastos, W.R., 2017. The influence of inundation and lake morphometry on
the dynamics of mercury in the water and plankton in an Amazon floodplain lake.
Hydrobiologia 790 (1), 35–48.

Campos-Silva, J.V., Peres, C.A., Amaral, J.H.F., Sarmento, H., Forsberg, B., Fonseca, C.R.,
2021. Fisheries management influences phytoplankton biomass of Amazonian floodplain
lakes. J. Appl. Ecol. 58 (4), 731–743.

Chételat, J., Ackerman, J.T., Eagles-Smith, C.A., Hebert, C.E., 2020. Methylmercury exposure
in wildlife: a review of the ecological and physiological processes affecting contaminant
concentrations and their interpretation. Sci. Total Environ. 711, 135117.

Clarkson, T.W., 2002. The three modern faces of mercury. Environ. Health Perspect. 110
(Suppl. 1), 11–23.

Crespo-Lopez, M.E., Augusto-Oliveira, M., Lopes-Araújo, A., Santos-Sacramento, L., Takeda,
P.Y., de Matos Macchi, B., Arrifano, G.P., 2021. Mercury: what can we learn from the Am-
azon? Environ. Int. 146, 106223.

Depew, D.C., Burgess, N.M., Anderson, M.R., Baker, R., Bhavsar, S.P., Bodaly, R.A., Eckley,
C.S., Evans, M.S., Gantner, N., Graydon, J.A., Jacobs, K., 2013. An overview of mercury
concentrations in freshwater fish species: a national fish mercury dataset for Canada.
Can. J. Fish. Aquat. Sci. 70 (3), 436–451.

Endo, W., Peres, C.A., Haugaasen, T., 2016. Flood pulse dynamics affects exploitation of both
aquatic and terrestrial prey by amazonian floodplain settlements. Biol. Conserv. 201,
129–136.

Ericksen, J.A., Gustin, M.S., Schorran, D.E., Johnson, D.W., Lindberg, S.E., Coleman, J.S.,
2003. Accumulation of atmospheric mercury in forest foliage. Atmos. Environ. 37 (12),
1613–1622.

Fadini, P.S., Jardim, W.F., 2001. Is the Negro River Basin (Amazon) impacted by naturally oc-
curring mercury? Sci. Total Environ. 275 (1–3), 71–82.

Figueiredo, B.R., De Campos, A.B., Da Silva, R., Hoffman, N.C., 2018. Mercury sink in Amazon
rainforest: soil geochemical data from the Tapajos National Forest, Brazil. Environ. Earth
Sci. 77 (8), 1–7.

Fostier, A.H., Melendez-Perez, J.J., Richter, L., 2015. Litter mercury deposition in the Amazo-
nian rainforest. Environ. Pollut. 206, 605–610.

Gerson, J.R., Szponar, N., Zambrano, A.A., Bergquist, B., Broadbent, E., Driscoll, C.T.,
Bernhardt, E.S., 2022. Amazon forests capture high levels of atmospheric mercury pollu-
tion from artisanal gold mining. Nat. Commun. 13 (1), 1–10.

Gomes, D.F., Moreira, R.A., Sanches, N.A.O., do Vale, C.A., Daam, M.A., Gorni, G.R., Bastos,
W.R., 2020. Dynamics of (total and methyl) mercury in sediment, fish, and crocodiles
in an Amazonian Lake and risk assessment of fish consumption to the local population.
Environ. Monit. Assess. 192 (2), 1–10.

Hawes, J.E., Peres, C.A., 2016. Patterns of plant phenology in amazonian seasonally flooded
and unflooded forests. Biotropica 48 (4), 465–475.

Jacobi, C.M., Villamarín, F., Jardine, T.D., Magnusson, W.E., 2020. Uncertainties associated
with trophic discrimination factor and body size complicate calculation of δ15N-
derived trophic positions in Arapaima sp. Ecol. Freshw. Fish 29 (4), 779–789.

Jardine, T.D., 2016. A top predator forages low on species-rich tropical food chains. Freshw.
Sci. 35 (2), 666–675.

Jardine, T.D., Halliday, I.A., Howley, C., Sinnamon, V., Bunn, S.E., 2012. Large scale surveys
suggest limited mercury availability in tropical North Queensland (Australia). Sci. Total
Environ. 416, 385–393.

Kershaw, J.L., Hall, A.J., 2019. Mercury in cetaceans: exposure, bioaccumulation and toxicity.
Sci. Total Environ. 694, 133683.

Kidd, K., Clayden, M., Jardine, T., 2012. Bioaccumulation and biomagnification of mercury
through food webs. Environmental Chemistry and Toxicology of Mercury, pp. 455–500.

Lacerot, G., Kosten, S., Mendonça, R., Jeppesen, E., Attayde, J.L., Mazzeo, N., Scheffer, M.,
2021. Large fish forage lower in the food web and food webs are more truncated in
warmer climates. Hydrobiologia 1–12.

Laverty, T.M., Dobson, A.P., 2013. Dietary overlap between black caimans and spectacled
caimans in the peruvian Amazon. Herpetologica 69 (1), 91–101.

Lavoie, R.A., Jardine, T.D., Chumchal, M.M., Kidd, K.A., Campbell, L.M., 2013.
Biomagnification of mercury in aquatic food webs: a worldwide meta-analysis. Environ.
Sci. Technol. 47 (23), 13385–13394.
6

Layman, C.A., Winemiller, K.O., Arrington, D.A., Jepsen, D.B., 2005. Body size and trophic po-
sition in a diverse tropical food web. Ecology 86 (9), 2530–2535.

Lescord, G.L., Johnston, T.A., Branfireun, B.A., Gunn, J.M., 2018. Percentage of methylmer-
cury in the muscle tissue of freshwater fish varies with body size and age and among spe-
cies. Environ. Toxicol. Chem. 37 (10), 2682–2691.

Lima, A.P.S., Sarkis, J.E.S., Shihomatsu, H.M., Müller, R.C.S., 2005. Mercury and selenium
concentrations in fish samples from Cachoeira do PiriáMunicipality, ParáState, Brazil. En-
viron. Res. 97, 236–244.

Lino, A.S., Kasper, D., Guida, Y.S., Thomaz, J.R., Malm, O., 2018. Mercury and selenium in
fishes from the Tapajós River in the Brazilian Amazon: an evaluation of human exposure.
J. Trace Elem. Med. Biol. 48, 196–201.

Lino, A.S., Kasper, D., Carvalho, G.O., Guida, Y., Malm, O., 2020. Selenium in sediment and
food webs of the Tapajós River basin (Brazilian Amazon) and its relation to mercury.
J. Trace Elem. Med. Biol. 62, 126620.

Lyman, S.N., Cheng, I., Gratz, L.E., Weiss-Penzias, P., Zhang, L., 2020. An updated review of
atmospheric mercury. Sci. Total Environ. 707, 135575.

Madenjian, C.P., Chipps, S.R., Blanchfield, P.J., 2021. Time to refine mercury mass balance
models for fish. Facets 6 (1), 272–286.

Meneses, H.D.N.D.M., Oliveira-da-Costa, M., Basta, P.C., Morais, C.G., Pereira, R.J.B., de Souza,
S.M.S., Hacon, S.D.S., 2022. Mercury contamination: a growing threat to riverine and urban
communities in the Brazilian Amazon. Int. J. Environ. Res. Public Health 19 (5), 2816.

Mosquera-Guerra, F., Trujillo, F., Parks, D., Oliveira-da-Costa, M., Van Damme, P.A.,
Echeverría, A., Franco, N., Carvajal-Castro, J.D., Mantilla-Meluk, H., Marmontel, M.,
Armenteras-Pascual, D., 2019. Mercury in populations of river dolphins of the Amazon
and Orinoco basins. EcoHealth 16 (4), 743–758.

Newton, P., Endo, W., Peres, C.A., 2012. Determinants of livelihood strategy variation in two
extractive reserves in amazonian flooded and unflooded forests. Environ. Conserv. 39 (2),
97–110.

Obrist, D., Kirk, J.L., Zhang, L., Sunderland, E.M., Jiskra, M., Selin, N.E., 2018. A review of
global environmental mercury processes in response to human and natural perturbations:
changes of emissions, climate, and land use. Ambio 47 (2), 116–140.

Ouédraogo, O., Chételat, J., Amyot, M., 2015. Bioaccumulation and trophic transfer of mer-
cury and selenium in african sub-tropical fluvial reservoirs food webs (Burkina Faso).
PLoS One 10 (4), e0123048.

Passos, C.J., Mergler, D., 2008. Human mercury exposure and adverse health effects in the
Amazon: a review. Cadernos de Saúde Pública 24, s503–s520.

Pestana, I.A., Almeida, M.G., Bastos, W.R., Souza, C.M., 2019. Total Hg and methylmercury
dynamics in a river-floodplain system in the Western Amazon: influence of seasonality,
organic matter and physical and chemical parameters. Sci. Total Environ. 656, 388–399.

Pirrone, N., Cinnirella, S., Feng, X., Finkelman, R.B., Friedli, H.R., Leaner, J., Mason, R.,
Mukherjee, A.B., Stracher, G.B., Streets, D.G., Telmer, K., 2010. Global mercury emissions
to the atmosphere from anthropogenic and natural sources. Atmos. Chem. Phys. 10 (13),
5951–5964.

Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods, and as-
sumptions. Ecology 83 (3), 703–718.

Ralston, N.V., Kaneko, J.J., Raymond, L.J., 2019. Selenium health benefit values provide a re-
liable index of seafood benefits vs. risks. J. Trace Elem. Med. Biol. 55, 50–57.

Rice, G., Swartout, J., Mahaffey, K., Schoeny, R., 2000. Derivation of US EPA's oral reference
dose (RfD) for methylmercury. Drug Chem. Toxicol. 23 (1), 41–54.

Rocha, A.V., Cardoso, B.R., Bueno, R.B., de Bortoli Dr, M.C., Farias, L.A., 2014. Selenium sta-
tus and hair mercury levels in riverine children from Rondonia, Amazonia. Nutrition 30
(11-12), 1318–1323.

da Silva, D.S., Lucotte, M., Roulet, M., Poirier, H., Mergler, D., Santos, E.O., Crossa, M., 2005.
Trophic structure and bioaccumulation of mercury in fish of three natural lakes of the
Brazilian Amazon. Water Air Soil Pollut. 165 (1), 77–94.

da Silva Junior, E.C., de Oliveira Wadt, L.H., da Silva, K.E., de Lima, R.M.B., Batista, K.D.,
Guedes, M.C., Guilherme, L.R.G., 2022. Geochemistry of selenium, barium, and iodine
in representative soils of the Brazilian Amazon rainforest. Sci. Total Environ. 154426.

da Silva, S.F., de Oliveira Lima, M., 2020. Mercury in fish marketed in the Amazon triple fron-
tier and health risk assessment. Chemosphere 248, 125989.

Telmer, K., Costa, M., Angélica, R.S., Araujo, E.S., Maurice, Y., 2006. The source and fate of
sediment and mercury in the Tapajós River, Pará, Brazilian Amazon: ground-and space-
based evidence. J. Environ. Manag. 81, 101–113.

Trudel, M., Rasmussen, J.B., 2006. Bioenergetics and mercury dynamics in fish: a modelling
perspective. Can. J. Fish. Aquat. Sci. 63 (8), 1890–1902.

UN Environment, 2019. Global Mercury Assessment 2018. UN Environment Programme.
Chemicals and Health Branch Geneva, Switzerland.

Wasserman, J.C., Hacon, S., Wasserman, M.A., 2003. Biogeochemistry of mercury in the am-
azonian environment. Ambio 32 (5), 336–342.

Zhang, Y., Jacob, D.J., Horowitz, H.M., Chen, L., Amos, H.M., Krabbenhoft, D.P., Slemr, F.,
Louis, V.L.S., Sunderland, E.M., 2016. Observed decrease in atmospheric mercury ex-
plained by global decline in anthropogenic emissions. Proc. Natl. Acad. Sci. 113 (3),
526–531.

Zhou, J., Obrist, D., Dastoor, A., Jiskra, M., Ryjkov, A., 2021. Vegetation uptake of mercury
and impacts on global cycling. Nat. Rev. Earth Environ. 2, 269–284.

http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820386167
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820386167
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820386167
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822239639
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822239639
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822239639
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822247919
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822247919
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822247919
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820395703
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820395703
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820437240
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820437240
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820437240
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822298264
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822298264
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822308801
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822308801
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822308801
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822318850
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822318850
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820450803
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820450803
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821334189
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821334189
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821334189
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822331998
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822331998
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822331998
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822342289
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822342289
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822363662
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822363662
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821559130
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821559130
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821559130
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822411816
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822411816
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822000562
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822000562
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822213280
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822213280
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822213280
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822424968
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822424968
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822486845
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822486845
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822486845
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822555057
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822555057
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822568666
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822568666
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081822568666
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823016083
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823016083
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824351702
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824351702
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824558309
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824558309
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823027776
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823027776
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823110026
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823110026
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823117370
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823117370
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823130480
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823130480
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823130480
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf3295
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf3295
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf3295
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823177475
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823177475
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823177475
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823187735
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823187735
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823187735
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823196817
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823196817
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823204927
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823204927
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823268157
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823268157
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823283166
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823283166
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823288836
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823288836
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823288836
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823289773
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823289773
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823289773
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823339407
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823339407
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823339407
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824583791
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824583791
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824594838
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824594838
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824594838
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823351414
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823351414
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823351414
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823356759
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823356759
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825045814
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825045814
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823378510
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823378510
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825255417
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825255417
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825255417
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820514299
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081820514299
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821312826
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821312826
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821265174
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081821265174
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf3300
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf3300
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf3300
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823392293
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823392293
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825486537
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825486537
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823408333
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081823408333
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825580292
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825580292
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081825580292
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824087470
http://refhub.elsevier.com/S0048-9697(22)02254-9/rf202204081824087470

	High rates of mercury biomagnification in fish from Amazonian floodplain-�lake food webs
	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary information
	References




